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Motivation

As part of my machine learning studies in m, I worked through the basic theory of multiple
linear regression. A particular type of matrix XX appeared in the normal equations that can be
solved to obtain an optimal solution to a loss minimisation problem (a least-squares minimiser).
Such matrices are called Gram matrices.

The Gram matrix X "X from the normal equations is real, symmetric and positive semidefinite.
It’s a fact of linear algebra that real, symmetric matrices are equivalently characterised by admission
of an orthogonal spectral decomposition

It was at this point that I realised my knowledge of linear algebra was very shaky — I’d forgotten
a lot. For the time being, I’'m thinking of an orthogonal matrix as the matrix representation of a
linear operator that preserves the geometric concepts of “angles” and “lengths” in space.

The purpose of these notes is to document my work through the basics of linear algebra until
I reach a point at which I can prove this theorem.

I did end up getting this far! [Section 3.3.3]is
the natural stopping point to understand this

orthogonal diagonalisability. I then discuss the
Gram matrix in the normal equations in

LA spectral decomposition is a special case of eigendecomposition when the matrix is real and symmetric (or
normal). An eigendecomposition is a factorisation of a matrix into a canonical form, whereby the matrix is
represented in terms of its eigenvalues and eigenvectors. Only diagonalisable matrices can be factorised in this way.
Quote taken straight from the ‘Eigendecomposition of a matrix’ page on Wikipedia.



CHAPTER 1

Linear Algebra

Let V be a vector space over a field K.

1.1 Linear Independence and Bases

Definition 1.1.1 Let vq,...,v, € V be a collection of vectors in V.

o The collection is called linearly dependent if there exist scalars aq,...,a, € K, not all
zero, such that
aivy+ ...+ a,v,. = 0y

o If the vectors aren’t linearly dependent, we say that they are linearly independent i.e. the

only scalars for which the above equation holds are oy = ... = o, = Og.
Lemma 1.1.2 The vectors vy, ..., Vv, are linearly dependent iff either vi = Oy, or, for some
J, vj is a linear combination of vi,...,v;_1.

« The collection is said to span V if every v € V may be written as a linear combination of
the v;.

A vector space is called finite-dimensional if it contains a finite spanning set. A collection

Vi,...,Vy is called a basis for V if it is both linearly independent and spans V. Via a procedure

called siftinéﬂ any collection of vectors vy, ..., v, that spans V' can be sifted to obtairﬂ a linearly
independent set that still spans V. This sifted subsequence in fact forms a basis for V.

The following notational conventions will be important:
+ An ordered basis for V will be written as an ordered list i.e. a tuple (vi,...,vp).

+ Any unordered collection (possibly including repeats) of vectors will be written as
Vi,...,Vp.

« I will try my best to write a basis of vectors as a set {vi,...,v,} to emphasise the lack of
repetitions (and lack of ordering).

Proposition 1.1.3 The vectors vy,...,v, € V form a basis for V if and only there exists a
unique sequence of scalars aq, ..., q, s.t.

V=a1V] + ...+ apVy.

Definition 1.1.4 The scalars in the above proposition are called the coordinates of v with
respect to the basis vq,...,v, of V.

An important theorem called The Basis Theorem asserts that all finite bases of a single
vector space V' contain the same number of vectors. Consequently, we may unambiguously define
the dimension of V' as the number of vectors in any finite basis of V.

'The procedure of sifting goes as follows. Write out the collection of vectors vi,...,v,. For each j =1,...,n:

o If either v; = Oy, or v; is a linear combination of its precedent vectors vi,...,v;_1, then remove v; from
the list. Else, leave v; as is, consider the next element in the sequence and repeat.

2The dual result says that any linearly independent subset of V' can be extended to (i.e. is contained in) a basis
for V.
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1.2 Linear Maps

Let U and V be vector spaces over the same field K. A linear transformation, or linear map,
from U to V is a function T: U — V such that for all u;,us € U and «, € K the following
condition holds

T(Oélll + ,8112) = OéT(lll) + /BT(UQ)

Definition 1.2.1 For fixed vector spaces U and V over K, we denote the set of all linear maps
from U to V by Homg(U; V). Define the following two binary operations on Homg (U; V)

+ Addition: Let T1,T> € Homg(U; V). Define 71 + T>: U — V for all u € U by

(T1 + Tg)(u) = Tl(ll) + Tz(u).
« Scalar multiplication: Let a € K. Define a711: U — V for all u € U by

(aT1)(u) = T} (u).

These two binary operations make Homg (U; V') a vector space over K.

Another approach to define dimension unambiguously is as an invariant of vector spaces pre-
served by a particular type of linear map between vector spaces:

Definition 1.2.2

+ A linear map 7' € Homg(U;V) is called a linear isomorphism if there exists some S €
Homg (V;U) such that T oS =idy and SoT =idy.

o If there exists a linear isomorphism between vector spaces U — V, then we say that U and
V' are isomorphic, and denote this by U = V.

If a linear map 7' € Homg(U; V) is bijective, there’s no guarantee a priori that its inverse
(which exists) will also be linear. However, we prove that this is indeed the case below (and so a
linear isomorphism between vector spaces can be equivalently called a bijective linear map):

Proposition 1.2.3 Let U and V be vector spaces over K, and T': U — V. Then T is a linear
isomorphism iff T" is a bijective linear map.

Proof.
—> By definition.

<= The reverse direction is the non-trivial bit discussed just above the proof. Suppose that
T:U — V is a linear bijection. As a function, it has an inverse S: V' — U and we wish

to show that this is linear to conclude that T is a linear isomorphism: Let vi,vy € V and
a, 8 € K. Then

T(S(avy + fvsy)) = (T o S)(avy + Bve) = idy (avy + Bva)
= aidy(vi) + S(v2) by linearity of idy
= a(T o S)(v1) + B(T o 5)(va)
=T(aS(vy)+ 3S(vs)) since T is linear
Since T is bijective, it’s injective, and so aS(vy) + S(ve) = S(avy + fvs) and so S is linear.
[ |
Some useful facts will now be presented and find immediate application when discussing an inter-

pretation of ordered lists of vectors (and hence ordered bases) I was introduced to by pseudonium
(whose blog can be found here).


https://pseudonium.github.io/
https://pseudonium.github.io/
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Proposition 1.2.4 Let T' € Homg (U; V). Then:

(1)

(i)
(iii)

If T: U — V is injective, and F C U is a linearly independent subset of U, then T'(F) is a
linearly independent subset of V.

If T: U — V is surjective, and E C U spans U, then T'(F) spans V.

If T: U — V is an isomorphism, and E C U is a basis for U, then T'(E) is a basis for V.

Proof.

(i)

This will be a proof by contradiction.

Proving P = (@ by contradiction means that one assumes the implication is
false. This forces us into the second row of the following truth table:

P | Q | P=Q
T T T
T F F
F T T
F F T

Thus, a proof by contradiction assumes the proposition P A (—Q).

Our statement is of the form (A A B) = C so a proof by contradiction assumes (A A B) A
(=C), where:

o« A: “T is injective”
o B: “FE is linearly independent”
« C: “T(E) is linearly independent”

Proof of (i) Suppose that T' is injective, E is a linearly independent subset of U, and T'(E)
is a linearly dependent subset of V. Since T'(F) is a linearly dependent subset of V', there
exist e1,...,e, € I/, and scalars aq,...,a, € K not all zero s.t.

T
Z aiT(ei) = Ov
=1

Now note that by the linearity of T', we can say a bit more:

T (Z aiei> = ZaiT(ei) = OV = T(OU).
=1 =1

Since T is injective, this implies that

T
> e =0y
i=1
which means that F is a linearly dependent subset of U, contradicting the assumption that

F is a linearly independent subset of U.

Let T: U — V be surjective, and denote the collection £ C U by eq,...,e,. Suppose that
E spans U. We wish to show that T'(E) spans V. Let v € V. By surjectivity, there exists
some u € U s.t. T(u) = v. Since E spans U, there exist some scalars ay,...,a, € K s.t.
u = aie] + ...+ «are.. By the linearity of T', we conclude that for every v € V:

v=T(u)=T (Z aiei> => aiT(e)
=1 =1

i.e. T(E) spans V.
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(iii) Follows from (i) and (ii). -

It follows immediately that dimension is a quantity of finite vector spaces that’s invariant under
isomorphism:

Corollary 1.2.5 Let U and V be finite-dimensional vector spaces over K. If U = V, then
dim(U) = dim(V).

1.2.1 NEW INTERPRETATION OF A LIST OF VECTORS

Start with a simple example. An ordered list (vi,va) of two vectors vi,ve € V can be thought of
as a function from a two-element set to V; simply send the first element to vi, and the second to
vy. We can extend this function “by linearity” to get a linear map L: K*»! — V by defining

L ([]) = o4

You can go the other way too: if you have a linear map L: K*! — V, applying it to the ordered
standard basis ey, es of K>! gives a list of two vectors in V. Namely,

) et )}

This is a natural way of converting between functions {1,2} — V and linear maps K?>! — V.
This discussion remains valid for any ordered list of n vectors. We make this discussion formal by
stating it as the following;:

Proposition 1.2.6 Suppose that V is a vector space over K of finite dimension dim (V) = n. Let
(e1,...,¢,) denote the ordered standard basis of K™!. There is a linear bijection
®: {L: K™ = V s.t. L —isomorphism} — {(v1,...,v,) an (ordered) basis of V'}
: L~ (L(ey),...,L(en)).
Proof. This is certainly a function because L being a linear isomorphism means it sends a basis
to a basis. In our case, the standard basis of K™! is sent to a basis of V by L. For injectivity,

suppose that L and Lo are isomorphisms K™! — V s.t. ®(L;1) = ®(Ls) i.e. Li(e;) = La(e;). We
wish to show that L; = Ly. Observe that

I

n n n n
Ly : =1Ly <Z wiez) = Z%‘Ll(%) = Zib‘sz(ei) = Lo (Z xm) = Lo
i=1 i—1 i—1 =1

Tn

x1

Tn
For surjectivity, suppose that (v1,...,v,) is an ordered basis for V. Then deﬁndﬂ

I

n
=1

Tn

This is well-defined, and it can be easily shown that it’s linear. We wish to show that it’s an
isomorphism. Suppose that

I n
L =0y i.e. E z;v; = 0y.
=1

Tn

3This is just the n-dimensional version of the construction L( [a b] T) = avi + bvz in the motivating paragraph
at the start of this section.
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By the linear independence of the ordered basis, this forces x; = 0 for all 5. This means that
ker(L) = {Ogn.1} which is equivalent to L being injective. Notice that

I z1 z1

n
image(L) = ¢ L : eV |:|ek™} = invi sl | €K™ =span(vy, ..., vy).
T, Tn =1 T
Since (vi1,...,Vy) spans V, L is surjective. Thus, L is an isomorphism, and by construction

O(L) = (L(e1), .., L(en)) = (Vi,- .., Vn). _

In summary, one can think of a basis as a linear isomorphism K™! — V that gives us a choice of
coordinate system on V.

A wonderful artefact of this this correspondence comes from applying [Proposition 1.2.4] to
this correspondence, so that one may describe properties of the list in terms of properties of the
corresponding linear map (and vice versa):

« It follows from [Proposition 1.2.4 (ii)| that a list of vectors spans V iff the corresponding

linear map is surjective.

« It follows from [Proposition 1.2.4 (i)| that a list of vectors is linearly independent iff the
corresponding linear map is injective.

« It follows from [Proposition 1.2.4 (iii)| that the list is a basis iff the corresponding linear
map is a linear isomorphism (equiv. a linear bijection between vector spaces)

1.2.2 DEFINING A LINEAR MAP ON A BASIS IS ENOUGH

Linear maps are uniquely determined by their action on a basis.

Proposition 1.2.7 Let U,V be vector spaces over K, let (uy,...,u,) be a basis of U, and let
vi,...,Vy be any sequence of n vectors in V. Then, there’s a unique linear map 7: U — V with
T(w;) =v; for 1 <i<n.

Proof. Let u € U. By|Proposition 1.1.3| there exists a unique sequence of scalars A1, ..., A, € K
s.t. u = A1ug + ...+ Ayu,. The only possible definition of T': U — V' compatible with linearity, if
such a map exists at all, must obey

T(u) =T (Zl aiui> = Zlaivi

for some vectors vi,...,v, € V. This definition doesn’t depend on any choices of the «; because
they’re uniquely determined. Thus, T is well-defined as a function from U to V.

o Is T linear? Let u,w € U. Then u = ayu; + ...+ a,u, and w = fyuy + ... + B,u, which
implies that u +w =Y ] (c; + £;)u; and so

n

T(u+w) = (a;+Bi)vi

i=1

n n
=Y avi+ Y Bivi
i=1 1

=: ;(u) +T(w).
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Also, for any o € K:
n n n
T(au):=T (Z aaiui> = Z ao;v; = o Z a;v; = oI (u).
i=1 i=1 i=1

« Action on the basis: Every u; can be written as 2?21 dj;u; which implies that
n
T(Uj) = Z (Sjl'VZ' = Vj.
i=1

Therefore, there exists a linear map 7': U — V with T'(u;) = v; for all ¢ (for some arbitrary vectors
vifori=1,...,n).

+ Uniqueness: Suppose that there exists another linear map S: U — V with S(u;) = v; for
1=1,...,n. Letu € U. Then u = aju; +. ..+ a,u, for some uniquely determined sequence
of scalars aq,...,a, € K. By the linearity of 5,

S(u) = Z a,-S(uZ-) = Z [e7A%)
=1 =1
= a;T(w;) = T(u)
i=1

holds for all u € U. Therefore, T'= S as maps.

At face-value, this theorem looks important but it’s even more than that.

1.3 The Correspondence

Let T: U — V be a linear map, where dim(U) = n and dim(V') = m. Suppose that we're given a
basis £ = (e1,...,e,) of U, and a basis F = (f},...,f,) of V.

Under the correspondence (Proposition 1.2.6)) between bases and linear isomorphisms into a
finite-dimensional vector space:

« The basis E of U corresponds to a linear isomorphism ®z: K™! — U satisfying Qp(e) =e;
for each standard basis vector ¢; € K™ for j =1,...,n.

« The basis F of V corresponds to a linear isomorphism ¥ : K™! — V satisfying ¥p(f;) = f;
for each standard basis vector f; € K™! for i = 1,...,m.

v— 1 vy

dp Vp

Kn,l Km,l

We can define the map T: K»l — Kml by T = \IJ;,1 oTo®g. This map Tis certainly linear, and so
we remark (by [Proposition 1.2.7) that 7' is completely determined by its action on the standard
basis ¢1, ..., ¢, of K™ i.e. T is uniquely determined by the list (T'(¢1), ..., T(en)) € (K™!)™. Note
that for each j =1,...,n:

T(ej) = (V' o T o ®p)(e;) = W' (T(e;)).
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Since T'(e;j) € V, we can write it uniquely as a linear combination T'(e;) = ay;fi + ... + apm;fi.
Then
a1j

Tle) = U (T(e)) = | : | e K™

which is the column vector of coordinates of T'(e;) with respect to the basis F' of V. Since Tv(ej) €
K™ we may write it uniquely as

T(ej) = aljfl + ...+ Oémjfma

and so for any x € K™! we have, by the linearity of T, that:

T(x) = T(z1e1 + ...+ zpep)
=21 T(e1) + ... + 2,1 (en)
= :cl(allfl 4+ ...+ amlfm) + ...+ an(alnfl + ...+ amnfm)

= (r1001 + ... Fxpa)fi + - F (1001 + - - - F TrQnn)fm

a1l 12 vt Oap
T1
Qg1 Qg2 ccc Qop )
Tn
Am1 Om2 " Omn
If we let A = (y;), then we see that
T(x) = Ax

This means that T is the map x —> Ax i.e. A is the matrix of scalars that determines T.
Definition 1.3.1

« These coefficients a; in the j*" column of A are called the coordinates of T'(e;) with respect
to the basis fi, ..., f,.

m
T'(ej) = Zaijfi forj=1,...,n.
i—1

This matrix A is called the matrix of the linear map 1" with respect to the chosen
bases E of U and F of V.

« We will denote A by [F, T, EJ.

o The map T is called the coordinate representation of T with respect to the bases F

and V, and will be denoted by [T ]Z

+ Let [F, v] denote the coordinate vector of v with respect to the ordered basis E. If the basis
is clear, then sometimes v will be used.

Theorem 1.3.2 Let U and V be vector spaces over K of dimensions n and m respectively. Then,
for a given choice of bases of U and V, there is a one-to-one Correspondenceﬁ between the set
Homg (U; V) of linear maps U — V, and the set K™" of m x n matrices over K.

Homg (U; V) = K™"

41t turns out that this correspondence is indeed a linear map itself!
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Now we write the above in slightly simpler notation, connecting how a linear transformation
acts on elements of a vector space to how its matrix acts on said vector’s coordinates. For the
given basis F = (ey,...,e,) of U and a vector u = Aje1 + ...+ A\yey, let u or [E,u] denote the
column vector whose entries are the coordinates of u with respect to E i.e.

A
u=[E,ul=|:| ek
An

Analogously, for the given basis F' = (f1,...,f,,) of V and a vector v = p1f; + ... 4+ upfn, € V, let
v denote the column vector
A1
v=I[Fv]=|:| K™
)\n

Proposition 1.3.3 Let T: U — V be a linear map, F a basis of U, and F' a basis of V. Let u and
v be the column vectors of coordinates of u and v with respect to the bases ' and F’ respectively.
Then T'(u) = v if and only if [F, T, EJu = v. In other words, T'(u) = [F, T, E]u.

This proposition is telling us that choosing a basis E for U gives every vector in U a unique set
of coordinates (and similarly for V') so applying the linear transformation 7" to u € U is “the same”
as multiplying its column vector coordinates u by [F,T, E] as long as we interpret the resulting
column vector as coordinates in V' with respect to F'.

1.4 The Inverse Image Problem

Historically speaking, linear algebra seems to have come from the study and solution of systems of

simultaneous linear equations. Consider a system of m equations in n unknowns z1, ..., z, where
m,n > 1

a;pry + a2+ ...+ T, = P

a1r1 +  ar2 + ...+ aopT, = Po

Om1T1 + 2Tz + ..+ Qn®n = Bn

where all coefficients «;; and B; belong to K. Solving this system means finding all collections
x1,%2,...,%, € Ksuch that the equations above hold. Let A = (a;;) € K™" be the m x n matrix
of coefficients. The crucial step is to define the column vectors

1 51
x B

x= | | ek™ and b= | | ekm!
T, Bm

which allows us to write our system as a single matrix equation Ax = b, where the coefficient A is
a matrix.

Using the notation of linear maps, we’ve just reduced solving a system of linear equations to
the inverse image problem. That is, given a linear map T: U — V, and a fixed vector v € V,
find allu € U s.t. T'(u) =v.

In fact, these problems are equivalent!

In the opposite direction, suppose that we’re given the inverse image problem to solve. Choose
bases E and F of U and V respectively. Denote by:

« A the corresponding matrix [F, T, E],
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+ b = [E, u] the vector of coordinates of u with respect to E, and

« b = [F, v] the vector of coordinates of v with respect to F.

By [Proposition 1.3.3| T(u) = v iff Ax = b. This reduces the inverse image problem to solving
a system of linear equations.

I want to make some remarks about the inverse image problem but they require the concepts
of the image, kernel, (row = column) rank, nullity of a linear map T: U — V (and the nullspace
and column space of its corresponding matrix A). I'll cover the important bits before making some
remarks about the inverse image problem. If known, please skip to|Remarks 1.4.3|

Definition 1.4.1 Let T: U — V be a linear map from a finite-dimensional vector space U.

o The kernel of T is the set of all vectors in U sent to Oy i.e.

ker(T) :={ueU : T(u) =0y}.

« The image of 7" is the collection of all vectors that are mapped to by some element of U i.e.

image(T) :={veV:3ueUst. T(u)=v}.

o The rank of T is the dimension of its image.
o The nullity of 7' is the dimension of its kernel.

I cannot understate the importance of the following theorem. I will make use of it repeatedly in
later sections.

Theorem 1.4.2 (Rank-Nullity) Let U,V be vector space over K with U finite-dimensional,
and let T: U — V be a linear map. Then

dim(U) = rank(T") = nullity(T).

Proof. Since U is finite-dimensional and ker(7') is a vector subspace of U, then ker(T) is also
finite-dimensional. Let nullity(7') = s, and let eq,...,es be a basis of ker(T"). We can extend
this sequence of vectors (which are linearly independent in U as required by the theorem) to a
basifﬂ el,....,esf1,....f. of U. Then dim(U) = s + r. To prove the theorem, we have to prove
that dim(image(T")) = r. Clearly, T'(e1),...,T(es),T(f1),...,T(f.) span image(T") because every
u € U can be written uniquely as

S T
u=) aeit) Bif;
i=1 j=1

which implies that any vector T'(u) in image(T) is of the form
S T
T(u) =) aT(e)+ Y BT(E).
i=1 Jj=1

Since T'(e;) = ... = T(es) = Oy, this implies that T'(f1),...,T(f;) span image(T). If we can
demonstrate that they’re linearly independent, that concludes the proof.
Suppose that for some scalars a; we have that

O[lT(fl) + ...+ OéTT(fr) = Oy.

Then T'(a1f; + ... + a,f,) = Oy by linearity so a1f; + ... + . f, € ker(T'). However, ey,...,e; is
a basis of ker(T") so there exist scalars 3; with

arfy + ...+ af, = Fre1 + ...+ Bses

SThese vectors fy, ..., f. are the collection of vectors remaining after taking a spanning set {f;} of U, and then
sifting the combined sequence ei,...,es,f1,...,f; (with 7 > r) to get a basis of U.
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1.e. 5161 + ...+ 5565 =+ (—Ozl)fl + ...+ (—ar)fr = 0y.

Since ey, ..., es, 1, ..., £ form a basis for U, they are linearly independent which forces f; = ... =
Bs = a1 = ... = a,, and so we’ve shown that T'(f;),...,T(f.) are linearly independent. Finally,
dim(image(7")) = r and the claim is proven. [ |

Remarks 1.4.3

+ The case when v = Oy, or equivalently (upon choosing bases E for U, and F for V respec-
tivelyﬁ) when §; = 0 for 1 < i < m, is called the homogeneous case.

The set of solutions {u € U: T'(u) = Oy} is precisely the kernel ker(7) of T. The corre-
sponding set of column vectors x € K™! with Ax = Oy is the image of ker(T) under the
correspondence. We call this collection the nullspace of the matrix A. Since the corre-
spondence is a bijection (i.e. choosing a basis E for U uniquely defines a coordinate vector
x = [E,u] of u with respect to E), the nullspace of A is a vector subspace of K™! with the
same dimension as ker(7") (which is a subspace of U). Thus, we may define the nullity of A
as the dimension of its nullspace.

o For the general case Ax = b, it’s easy to see that if x is one solution to a system of linear
equations, then the complete set of solutions is equal to

x + nullspace(A) := {x + y: y € nullspace(A4)}.

Some remarks about the nature of solutions:

o It’s possible that there are no solutions at all: when v ¢ image(T).

o If there are solutions, then there is a unique solution precisely when ker(7') = {0y}, or
equivalently when nullspace(A) = {Ogn.1}.

o If K is an infinite field (like R or C), and there are solutions but ker(7') # {0y}, then
there are infinitely many solutions. (Let X be a solution of Ax = b. If y € nullspace(A4),
then ay € nullspace(A) for any o € K, and so X + ayy is also a solution.)

1.5 Change of Basis

The matrix representation of a linear map T': U — V between vector spaces depends on the choice
of bases for U and V. (Assume throughout that all vector spaces are over the same field K)

1.5.1 TWO BASES OF THE SAME SPACE

Let U be a vector space of dimension n, and let E = {e1,...,e,} and E' = {e],... e} } be two
bases of U. We can convert the coordinate representation of the abstract vector u with respect
to the “old” basis F to the coordinates of u with respect to the “new” basis E’. Simply take the
discussion in and adapt it as the following diagram suggests with T' = idy:

Kn,l Kn,l

5Tn fact, it doesn’t really matter which basis F' for V we choose in the homogeneous case — the zero vector Oy
has the same coordinates (all zeroes) with respect to any basis of V.
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We also give a name to the map at the bottom of the diagram. Define the change-of-basis map
[idy] . : K»! — K™! from E to E' by

[idy]2 = (@) 0 idy o) = Byt 0 B

For each ¢; € K™! we have that

lid] , (¢j) = @51 (@E(e;) = Ppi(e))

which is the coordinate vector of e; with respect to the basis E’. As before, the matrix represen-
tation of [idy]g is denoted by [E',idy, E] = P = (o) where the j* column of P is ®,; (e;).

Definition 1.5.1 Let U be a vector space of dimension n, and let £ = {e1,...,e,} and E' =
{€],...,e),} be two bases of U. The matrix P = [E’,idy, F] of the identity map idy: U — U
with respect to the bases F in the domain, and E’ in the codomain respectively, is called the
change-of-basis matrix from the basis F to the basis F’.

Remarks 1.5.2

« The name change-of-basis matriz is justified by the fact that if u € U, and we let u and u’
denote the column vectors of coordinates with respect to the bases E' and E’ respectively,
then v/ = Pv. It’s a matrix that turns a vector u’s coordinates with respect to the old basis
into the same vector u’s coordinates with respect to the new basis.

« Every change-of-basis matrix is invertible.

« Conversely, every invertible matrix can be viewedm as a change-of-basis matrix upon the
choice of suitable bases i.e. if P € K™" is invertible, then there exist bases E and E’ of K™!
s.t. P is the change-of-basis matrix from E to E’.

1.5.2 THE EFFECT OF CHANGE-OF-BASIS ON LINEAR MAPST: U — V

Let U be a vector space with dim(U) = n < oo, V' be a vector space with dim(V') = m < oo, and
let T € Homg (U; V).

» Let £ ={e1,...,e,} be a basis for U.

o E corresponds to a linear isomorphism ®g: K™ — U satisfying ®g(e;) = e; for each
standard basis vector ¢; € Kml for j=1,...,n

o Let F = {f},...,£,} be a basis for V.

o F corresponds to a linear isomorphism ¥g: K™! — U satisfying ¥ r(f;) = f; for each
standard basis vector f; € K™! fori=1,...,m

Then .
T(ej) = Zaijfi for 1 < ] <n
i=1
where A = (a;;) = [F, T, E] is the m x n matrix of T with respect to the bases £ of U, F of V.
Now choose new bases.

o Let E' ={€],...,€,} be a “new” basis of U.
o E' corresponds to a linear isomorphism ® g : K™ — U satisfying ® w(¢}) = e for each
standard basis vector ¢ € K™l for j=1,...,n

"In general, an invertible matrix doesn’t have to be viewed as a change-of-basis matrix. This is a subtle but
important distinction to keep the reader away from the trap (that I briefly fell into) of thinking that every invertible
matrix is a change-of-basis matrix without explicit reference to a choice of bases.
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o Let F/ ={f],...,f,} be a “new” basis of V.

o F’ corresponds to a linear isomorphism W : K™ — U satisfying U (f;) = f! for each
standard basis vector f; € K™ fori = 1,...,m

There is now a matrix representing the transformation T

m
:Zﬁijfi/ forl<j<n
i=1
where B = (;;) = [F',T, E'] is the m x n matrix of T" with respect to the bases E' of U, F' of V.

Our objective is to find the relationship between the matrices A and B in terms of the
change-of-basis matrices. We draw the following diagram:

= (x+— Bx)

Kn 1 Km,l

\ W g
/ \

K1 Kl
T = (x+— Ax)
E

/

Let P and @ denote the matrices of the change-of-basis maps [1dU] from E to E', and [1dv]
from F to F”, respectively. It follows that:

(1) = fiav]§ o (7)o (fdu]f) ™

which in the language of matrices (where composition corresponds to multiplication of matrices) is

B=QAP™ L.

Theorem 1.5.3 With the above notation, we have QA = BP, or equivalently B = QAP

Remarks 1.5.4 The matrix B is the matrix which, given the coordinates of a vector u € U with
respect to the basis E’ produces the coordinates of T'(u) € V' with respect to the basis F.

On the other hand, suppose we already know the matrix A which performs the corresponding
task with the “old” bases F and F. Now, given the coordinates of some vector u with respect to
the “new” basis, we need to:

« Find the coordinates of u with respect to the “old” basis of U: this is done by multiplying by
the change-of-basis matrix from E’ to E, which is P~';

« find the coordinates of 7'(u) with respect to the “old” basis of V: this is what multiplying by
A does;
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« translate the result into coordinates with respect to the “new” basis for V: this is done by
multiplying by the change-of-basis matrix ().

Putting these three steps together
B[E',u] = QAP™[E’ ul].

Corollary 1.5.5 Two m x n matrices A and B represent the same linear map from an n-
dimensional space U to an m-dimensional space V' (with respect to different bases) if and only
if there exist invertible matrices P (of size n x n) and @ (of size m x m) with B = QAP

Definition 1.5.6 Two matrices A and B of size m x n are said to be equivalent if there exist
invertible P and @ with B = QAP ™.

Other books will use B = QAP in their general definition but I think this obfus-
cates the original nature of change-of-basis matrices.

Theorem 1.5.7 Equivalence of m x n matrices defines an equivalence relation on K™,

This begs the question, what is a good choice of representative for an equivalence class of equiv-
alent matrices? The following theorem gives a canonical form that serves as an easily identifiable
representative of any such equivalence class.

Theorem 1.5.8 Let A and B be m x n matrices over K. Then the following conditions on A
and B are equivalent:

(i) A and B are equivalent.
(ii) A and B represent the same linear map with respect to different bases.
(iii) A and B have the same rank.
(iv) B can be obtained from A by application of elementary row and column operations.

The proof of this theorem requires the fact that any m x n matrix A can be brought, by
elementary rowﬂ and elementary column operations, into the Smith normal form F,

Is ‘ Os,n—s ]

Om—s7 s

E, =

Om—&n—s

Another key observation required to complete the proof is that an elementary row operation cor-
responds to left-multiplication by an elementary row matrix. An analogous statement applies for
column operations but replace ‘left’ with ‘right’-multiplication.

Accordingly, in the proof that (iv) = (i), suppose that B can be obtained from A by row
operations represented by Ry, ..., R, and elementary column operations represented by C1, ..., Ct.
This means that B = R,....R{AC:...C;. Elementary matrices are invertible so if we let @) =
R,...Riand P~ =(Cy...Cy, then B= QAP !.

Proposition 1.5.9 Any m X n matrix is equivalent to the matrix E; defined above, where

s =rank(A).

8Let A be an m x n matrix over K with rows r1,...,r,, € K™, The three types of elementary row operation
on A are defined as follows:

(R1) For some i # j, add a multiply of r; to r;.
(R2) Interchange two rows.
(R3) Multiply a row by a non-zero scalar.

The definition for elementary column operations is entirely analogous — replace ‘row’ with ‘column’.
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1.6 Similar Matrices

Now we look at the case of what happens to the matrix of a linear operator (a linear map from
V to itself) T: V' — V when applying a single change-of-basis.

Let V' be a vector space of dimension n over the field K, and T': V' — V be a linear operator.
Let E = (eq,...,e,) and E' = (e],...,€],) be bases of V, and A = («;j) = [E,T,E] and B =
(Bij) = [E',T, E’] be the matrices of T with respect E and E’ respectively.

By the discussion leading up to [Theorem 1.5.3| the following diagram describes the current

setup:

Kn,l R Kn,l
D Dpr
T
Vv——V
E’ . . E’
[ldv] ldvl\ l\ldv [ldv] »
Vv—V
T
(PE (PE
Kml N Kn,l

[T] z = (x+— Ax)

where P denotes the matrix of the change-of-basis map [idv}gl from E to E’. It follows that:

75 = liav] o 15 o (lv]y) ™

which in the language of matrices corresponds to
B=PAP™".

Definition 1.6.1 Two n X n matrices A and B over K are said to be similar if there exists an
invertible n x n matrix P s.t. B= PAP~ .

Thus, two matrices are similar if and only if they represent the same linear operator T: V — V
with respect to different bases of V.

Similarity is an equivalence relation on the set of n x n matrices over K. Apparently it’s not as
straight-forward to pick a canonical representative from an equivalence class because there is some
dependence on the field K. For K = C, we have the “Jordan Canonical Form”.

We could equivalently have cut down on some of the bloat in the diagram and
drawn something more succinct:

El
Kn,l [T} B (x— Bx) Kn,l
D5y 350
[iay]? v T vy [1ay ]
K™ 1 K™ 1
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1.7 Diagonalisation

Definition 1.7.1

+ A square matrix D = (d;;) € K™" is called diagonal if all its entries off the main diagonal
are zero i.e. d;; = 0 for i # j.

« A matrix which is similar to a diagonal matrix is said to be diagonalisable.

o Let T: V — V be a linear operator. We say that 7" is diagonalisable if there exists an
ordered basis E of V' with respect to which [E, T, E] is a diagonal matrix.

I’'m not entirely sure on the historical motivation for investigating whether a
linear operator T: V. — V on a finite dimensional vector space V over K is
diagonalisable or not, but I imagine it has something do with simplifying some
physical system to see which bits only scale with application of T. The reason
for this hunch is as follows:

Note that if [E,T, E] = D is a diagonal matrix, then for each vector e; € E we
observe that

T(e;) =Y dije; = djje;.
=1

Conversely, if E = (e1,...,e,) is an ordered basis for V s.t. T'(e;) = Aje; for
some scalars A1, ..., An, then clearly
A0 0
0 X 0
[E,T,E] = _
0 o0 An

Each vector in the above basis satisfies T'(v) = Av for some scalar . Since v is
a basis element, it’s non-zero. This seemingly motivates the following definitions
(of eigenvalues and eigenvectors).

It turns out that the possible entries on the diagonal of a matrix similar to A can be calculated
directly from A — they are called eigenvalues of A and depend only on the linear map to which A
corresponds, and not on the particular choice of basis.

o Let T: V — V be a linear map, where V is a vector space over K. Suppose that for some
non-zero vector v € V and some scalar A € K, we have T'(v) = Av. Then v is called an
eigenvector of 7', and A is called the eigenvalue of 1" corresponding to v.

o Equivalently, by |Propositi0n 1.3.3| we know that T'(u) = v <= T(u) = [F,T, E]u.
In particular, T'(v) = Av <= Av = Av.

Definition 1.7.2 Let A be an n X n matrix over K. Suppose that for some non-zero
column vector v € K™!, and some scalar A\ € K we have Av = Av. Then \ is called an
eigenvalue of A, and v is called the eigenvector of A corresponding to A.

Thus, if A is the matrix that corresponds to 7" under a choice of basis of V', then A is
an eigenvalue of T iff A is an eigenvalue of A.

« Geometrically speaking, eigenvectors of a linear operator T': V' — V are vectors in V that
are merely elongated or shrunk under 7' (with scale factor the corresponding eigenvalue \).

o Another important remark is that because similar matrices represent the same linear map
with respect to different bases, they have the same eigenvalues. We will prove this after
figuring out the following question:

« How do we calculate eigenvalues?

Theorem 1.7.3 Let A be an nxn matrix. Then A is an eigenvalue of A iff det(A—\I,,) = 0.
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Treating A as unknown, we get a polynomial equation which we can solve to find all the
eigenvalues of A:

Definition 1.7.4 For an n x n matrix A, the equation
det(A —zI,) =0

is called the characteristic equation of A, and ca(z) := det(A — x1,,) is called a charac-
teristic polynomial of A — a polynomial in x of degree n with leading coefficient (—1)".

Similar matrices have the same characteristic equation, and hence the same eigen-
values!

Proof. Let A and B be similar matrices i.e. there exists an invertible matrix P s.t. B =
PAP~!. Then

Since similar matrices correspond to the same linear operator on V with respect to differ-
ent bases, similar matrices have the same characteristic polynomial. Thus, we may unam-
biguously define the characteristic polynomial of T" to be the characteristic polynomial of a
representative A of the equivalence class of matrices similar to A i.e.

Definition 1.7.5 Let V be an n-dimensional vector space V over K, and choose a basis
of V. We define the characteristic polynomial of a linear operator 1": VV — V', denoted
by er(x) or “det(T — zidy)”, to be the characteristic polynomial of A = [E, T, E] i.e.

f(x) :=ca(z) = det(A — xIy,).

There is one case where the eigenvalues can be written down immediately:

Definition 1.7.6 A square matrix A € K™" is called upper triangular if all of its entries
below the main diagonal are zero i.e. a;; = 0 for i > j.

Proposition 1.7.7 Suppose that the matrix A is upper triangular. Then the eigenvalues
of A are just the diagonal entries a;; of A.

The proof relies on some intermediate facts:

Theorem 1.7.8 (The effect of matrix operations on the determinant)
(i) det(In) =1

(ii) Let B result from A by applying (R2) i.e. interchanging two rows.
Then det(B) = —det(A).

(iii) If A has two equal rows, then det(A) =

(iv) Let B result from A by applying (R1) i.e. adding a multiple of one
row to another. Then det(B) = det(A).

(v) Let B result from A by applying (R3) i.e. multiplying a row by a
scalar A\. Then det(B) = Adet(A).

All of the above theorem holds if we replace rows by columns because it can

be shown (from the definition of the determinant) that det(AT) = det(A)

for any n x n matrix A, and then we may simply transpose our matrix,

apply row operations, and then transpose back at the end.

0.
ie.
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Corollary 1.7.9 The determinant of an upper triangular matrix is the
product of its diagonal entries.

Proof. Let’s work with a 3 x 3 matrix for simplicity. We can repeatedly
apply (R1) to an upper triangular matrix A to obtain a diagonal matrix
D, where det(D) = det(A) by (iv). Then we appeal to parts (i) and (v)
from the theorem e.g. denote by r; the i*® row of the matrix and apply
(R3) r1 < A\'r1 to

A1 0 0
D=10 X O
0 0 A3
to obtain
1 0 O
Bi=10 X 0
0 3

A
Then det(B1) = A * det(D) i.e. det(D) = A; det(B1). Now we repeat the

process:
o Apply r2 < Ay'rs to B; to obtain By so det(B1) = A2 det(Bz).
o Apply rz <+ )\glrg to B2 to obtain Bs = I, so det(Bz2) = A3 det(Bs).
Combine all of the above to obtain
det(A) = det(D)
= A1 det(B1)
= A1 A2 det(Bs)
= A2z det(Bs)
= A2z det(],,)

D A oA

The process above is entirely analogous for any m x n upper triangular
matrix A. |

Proof of [Proposition 1.7.7. Since A is upper triangular, it follows that A — xI,, is also
upper triangular and so its determinant is the product of its diagonal entries i.e.

n
det(A —zI,) = H(O‘ii — )
i=1
from which we deduce that the eigenvalues of A are the a;;. |

I’ve collected some of the main results on diagonalisation below.

o The following theorem is the most genera]ﬂ result about diagonalisability.

Theorem 1.7.10 Let T: V — V be a linear map. Then T is diagonalisable (i.e. there
exists a basis F of V with respect to which [E, T, E] is diagonal) if and only if there is a basis
of V consisting of eigenvectors of 7.

o Equivalently, an n x n matrix A over K is similar to a diagonal matrix iff the space K™!
has a basis consisting of eigenvectors of A.

 Furthermore, if T is diagonalisable, and F = (v1,...,v,) is an ordered basis of eigenvectors
of T, and D = [E, T, E], then D is a diagonal matrix and for every 1 < j < n, dj; is the
eigenvalue \; corresponding to v;.

9The basis need not be orthogonal /orthonormal which is a concept that will be seen shortly.
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Verification. The j' column of [E, T, E] consists of the coordinates of T'(v;) with respect
to the basis E i.e. T(vj) =Y 1, dijv; = djivi + ...+ dj, vy, and note that T'(v;) = \jv; =
Ovi+...+0vj_1 +Ajvj +0vje1 + ...+ 0v, so that

dj1vi+...+dj—1vj_1+ (djj — /\j)Vj +dj i1V + ...+ djnvy, =0y

which forces (by linear independence of the basis E) d;; = 0 for i # j, and d;; = ;. |

« The above theorem doesn’t tell you when such a basis exists (only what we can say if it does
exist). The following theorem offers a partial confirmation (we really need r = dim(V) to
conclude the existence of a basis!). In particular, it says that if a collection of eigenvalues is
distinct, then the corresponding eigenvectors are linearly independent.

Theorem 1.7.11 Let Aq,..., A\ be distinct eigenvalues of T: V. — V, and denote by
vi,...,V, their corresponding eigenvectors. Then vi,..., v, are linearly independent.

Proof. Proof by induction on the number of distinct eigenvalues of T'.

Base case (r =1)

For r = 1, v1 # Oy since it’s an eigenvector of T', and so {v;} is a linearly independent
set.

Assume the inductive hypothesis

Assume that the theorem holds for » — 1 i.e. any r — 1 eigenvectors corresponding to
r — 1 distinct eigenvalues of T" are linearly independent.

Inductive step

Suppose that we have r eigenvectors vy, ..., v, corresponding to the distinct eigenvalues
A, ...y Ap. We wish to show that {vi,...,v,} is a linearly independent set. Suppose
that aq,...,a, € K are such that

aivy + ...+ apvy = 0y

Apply T — A, idy to both sides of the above equality to “kilﬂ off” the eigenvectorE Vi

and obtain
a1(>\1 — )\r)vl + ...+ Oér_l()\,n_l — )\T‘)VT—]. = 0y
By our inductive hypothesis, {v1,...,v,_1} is linearly independent and so
041()\1 — >\r) = 042()\2 — >\r) =...= a,,_l()\r_l — )\r) =0.
Since the \; are distinct, \; — A 20 for i =1,...,r — 1 which forces a; = as = ... =

a, = 0 and so our original equality at the start reduces to
o, v, = 0y
but v, # 0y since it’s an eigenvector, so a;, = 0.

Therefore, a; = 0 for all i = 1,...,r and we conclude that {vy,...,v,} is a linearly indepen-
dent set. |

« What follows is a sufficient condition for diagonalisability:

10This is a common technique in linear algebra. Removing some part of a linear combination makes solving for
the other coefficients easier!

1 As shall be seen later, we call the kernel ker(T — ), idy) the eigenspace of T with respect to A.. The eigenvectors
corresponding to A, (and the zero vector Oy) are the only elements of this eigenspace.
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Corollary 1.7.12 If there are n = dim(V") distinct eigenvalues of a linear operator T': V' —
V', then T' is diagonalisable.

Proof. Suppose that T has n distinct eigenvalues A1, ..., A,. For each i choose an eigenvector
v; corresponding to A;. By the above theorem, {v1,...,v,} is linearly independent, and since
dim (V') = n, this set is a basis for V. Thus, T is diagonalisable by the characterisation. W

The converse is false. It’s not true that if T is diagonalisable, then it has n distinct
eigenvalues. e.g. the identity map has a single eigenvalue but its matrix representation is
clearly diagonal.

1.8 More Diagonalisability

This following three sections are my personal notes as I worked through Sections 5.2 and 5.4
from [1]. Other sources like |2| were also an influence for cross-referencing terminology and proof
statements but the main skeleton follows the chronology of |1].

« At the end of the last section, we remarked that if 7" has dim(V') distinct eigenvalues, the
it’s diagonalisable. Also, we found a counterexample to the converse statement; it’s not true
that if T" is diagonalisable then it has dim(V') distinct eigenvalues.

« However, we do have a partial converse. Namely, if T is diagonalisable, then it imposes a
strong condition on the characteristic polynomial — it splits into linear factors.

T: V—V is a linear operator
whose characteristic — T-diagonalisable
polynomial splits

Definition 1.8.1

o Let K|[z] denote the set of all polynomials in an indeterminate x with coefficients in
the field K. That is K[z] = {ao + a1z + ... + apz™ : n € Ny, o; € K}. This is a vector
space over K when equipped with polynomial addition and scalar multiplication.

o A polynomial f(x) € K[z] splits over K if there are scalars ¢, aq, . . ., a, (not necessarily
distinct) in K s.t.

flz)=clx—a1)(z—az) ... - (x —ap).

Proof. Let T be a diagonalisable linear operator on an n-dimensional vector space V', and let
E be an ordered basis for V s.t. [E, T, F] is a diagonal matrix. Let D denote diag(A1, ..., \n),
and let f(x) be the characteristic polynomial of 7. Then

f(x) = det(D — z1,) = det(diag(A1 — z,..., Ay — 2)) = [J(\i = 2) = (=1)"
=1 =1

(QZ‘ — )\z)

n n
|

It’s clear from this theorem that if T is diagonalisable and fails to have dim(V') distinct
eigenvalues, then the characteristic polynomial of 7" must have repeated roots.
« We can then work in the opposite direction to find a condition that satisfies
T:V—V is a linear operator
whose characteristic + condition = T-diagonalisable

polynomial splits

If we can demonstrate this direction, then we’ll have another characterisation for the diago-
nalisability of a linear operator.
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‘Repetitions’ will be of interest so we adopt some terminology:

Definition 1.8.2 Let A be an eigenvalue of a linear operator (equiv. matrix) with characteristic
polynomial f(z). The (algebraic) multiplicity of A is the largest positive integer k for which
(x — \)* is a factor of f(x).

Let T be a diagonalisable linear operator i.e. there exists an ordered basis for V' of eigenvectors
E = (vi,...,vp) of T, and it follows that [E, T, E] is a diagonal matrix whose entries are the
eigenvalues of T' (including repetitions). In analogous fashion to the proof above, the characteristic
polynomial of T is

f(x) =det([E,T, E] — zI,) = det(diag(A\y — z, ..., A\ — )
n

(=" [ [(@=X)

i=1

(1" = A

where e; is the algebraic multiplicity of A;. It’s clear that each eigenvalue A; of T must occur as

a diagonal entry of [E, T, E] exactly e; times. Hence, for each eigenvalue )\;, the basis E contains

exactly e; linearly independent eigenvectors corresponding to \;.

Therefore, the number of linearly independent eigenvectors corresponding to a given eigenvalue
is of interest in determining whether an operator can be diagonalised.

) (= M)

Definition 1.8.3
» The eigenspace of T' corresponding to an eigenvalue \ is ker(T' — Aidy).

« The eigenvectors of T corresponding to the eigenvalue A are the non-zero vectors in the
eigenspace of T' corresponding to A.

o The maximum number of linearly independent eigenvectors of 1" corresponding to A is the
dimension of the eigenspace ker(7"— Aidy ) and is called the geometric multiplicity of \.

We now relate this number to the algebraic multiplicity of A:

Theorem 1.8.4 (5.7 |1, p. 264]) Let T" be a linear operator on a finite-dimensional vector space
V', and A be an eigenvalue of T having algebraic multiplicity m. Then 1 < dim(ker(T'—Aidy)) < m.

Proof. Choose an ordered basis (vi,...,vp) of ker(T"— Aidy ), and extend it to an ordered basis
E=(Vi,...,Vp,Vps1,...,Vp) for V, and let A = [E, T, E]. Observe that v; for i =1,...,p is an
eigenvector of T corresponding to A, and therefore

B,T,E] = [Aé" g} .

Exercise 1 (Exercise 21 [1, p. 229]) Prove that if M € K™" can be written in

the form
A B
=[5 o
where A and C are square matrices, then det(M) = det(A) det(C).

Proof. by induction on the size of A (a k x k matrix). The base case with k = 1
is represented by

ail by b2 brn_1
0 c11 c12 Cln—1
0 C21 C22 s C2 n—1

0 cno1,1 Cr-12 -+ Cn-1,;m-1
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Expand out the determinant of M by the first column to get
det(M) = ai det(C’) +04+...+0=an det(C’) = det(A) det(C)

Now assume that the claim holds when A is a (k — 1) x (k — 1) matrix. For the
inductive step, consider M where A is a k X k matrix. Expand the determinant
of M along the first column:

k
det(M) = Z(—1)1+j771j,1 det(M]',l)

j=1

where M1 is the minor matrix obtained by removing the j*® row and 1°* column
from M. Notice that the sum only goes up to j = k. All terms m; for j > k
are zero.

Aj1 B

Every Mj for 1 < j < k is of the form M;; = { 0 c

} where:
e Aj; is the (k — 1) x (k — 1) matrix obtained from A by removing its ;"
row and 15 column, and

 and Bj is the (k — 1) x k matrix obtained from B by removing its 5" row.
By the inductive hypothesis, each such minor matrix has determinant equal to

the product of the determinants of its diagonal blocks in the top left and bottom
right. Therefore, our determinant takes the form

det(M) = (—1)1+jmj,1 det(Mj,l)

-

1

J

(—1)1+jaj,1 det(Aj,1) det(C’)

I

1

J

I
-

(—1)1+jaj’1 det(Aj’1)> det(C)

Jj=1

and note that this is det(C) multiplied by exactly the cofactor expansion of
det(A) by expanding out from the 1°* row of A. The claim is proven. ]

By the exercise above, the characteristic polynomial of T is

_ _ B (A —2)I, B
f(x) = det(A — x1,,) = det <[ 0 C—al,,
= det((A — z)1p) det(C — x1,,—p)
= (A —x)Pg(x) for some polynomial g(zx).
Therefore, (A —x)P is a factor of f(x), and hence the algebraic multiplicity of A is at least p since it

may also occur as a root of g(z). However, dim(ker(7 — Aidy)) = p, and so dim(ker(7T" — Xidy)) <
m. |

Example 1.8.5 Let T: Ky[z] — Ks[z]| be the map defined by f(x) — T(f(z)) = f'(x). The
matrix of T with respect to the standard ordered basis (1, x,2?) of Ka[z] is easy to write down.

« T(1) = 0+ 0z +02%s0 [E,1]=[0 0 0] .

« T(z)=1+0z+0z%so [E,z]=[1 0 O]T.

« T(2*) =0+2z+02% s0 [E,2?] = [0 2 O]T.

010
S A=[ET,El=|0 0 2
0 0 0
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The characteristic polynomial of 7' is f(z) = —a3 so T has only one eigenvalue \; = 0 with

algebraic multiplicity 3. Solving (7" — A1 idg,[31)(v) = 0 i.e. solving for ker(T') i.e. f'(x) = 0 tells us
that f must be constant. Therefore, ker(7" — A1 idg,[5)) is equal to the subspace of Ky [z] consisting
of constant polynomials. This means that {1} is a basis for ker(T" — A1 idg,[5)) and therefore its
dimension is 1 i.e. A\; = 0 is the only eigenvalue of T" with algebraic multiplicity 3 and geometric
multiplicity 1.

« In general, we want a a basis for V consisting of eigenvectors of T" (which is an equiva-
lent criterion for T-diagonalisable). In this case, dim(V) = dim(Ksz[z]) = 3. If we have
any hope of T being diagonalisable, then A\; = 0 with algebraic multiplicity 3 must have
3 linearly independent eigenvectors associated with it.

« However, dim(ker(T' — A; idg,[,)) = 1.

The following example is slightly less simple that the straightforward eigenspace calculation
which reduced to a simple kernel in the first example.

Example 1.8.6 Let T: R%! — R3! be the linear operator defined by

al 4aq + ag
as | — |2a1 + 3as
as a1 +4ag

Let E = (e, e2,¢3) be the standard ordered basis for R*!. Then the matrix representation of T
with respect to this basis is

4
[E,T,E] = |2
1

o w o
BN =

and so det([E, T, E] — xI3) = —(x — 5)(x — 3)%. The eigenvalues are \; = 5, A2 = 3, with algebraic
multiplicites 1 and 2 respectively. We can find ker(7" — A\;idy) by computing the nullspace of
A — M.

In this case, K = R, V = K*' and E is the standard basis of K*! so ®&p =
[isz,l ]g = idgs,1 and therefore T' = [T} B
% VvV

B

|4

‘I)E] {‘PE
K3,1 K3,1

(]

E

Therefore, ker(T — Aidga,1) = ker( [T}g — Aidgs,1) = nullspace([E, T, E] — \3).

1 xr1 0
ker(T — Ay idgs.) = nullspace(A — M\ J3) = { |z2| € R3 (A= \1I3) |z2| = |0
3| 3 |

0
[21] -1 0 17 [xy 0
={ |ag| eR¥ 2 —2 2 |z| = |0
EZ 1 0 —-1| [z3 0

This nullspace is the solution space of the system of linear equations

—x1 + x3 = 0
2z — 229 + 223 =
I - r3 = 0

[en}
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This can be solved by row-reducing the matrix to obtain the following equivalent system

T1 — r3 = 0
2$1 Tro — 2333 =0
0 =0
I 1
Since x3 is a free variable, we may let x3 = « and so the general solution is given by |zo| =« |2].
T3 1
1
Hence, a basis for nullspace(A — A\113) is ¢ |2
1
Similarly, ker(T — A2 idgs,1) = nullspace(A — A213) is the solution space of the system
X1 + x3 = 0
2z + 223 = 0 ie.x1+a3=0
€ + x3 = 0

Since the unknown xo doesn’t appear in any of the equations in this system, we assign it a para-
metric value say x9 = s, and solve the system for z; and x3, introducing another parameter ¢. The
result is the general solution

I 0 -1
x| =s |1 +t| O for s,t € R.
T3 0 1

Since the two vectors are linearly independent, it follows that

0] [1
1, ] o0
ol |-1

is a basis for ker(T' — A2 idgs,1) and so the geometric multiplicity dim(ker(7" — Ao idgs,1)) of Ag is 2.

Thus, we’'ve found that the algebraic multiplicity of each eigenvalue \; is equal to its geometric
multiplicity. The union of these bases is a linearly independent set and hence a basis for R3!
consisting of eigenvectors of 1. Hence, T is diagonalisable.

The above two examples suggest that the condition we were looking for to complete the impli-

cation o
T:V—V is a linear operator

whose characteristic + condition = 7T-diagonalisable
polynomial splits

is that the algebraic multiplicity of each eigenvalue ); is equal to its geometric multiplicity.

Lemma 1.8.7 Let T be a linear operator, and Aq,...,A\x be distinct eigenvalues of T'. For each
i=1,...,k, let v; € ker(T — \;idy ), the eigenspace corresponding to A;. If vi + ...+ vy = Oy,
then v; = 0y for all 7.

Proof. Suppose that at least one of the v; is non-zero. By renumbering if necessary, push the zero
vectors to the end so that there exists an m between 1 and k inclusive s.t. v; # Oy for all ¢ < m,
and v; = Oy for ¢ > m. Then for each ¢ < m, v; is an eigenvector of T' corresponding to A; and
Vi + ...V, = 0y, but this contradicts [I’heorem 1.7.11|which asserts that such v; corresponding
to distinct eigenvalues A; are linearly independent. We conclude that v; = Oy for all 4. |

The following theorem tells us how to construct a linearly independent subset of eigenvectors
by collecting bases for the individual eigenspaces.

Theorem 1.8.8 (5.8 [1]) Let T be a linear operator on a vector space V', and let A,..., \x be
distinct eigenvalues of T'. For each 4, let .S; be a finite linearly independent subset of the eigenspace
ker(T — A;idy). Then S = S; U...U Sk is a linearly independent subset of V.
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Proof. Enumerate each S; = {Vvi1,Vi2,...,Vin, }. Then S = {v;; : 1 <j<n;, 1<i<k}. Con-
sider any scalars a;; € K s.t.

k n;
E E aijvij = Ov.

i=1 j=1
For each i, let w; = Z;“Zl a;;Vij. Then w; € ker(T' — A;idy ) for each ¢, and wi + ... + wy, = Oy.
By the previous lemma, this implies that w; = 0y for all i = 1,...,k. Since each S; is a linearly
independent set, this forces c;; = 0 for all j. Thus, S is a linearly independent set. |

When is the resulting set a basis for V7

Theorem 1.8.9 (5.9 |1]) Let T be a linear operator on a finite-dimensional vector space V' such
that its characteristic polynomial splits. Let A1, ..., A\x be the distinct eigenvalues of T'. Then

(a) T is diagonalisable iff for all ¢, the algebraic multiplicity of \; equals its geometric multiplicity.

(b) If T' is diagonalisable and for each 4, E; is an ordered basis for ker(7" — A;idy ), then F =
FEyU...UE} is an ordered basis for V' consisting of eigenvectors of 7.

Proof. Let dim(V) = n. For each i, let e; denote the algebraic multiplicity of \;, and d; =
dim(ker(7T" — A;idy)).

(a) 13 _— 7

First suppose that T is diagonalisable i.e. there exists an ordered basis E of eigenvectors of
T for V. For each i, let E; = ENker(T — \;idy ), the set of vectors in F that are eigenvectors
corresponding to A;, and let n; denote the number of vectors in E;. Since F; is a subset of
a subspace of dimension d;, we know that n; < d;. Furthermore, the geometric multiplicity
is always between 1 and e; (inclusive) so d; < e;. Since the characteristic polynomial of T
splits, the e; sum to n. Thus,

k k
n:ZniQZdiSZei:n.
i=1 i=1 i=1
k
It follows that Z(ei —d;) = 0. Since d; < ¢; for all i, we conclude that e; = d; for all i.
i=1

13 b
—

Conversely, suppose that e; = d; for all i. For each i, let E; be an ordered basis for ker(T —
Aiidy), and let £ = Fj U...U Eg. Theorem 5.8 dictates that E is a linearly independent
set. Furthermore, since e; = d; for all 7, E contains

vectors. Therefore, F is an ordered basis for V consisting of eigenvectors of T, and we
conclude that T is diagonalisable.

1.9 Direct Sums

Let T: V — V be a linear operator on a finite-dimensional vector space V. There’s a way of
decomposing V into simpler subspaces that offer insight into the behaviour of T'. In the case of
diagonalisable operators, the simpler subspaces are the eigenspaces of the operator.
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Definition 1.9.1 The Minkowski sum (or sumset) of two subsets A, B of an additive abelian
group (G, +) is theset A+ B:={a+b:a€ A, bec B}.

Definition 1.9.2 Let W1,..., W}, be subspaces of a vector space V. The Minkowski sum of
these subspaces is defined to be the set

{vi+...+vp:v;eW;forl <i<k}
which we denote by W7 + ... 4+ W} or Z;c:l W;.
It’s simple to verify that the sum of subspaces of a vector space is also a subspace.

Example 1.9.3 Let V = R3>!, W, denote the z-y plane, and W5 the y-z plane. Then R3! =
W1 4+ Ws because any vector

a a 0
R3' s |b| = |0 + |b| € Wy +W;
c 0 c
= o
= |b| + |0 € W7 + W5
0 c

so there is no unique representation.

We’re often interested in sums for which every vector has a unique representation, so we may
introduce a condition on a sum W; + Wy that guarantees such a representation:

Definition 1.9.4 We call V' the (inner) direct sum of W; and W5 if:
o Wy, Wy are vector subspaces of V,
e V=W; +W>, and
« WiNWy={0y}.
We denote the direct sum by V = W7 @ Whs.
More generally, we may extend this to any finite collection of vector subspaces.

Definition 1.9.5 We call V the direct sum of the subspaces W1,..., Wy and write V = W7 &
... ® W if V is a sum of the W; and

W; ﬂZWi ={0y} foralll <j<k.
i#]
There are several conditions that are equivalent to the definition of a direct sum:

Theorem 1.9.6 (5.10 [1]) Let Wh,..., W} be subspaces of a finite-dimensional vector space V.
The following conditions are equivalent:

HV=wea...oW

(ii) V = Z?Zl W; and for any vectors vy, ..., vy such that v; € W;: if vi 4+ ...+ v = Oy, then
v; = 0y for all i.

(iii) Each vector v € V' can be uniquely written as v = vj + ...+ v where v; € W;.
(iv) If E; is an ordered basis for W;, then F; U...U Ej is an ordered basis for V.

(v) For each i, there exists an ordered basis E; for W; such that Ej U...U Ej is an ordered basis
for V.

In this language, we may rephrase the characterisation of diagonalisability in terms of direct
sums:
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Theorem 1.9.7 (5.11 [1]) A linear operator 7: V' — V on a finite-dimensional vector space V'
is diagonalisable iff V' is the direct sum of the eigenspaces of T'.

V = Pker(T — \;idy)
=1

1.10 Invariant Subspaces and Cayley-Hamilton

This subsection is really just a bunch of tools for computational ease that arise from the important
concept of invariance:

Recall that if v is an eigenvector of a linear operator T: V' — V| then T' maps the span of {v}
into itself. Subspaces that are mapped into themselves are of great important in the study of linear
operators.

Definition 1.10.1 A subspace W of V is called a T-invariant subspace of V if (W) C W.

Definition 1.10.2 Let T be a linear operator on V, and let x € V' \ {Oy}. The subspace
W = span({x, T'(x), T?(x),...}) is called the T-cyclic subspace of VV generated by x.

o« W is T-invariant.

o W is the “smallest” T-invariant subspace of V' containing x i.e. any 7T-invariant subspace of
V' containing x must also contain W.

Cyclic subspaces are used to establish the Cayley-Hamilton theorem.

Theorem 1.10.3 (5.21 [1]) Let T be a linear operator on a finite-dimensional vector space V/,
and let W be a T-invariant subspace of V. Then the characteristic polynomial of 7’|y divides the
characteristic polynomial of 7.

Proof. Choose an ordered basis E = (vy,...,vy) for W, and extend it to an ordered basis E' =
(Viyeeoy Vi, Vit d, ..., V) for V. Let A=[E',T,FE'] and B = [E,T|w, E.

Exercise 2 (Exercise 12, |1, p. 323]) In the proof of Theorem 5.21., prove that

_[B1 B,
A= 2.

Proof. Recall that T-invariance of W means that T'(w) € W for all w € W. In
other words, applying T to a vector in W means the result stays in W.

Since vi,...,viy € W, T(v;) e W for i = 1,...,k. E is a basis for W, so we can

express
T(vi) = a1ivi + a2iva + ... + Qrivi

for some scalars aiq, aai,...,ar; € K. Since E’ is a basis for all of V, we may

also write

T(vi) =o1vi+ ...+ kv + 0vgr1 + ...+ 0vy

so the coordinates of T'(v;) with respect to E’ are

[E',T(v:)] = e K™
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For v; with j > k i.e. v; € E' \ E, we have no restrictions on the coordinates of
T(v;) with respect to E’ i.e.

T(Vj) = ble1 + ...+ bijk —+ bk+1’jvk+1 —+ bnjvn for ] >k

so
- by ]
! _ bkj n,1
[E 7T(Vj)] - eK :
b1,
L bn,j .
Therefore, the matrix A = [E', T, E'] is
[ \ | |
A= |[E,T(v1)] - [E,T(vr)] [E,TVi1)] - [E,T(vn)]
L | \ | |
(@11 a1z -+ air bigyr - bin ]
as1 a2 -+ G2k barp1 o bag
= |lakxt ar2 - ark bk g+ e bin
0 0 -+ 0  bkt1k+1 - bryin
L 0 0 0 bn,k+l bn n |
_|B1 Be
“ |0 Bs
where B1 = [E, T|w, E] [ ]

Let f(z) be the characteristic polynomial of 7" and g(z) the characteristic polynomial of T'|y>. Then

f(z) = det(A — z1,,)

. B1 — .’L‘Ik B2
= det <[ 0 B — xfn_kD

= det(By — zl}) det(B3 — x1,_1)
—_———
g9(z)
and so g(z) divides f(z). |
This theorem tells us that we may use the characteristic polynomial of T'|y to gain information
about the characteristic polynomial of 7" itself. In this regard, cyclic subspaces are useful because

the characteristic polynomial of a restriction of a linear operator T' to a cyclic subspace is readily
computable:

Theorem 1.10.4 (5.22 [1]) Let T be a linear operator on a finite-dimensional vector space V/,
and W denote the T-cyclic subspace of V' generated by a non-zero vector v € V. Let k = dim(W).
Then

(a) {v,T(v),...,T*1(v)} is a basis for W.

(b) If agv + a1 T (V) + ... + ax_1T*"1(v) + T*(v) = Oy, then the characteristic polynomial of
T’W is
f(z) = (—1)k(a0 +aix+...+ ak_lxkfl + xp).

Proof.
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Since v # Oy, the set {v} is linearly independent. Let j be the largest positive integer for
which E = {v,T(v),...,T771(v)} is a linearly independent collection. Such a j must exist
because V is finite-dimensional. Let Z = span(E). Then E is a basis for Z. Furthermore,
the collection v, T(v),...,T9=1(v),T7(v) is linearly independent i.e. there are scalars for
which their linear combination is 0y . Rearrange to write 77(v) as a linear combination of
the vectors in E. Hence, T7(v) € Z. We use this information to show that Z is a T-invariant
subspace of V.

Let w € Z. Since w is a linear combination of the vectors of E, there exist scalars
bo, b1, ...,bj_1 s.t.
w = byv + blT(V) + ...+ bjflT]_l(V)
and hence '
T(w) = boT(v) + 01 T*(v) + ...+ bj 1T (v)

i.e. T(w) is a linear combination of the vectors in F and hence belongs to Z. Thus, Z is
T-invariant. Furthermore, v € Z. Since W is the smallest T-invariant subspace of V' that
contains v, we have that W C Z. Clearly, Z C W. So we conclude that Z = W. It follows
that E is a basis for W, and therefore dim(W) = j. Thus, j = k.

Now view E (from (a)) as an ordered basis for W. Let ag,a1,...,a;—1 be scalars s.t.
Oy =agv + a1 T(V) + ...+ ap_ 1 TF 1 (v) + T*(v).

Observe that

00 -+ 0 —ag
1 0 0 —aq
AT
00 -+ 1 —ap_
The characteristic polynomial of T'|y can be computed by a somewhat laborious cofactor
expansion. Denote by My(z;ag,...,ar—1) the matrix A — xI}, given by
-z 0 - 0 —ag
1 -z - 0 —a
0 0O -+ 1 —x—agp_

The characteristic polynomial is
det(A — zI) = det(My(z; ag, - . ., ax—1)).

Expand out by the first row (it only has two non-zero terms), denoting by M;; the matrix
obtained from M by removing the 1% row and j'* column. I'll use M}, as shorthand for
My(z; a9, ... ak—1).

det(A — zI;,) = (=)' (—z) det((My)11) + (—1) T (—ag) det ((My,)11)
= (—a) det((My)11) + (=1)*ag det ((My)1s).-

The second matrix is easy to compute:

1 —x O 0
0O 1 —=x 0
(My(z; a9, ...,ap—1))p = [0 0 1 0
0 0 0 - o1

is an upper triangular matrix so its determinant is the product of its diagonal entries i.e.
det((Mk)lk) =1.
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The slightly more involves determinant is (My)11. Removing the 15 row and 15 column gives
a (k—1) x (k— 1) matrix of the same type as My but with its rightmost (final) column of
coefficients beginning with a1 (instead of ag as it did with My, itself):

—Z 0 - 0 —aq
1 -z -+ 0 —ag
(M) = | . : :
0 0O - 1 —x—ap_
= Mk_l(l’; atg,. .. 7ak’—1)-

Therefore, we have a recurrence relation
det(Mg(z; ag, ... ax—1)) = (—x) det(My_1(z;a1,...,a5-1)) + (—l)kao.

Performing the recursion once gives the expression above (k—1) x (k—1) matrix. Performing
it twice gives an expression involving a (k — 2) x (k — 2) matrix of the same form again.
Proceeding inductively, unpacking the recursion k — 1 times gives an expression with a 1 x 1
matrix M (z;ax—1) = [—33 - ak_l] whose determinant is simply —z — aj_1.

Denote by Dy, o, the determinant det(My(x; ao, .. .,ax—1)) to save my—seul space.

Dap = (=) Dy—1,0, + (—1)*ag

(=) ((—2)Dk,05 + (—1)F a1 ) + (=1)ay

(=) D20, + (1) (=2)as + (=1)*ao

(—2)? ((=2) Di-s00 + (~1)%a2) + (~1* " (=2)ar + (~1)*ag
(=2)°Di—s,05 + (—=1)"?(=2)%a + (=1)* "} (=a)ar + (=1)*ao

X

X

= (_x)k_le_lyak—l + (_1)2(_$)k_2ak—2 +...+ (_1)k_2(_$)2a2

+ (=12 (—2)%az + (=) (=2)ar + (=1)*ag

k—

= (—x)* Ldet ([-2 — ar-1]) + (=) (—z)la;
=0

_ (_x)k: + (—.’E)k_lak,1 + Z(_l)kxiai

)

.

= (=DFa" + (1) et e + Z(—l)kxiai
= (*1)k(a0 +a1r + agz:Q +...+ ak_lxk_l + g;k)
as desired.

As an illustration of the importance of the above theorem, we prove the Cayley-Hamilton
theorem:

Theorem 1.10.5 (Cayley-Hamilton) Let T': V' — V be a linear operator on a finite-dimensional
space V', and let f(z) be the characteristic polynomial of T. Then f(T') = Tp, the zero-transformation.
That is, T “satisfies” its characteristic equation.

Proof. We show that f(T")(v) = Oy for all v € V. This is obvious for v = Oy because f(T) is
linear. Suppose that v % 0y. Let W be the T-cyclic subspace of V' generated by v, and suppose
that dim(W) = k. By the previous theorem’s part (a), E = (v,T(v),...,T*"1(v)) is a basis for
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W and so we may write T%(v) as a linear combination of the vectors in F i.e. there exist scalars
ag, 1, .-.,0a—1 S.t.
agVv + alT(v) 4+ ...+ ak_lTkil(V) + Tk(v) = 0y.

Part (b) from the same theorem tells us that
g(x) = (=1)*(ag + a1z + ... + ap_12" 1 + 2F)
is the characteristic polynomial of T'|y. Combining these two equations yields

g(T)(v) = (=D)*(apidy +a1T + ... + a1 T* 1 + TF)(v) by the first equation

= 0y by the second equation.

Furthermore, g(x) divides the characteristic polynomial f(z) of T so there exists some polynomial
q(z) s.t. f(z) = q(x)g(x) and so

Corollary 1.10.6 (Cayley-Hamilton for Matrices) Let A be an n x n matrix, and let f(z) be the
characteristic polynomial of A. Then f(A) = Opxn.
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CHAPTER 2

Bilinear Algebra

The mathematical structure that will play host to the idea of orthogonality is “Euclidean space”
— a pair of a real vector space, and a particular type of “bilinear” map that encodes information
about angles and lengths. We’ll define all these terms posthaste.

2.1 Bilinear Maps

Definition 2.1.1 Let V and W be vector spaces over a field K. A bilinear map on V and W
is amap 7: V x W — K satisfying the following two properties

1. Linearity in the first entry:

T(avy + fva, w) = ar(vy, W) + B7(va, W).
2. Linearity in the second entry:

T(v,aw] + Bwy) = ar(v,w1) + S7(v, w2).

forall v,vi,vo € V, w,wi,wg € W, and o, 8 € K.

2.1.1 MATRIX REPRESENTATION

Let 7: V. x W — K be a bilinear map, and choose bases £ = (e1,...,e,) of V,and F = (f,...,f,)
of W. For any v € V, w € W, we may uniquely write v=xie;+...+z,e, and w = y1f; + ...+
YmEm. By the bilinearity of 7, we obtain

n m n m
T(V,W) =T inei,Zyjfj = ZinT(ei,fj)yj = [F,W]TA[E,V}
i=1 j=1 i=1 j=1 n m
=2 vt
i=1 j=1
where A = (a;) is an m x n matrix whose (i, )*® entry is (by comparing the summations) a;; =
T(ej, fz)

Definition 2.1.2 In alignment with the above discussion, the matrix A = (oy;) € K™" is the
matrix of the bilinear map 7: V x W — K with respect to the bases E of V and F of .

Theorem 2.1.3 Let V and W be vector spaces over K of dimensions n and n respectively. Then,
for a given choice of bases of V' and W, there is a one-to-one correspondence between the set
Bilg (V' x W;K) of bilinear maps 7: V' x W — K| and the set K"™" of m x n matrices over K.

Bilg(V x W;K) =2 K™"

2.1.2 CHANGE OF BASIS (BILINEAR MAP)

Let A be the matrix of the bilinear map 7: W x V' — K with respect to the bases E of V and F
of W, and B be its matrix with respect to the bases E' of V and F’ of W. Consider the change-
of-basis matrices P = [E’,idy, E] from F to E’, and Q = [F,idy, F] from F to F’. Then for any
weWandveV:
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[F,w]' A[E,v] = 7(v,w) = [F',w] B[E, V]
= ([F",idw, FI[F,w])" B([E',idv, E][E, v])
= [F,w][F idy, F|" B[E'idy, E| [E,v].

Both matrices give rise to the same bilinear map. By [Theorem 2.1.3] once bases of W and V are
fixed, the matrix representation is unique so A = Q" BP which may be re-written as

B=(Q")'Ap™!

where Q = [F',idw, F] and P = [F',idy, E].

In an analogous sense to the linear case, the matrices A and B representing the bilinear map
with respect to different bases are called equivalent. Again, since P and () are invertible, the
definition in general is streamlined to:

Definition 2.1.4 Two matrices A and B are called equivalent (in the sense of representing
bilinear maps) if there exist invertible matrices P and @ s.t. B = Q' AP.

If we instead focus on bilinear forms 7: V xV — K, then we simply say the matrix representation
is with respect to the chosen basis F of V.

Theorem 2.1.5 Let A be the matrix representation of a bilinear form 7 on V' with chosen basis
E, and B the matrix of 7 with respect to a basis E’ of V. Consider the change-of-basis matrix
P = [F',idy, E] from E to E'. Then B = (P")"'AP~!. We say that A and B are congruent, and
more generally that:

Definition 2.1.6 Two square matrices A and B are called congruent if there exists an invertible
matrix P s.t. B= P AP,

I'm a great subscriber to the consistency of representing the old basis with a letter e.g. E, and
the new basis as E’, and defining the change-of-basis matrices from the “old” to the “new” bases
e.g. P=[F idy, E].

Table 2.1: A table to take stock of the different matrix comparisons seen thus far.

Change-of-

Type of Map Bases (Old/New) Property Basis Matrices Expression

Linear Map EofU,FofV Aand Bare P=[F,idy,E] B=QAP! B = QAP
T:-U—=V E of U, F' of V equivalent Q = [F',idy, F|

Linear Operator E of V Aand Bare P=[Fidy,E] B=PAP™! B =P AP
T:V->V E' of V similar

Bilinear Map Eof V, Fof W Aand Bare P=[E,idy,E] B=(Q")'AP~' pB=0Q"AP
T:VxW—=K FE oV, Fof W equivalent Q= [F',idw, F|

Bilinear Form Eof V, Aand Bare P=[FE,idy,E] B=(P")"'AP~' B=P'AP
T:VxV =K FofV congruent

The final column at the end of the table represents the more elegant form one usually encounters
in books, where authors often pick and choose the directions of the change of bases to hide inverses
e.g. my B = QAP ! becomes B = (QAP. I prefer to stick to the old-to-new convention.
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2.2 Bilinear Forms

Definition 2.2.1 We give the name bilinear form to a bilinear map on V and W when V =W
i.e. a bilinear map 7: V x V — K.

2.2.1 SYMMETRIC BILINEAR FORM

We encounter a particular example of a symmetric bilinear form on R™ when using the scalar
product of two real vectors to measure how “similar” they are.

Definition 2.2.2 A bilinear form 7 on V is called symmetric if 7(v,w) = 7(w, v) for all
v,w € V. An n x n matrix is called symmetric if AT = A.

Proposition 2.2.3 Let E be a finite basis of a vector space V. Then, a bilinear form 7 on V is
symmetric iff its matrix representation A w.r.t. F is symmetric.

Proof.

= For the forward implication, let 7 be symmetric. The matrix A representing 7 with respect
to E = (eq,...,e,) has (i,5)" entry a;; = 7(ej,€;). By symmetry of 7, aij = 7(ej, e;) =
7(ej, €j) =t oj;. This demonstrates that A is symmetric.

<= For the converse, suppose that AT = A. We wish to show, as a consequence, that T(V,w) =
7(w,v) for any v,w € V. We may uniquely write v = z1€1 + ...+ z,e, and w = y1e1 +
. + yne, whose coordinate vectors are

L1 Y1
[E,v]=|: and [F,w]|=

Tn Yn

By [Definition 2.1.2| our expression for 7(v,w) can be written in terms of the coordinate

vectors above:

r(v,w) = [E,w] A[E, V] Z YO
1,j=1

= Z yioujxj by swapping the variables of summation
ji=1

n
= E LjjiYi

J,i=1

n
= Z Tjoy;  since AT =A
ij=1
= [B,v]"A[E, W]

=7(v,w).

Let A =1, € R™". The corresponding symmetric bilinear form is called:

Example 2.2.4 The standard inner product on R™! is defined for x,y by

n
)= Z%yz = XTY-
i=1
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2.3 Sesquilinear Maps and Forms

In preparation for the next subsection which introduces a type of function (the inner product on
a vector space over K) that generalises the standard inner product on R™, we define the class of
maps (sesquilinear forms) for which the inner product is a special case. Slightly more generally, we
define:

Definition 2.3.1 A sesquilinear map on V and W is a map ¢: V x W — C satisfying the
following two properties

» Linearity in the first entry
s(avy + fva, w) = as(vi, w) + S¢(va, W)

« Conjugate linearity in the secondlﬂ entry

S(v,awy + Bws) = ag(v, wy) + fs(v, wa)

for all v,vi,vo € V, w,wi,wo € W, and «, 8 € K.

Corollary 2.3.2 In analogous fashion to the description of bilinear maps, let E = (eq,...,e;,)
be a basis for V, and F = (f,...,f,) be a basis for W. For any v € V and w € W, we may
uniquely write

v=xie1+...+xpe, and w=yif; +...+ynfn,

and by the sesquilinearity of ¢ we obtain

svow) =7 | Y wien Yy yify | =Y ) wis(ei £)7; = [F.w]TA[E, V]
i=1 j=1

=1 j=1 n m

=22 v

i=1 j=1

from which we conclude that the matrix of the sesquilinear map ¢: V x W — K with respect to the
bases E of V and F of W is A € K™" defined by a;; = <(ej, f;) and satisfies the above expression
forallveV,weW.

Definition 2.3.3 We give the name sesquilinear form to a sesquilinear map on V and W when
V =W ie. asesquilinear map ¢: V x V — K.

'The prefix ‘sesqui-’ means ‘one and a half’ which is a reference to the “half” linearity in the second entry.
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2.4 Inner Products

Inner products generalise the dot (or scalar) product on R™. An inner product encodes information
about the geometry of a vector space like the length of a vector, the angles between vectors,
and so allows us to make comments on whether vectors are orthogonal (the generalisation of
perpendicularity in R?), and define closest points (as typically found in optimisation problems).
From a more abstract perspective, an inner product allows one to identify a vector space with its
dual. All of these ideas will be covered in this section.

Definition 2.4.1 An inner product on a vector space V defined over K (Whichﬂ can be R or C)
isamap (-, -): V x V — K satisfying the following properties:

1. Linearity in the first entry: (Ax + py,z) = \(x,z) + u(y, z).
2. Conjugate symmetry: (x,y) = (y,x).
3. Non-negativity: R 3 (x,x) > 0 for all x.
4. Separates points: (x,x) =0 iff x = Oy.
Remarks 2.4.2

o Let K= C. For any x,y,z € V, and any scalars «, 8 € C, we have a special kind of linearity
in the second entry of a complex inner product (-, -) — conjugate linearity:

(x,ay + Bz) = (ay + fz,x) by complex conjugate symmetry
= a(y,x) + f(z,x) Dby linearity in the first coordinate
=a(y,x) + 3 (z,x) since complex conjugation is distributive
=a(x,y) + B{x,z).

o In the case that K =R i.e. V is a real vector space, we have a real inner product and:

o complex conjugate symmetry reduces to symmetry: (x,y) = (y,x) for all x,y € V,

o and so conjugate linearity reduces to linearity in the second entry.

So we can say that any inner product (-, -): V x V — R on a vector space over R is a
symmetric bilinear form on V that is also non-negative and separates points.

The following fact is used so many times throughout so I'm highlighting it (in post) as important.
Lemma 2.4.3 Suppose that (x,y —z) =0 for all x,y,z € V. Then y = z.

Proof. Rearrange by linearity in the first entry to obtain (x,y —z) =0 for allx € V. In
particular, let x =y —z,80 (y —2,y —2) =0 <= y—z =0y ie. y = z. |

Example 2.4.4 The standard inner product on K™! is defined for x,y by

n
)= wii=Y'x
=1

We may view this as a sesquilinear form on K™! whose matrix representation is I,,.

2] believe K needs to have an ordered sub-field in order to define non-negativity and this pretty much leaves R
or C as the only candidates.



Bilinear Algebra 41

Definition 2.4.5 The pair (V, (-, -)) of a vector space V over R, and a real inner product is
called a Euclidean space.

Euclidean spaces serve as a structure that connects many concrete ideas (like geometry) to the
abstractness of vector spaces.

The generalisation of perpendicularity to an arbitrary vector space equipped with a bilinear
form is called orthogonality.

Definition 2.4.6 Let 7 be a bilinear form on a vector space V over K.
+ Two vectors v,w € V are said to be orthogonal (with respect to 7) if 7(v,w) = 0.
» A collection of vectors vi,vs,... in V is said to be:
o orthogonal if it’s pairwise orthogonal i.e. for any v;,v; € V, we have that 7(v;,v;) = 0.

o orthonormal if it’s orthogonal and every vector is a unit vector

ie. {v1,va,...} is orthonormal <= 7(v;,v;) = d;;.

Definition 2.4.7 Let (V, (-, -)) be an inner product space. A subset of V' is called an orthonor-
mal basis for V if it is an ordered basis for V that is also orthonormal.

Corollary 2.4.8 If E = (ey,...,e,) is an orthonormal basis for an inner product space V', and
7 is a bilinear form on V, then the matrix representation A = (c;) of 7 with respect to E is the
identity matrix.

Proof. Observe that a;; = 7(ej,e;) = d;; since E is orthonormal. [ |
Example 2.4.9 The standard ordered basis (e1,. . .,¢,) for K»! is an orthonormal basis for K™

Example 2.4.10 Let (V,(-, -)) be a finite-dimensional inner product space over K. Let E =
(e1,...,e,) be an orthonormal basis of V. Let v,w € V. Since F is a basis, we may uniquely
write these vectors as v = z1e1 + ... + z,e, and w = y1€1 + ... + ype,. We may compute the
inner product of these two vectors

(v,w) = <Z xiei,Zyjej>
i=1 j=1
= szi?j<ei7ej>

i=1 j=1
n

n
DRI

i=1 j=1

n
i=1

= <[E7V]7 [E7W]>Knv1

which is the standard inner product of their coordinate vectors in K™,
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2.4.1 INNER PRODUCTS ENCODE LENGTH

Any inner product (-, -) on V defines a norm on V', denoted by || -||: V — R and defined for any
x € V by x]| = y/{x,%).
Definition 2.4.11 Let V be a vector space over a field K. A norm on Visamap ||-[[: V=R

that satisfies the following properties:
« Non-negativity: For every x € V', ||x]| = 0
+ Separation of points: ||x|]| =0 <= x = 0y.
+ Absolute homogeneity: For any x € V, and any scalar o € K, we have that ||ax|| = |a[|x]|.
« Triangle inequality (also called sub-additivity): For any x,y € V, [|lx +y|| < [|x|| + |y

The pair (V, || -]) is called a normed vector space.

The remainder of this section covers my personal interpretation of the salient points from
Chapter 6 of [1] — Friedberg, Insel, and Spence’s Linear Algebra (4" Edition).

2.4.2 GRAM-SCHMIDT ORTHOGONALISATION

Theorem 2.4.12 Given an orthogonal subset S = {vi,...,vi} of V consisting of non-zero
vectors, if y € span(S) then
k
(y,vi)
vi.
= Ivill?
k
Corollary 2.4.13 If, in addition, S is orthonormal, then y = Z(y,v,)vz
i=1

Corollary 2.4.14 An orthogonal subset consisting of non-zero vectors of an inner product space
V' is linearly independent.

Theorem 2.4.15 Every finite-dimensional vector space admits an orthonormal basis.

The above fact follows from the next theorem.

Motivation: The following diagram is in R? and the notion of orthogonality presents itself visu-
ally as perpendicularity (but this perspective generalises without difficulty to an abstract finite-
dimensional vector space V over K equipped with an inner product). Consider a linearly indepen-
dent subset {w1,wa} of V' (and hence a basis for some two-dimensional subspace). We wish to
construct an orthogonal set from {w1, wa} that spans the same subspace.
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The diagram suggests that if we subtract the component of wy that is directed parallel to wy, then
we’ll arrive at a vector wo — cwq orthogonal to wy. The vector that achieves this will satisfy

0= (wy —cwy,wi) = (Wo,w1) — c(wy,wy) by linearity
= (wa, w1) — c|wi ||

from which we conclude that

This coefficient ¢ is called the projection coefficient of wy on w; and measures how much of
wo runs in the direction of wi. Similarly, the inner product (v,x) may be thought of loosely as
how much v runs in the direction of x (or how much of a shadow the component v leaves on the
span of the one-dimensional subspace spanned by x).

Thus, we’ve constructed the vector

Vo i= W9 —CW] = W9 — ——— W1
which is orthogonal to wy. Does {w1,va} have the same span as {wi,w2}? Yes! We state the

extension of this result to any finite linearly independent subset:

Theorem 2.4.16 Let V be an inner product space and S = {wy,...,wy} be a linearly indepen-
dent subset of V. Define S’ = {vy,...,v,} by vi = wy, and define v inductively by

k—1

Vk:Wk—ZWVj fork=2,...,n.
vj

=1
Then S’ is an orthogonal set of non-zero vectors in V' s.t.

span(wy, ..., wg) = span(vy, ..., Vg)

forevery k=1,...,n. |

The construction of {vy,...,v,} in the theorem above is called the Gram-Schmidt
orthogonalisation process.

Proof of [Theorem 2.4.15. If we let Ey be an ordered basis for V' (which exists because V' is
finite-dimensional), then we can apply the Gram-Schmidt process to obtain an orthogonal set E’
of non-zero vectors with span(E’) = span(Ep) = V. By normalising each vector in E’, we obtain
an orthonormal set E that generates V. By |Corollary 2.4.14, FE is linearly independent, and so
E is an orthonormal basis for V. ]

Let V be a finite-dimensional inner product space. By the above theorem, it certainly admits
an orthonormal basis E = (vi,...,vy). Then we may represent any = € V as a linear combination

of the vectors in F i.e. .

X = Z(x, Vi)Vi.
i=1
Also, this gives us a simple way to compute the entries of the matrix representation of a linear
operator T: V. — V with respect to an orthonormal basis E. Let A = (ay)i; = [E,T,E]. Its
(i,7)" entry is a;; = (T(v;), vi). n
Proof. From [Theorem 2.4.15 we have T'(v;) = Z(T(vj),vi)vi. |
i=1
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2.4.3 ORTHOGONAL COMPLEMENT

For problems of the type of finding the distance in V = R? of a point P from a plane W C R3, the
notion of the orthogonal complement of a subset of V' finds a natural home.

Definition 2.4.17 Let S be a non-empty subset of an inner product space V. We define St to
be the set of all vectors in V' that are orthogonal to every vector in S i.e.

Sti={xecV:(x,y)=0foralyecS}.
We call ST the orthogonal complement of S.
Example 2.4.18
(i) {ov}t =V
(i) V+={ov}
(iii) Let U be a subset of V. Then U N U+ C {0y}

Proof.

1. {0y}t C V is the collection of vectors in V that are orthogonal to Oy. For the reverse
inclusion, let v € V. Then (v,0y) = 0 = (v,00y) = 0(v,0y) = 0. Therefore, v € {0y }*.

2.Vt = {weV:(w,v)forevery ve V}. Let w € V+. We wish to show that w = Oy.
Suppose for the sake of a contradiction that w # 0y. This is equivalent to (w, w) > 0 which
contradicts that w € V+.

3. Let u € UN U™, In particular, u € U+t ie. (u,v) =0 for any v € V. Take v = u and so
(u,u) =01ie. u=0y.

[ |
Now we return to the distance-minimisation problem. Let y be the position vector in the
diagram below. The distance-minimisation problem takes the form of determining the vector

u € W that is “closest” to P in the sense that z := y — u has the shortest length.

P

Z=y—u

W

Note that z is orthogonal to every vector in W, so z € W+.

The following theorem offers a practical way of finding u in the case that W is a finite-
dimensional subspace of an inner product space.
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Theorem 2.4.19 (6.6 |1, p. 350]) Let W be a finite-dimensional subspace of an inner product
space V, and let y € V. Then there exist unique vectors u € W and z € W+ such that y = u+z.
Furthermore, if (v1,...,Vvy) is an orthonormal basis for W, then

k
u=> (y,vijv

=1

Proof. This is my own version of the proof.

Existence
Define u to be the linear combination of the components of y along the directions of the v; in the
orthonormal basis of W i.e.

k
u= Z(y, v;)v; is the part of y that lies in W.
i=1

Then define z ==y —uie. y =u+z Now we prove that z € W=, For each v, eW

k
(z,vj) = (y,vj) Z Y, Vi)(vi,v;) by linearity
=1

<y7V]> <Y7V]>

Since the vi,..., v, span W, this implies that z € W,

Uniqueness
Suppose that y = u+z = u/+z' whereu’ € Wandz € W+. Thenu—u’ =z—2z' € WnW+ = {0y}
by [Examples 2.4.18 (iii)} Thus, u—u'=z—-2' =0y sou=u' and z = 7". |

In fact, the above theorem is a direct sum decomposition of V into a finite-dimensional subspace
W and its orthogonal complement W:

V=WwWaeWw.

Remarks 2.4.20 In the uniqueness part of the proof of [Theorem 2.4.19| we used that W N
W+ = {0y} (one of the conditions of the direct-sum-decomposition V = W @ W) implies the
uniqueness of the vectors u € W and z € W+ in the decomposition y = u + z. The reverse
implication is also true, and so the conditions are equivalent

Proof. Suppose that every y € V may be uniquely written as y = u+z withu € W and z € W+,
LetyeWﬁWJ- CcV.

« Since y € W, we can write it as y = y + 0y where 0y € W,
« Since y € W, we can write it as y = 0y +y where 0y € W.

By the uniqueness of the decomposition, v + 0y = + v ie. and Oy = y. Thus,
y = Oy. u

A very important corollary follows from [Theorem 2.4.19|

Corollary 2.4.21 The vector u in the above discussion is the unique vector in W that is “closest”
to y in the sense that
u = argmin|ly — w||.

weWw

Definition 2.4.22 We call u the orthogonal projection of y on IV.
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Proof. Let y = u + z as in the statement of the theorem. Let w € W. Then

y-w=(u+z) —w

=(u—w)+ =z
—_—— ~~
ew ewt

Therefore, u — w and z are orthogonal, and by Pythagoras’ theorenﬂ we have that
2 2 2
[y = wi” = llu —w|" + |[=]|

where ||z]|? is a constant independent of w, and so ||y — w|| is minimised when |ju — w]|| = 0 i.e.
u=w. n

Exercise 3 (13 |1, p. 355]) Let V be an inner product space, S and Sy be subsets of V, and W
be a finite-dimensional subspace of V. Prove the following.

(a) So €S = S+ C Sy
(b) S C(SH)*
(c) W= (Wh)t

Proof.

(a) Let v € Sp. We wish to show that if w € S+ (i.e. that (w,v) = 0 for all v € S), then
w € S+, this means that (w,v) = 0 for all v € Sy. This should be clear since the former
holds for S and so the latter holds for Sy C S.

(b) Let x € S. We wish to show that x € (S+)* i.e. we need to verify that (x,u) = 0 for all
uc St. Let u € S*. This means that (u,s) = 0 for all s € S. In particular, since x € S, we
have that (u,s) = 0. By conjugate symmetry, we have that

(x,u) = (u,x) =0=0

and u was arbitrary in S+ so x € (S+)%. Since span(S) is the smallest subspace of V
containing S, and (S+)* is a subspace of V, the claim follows.

(c) We first prove the following exercise:

Exercise 4 (6 |1, p. 354]) Let V be an inner product space, and let W be a finite-dimensional
subspace of V. If x ¢ W, prove that there exists a y € V with y € W+ but (x,y) # 0.

Proof. By [Theorem 2.4.19| there exist unique vectors u € W and z € W+ s.t. we have
the unique decomposition x = u+ z. Since x ¢ W, we must have z # Oy (for if z = Oy,
then x = u € W). Take y to be this unique z. Then

(x,y) = (u+z1z)
= (u,z) + (z,2)
=0+ |z)
|

Part (b) already demonstrates that S C (S+)* for any subset. In particular, we may take
S to be equal to the subspace W of V. For the reverse inclusion, let x € (W+)+. We wish
to show that x € W. Suppose for a contradiction that x ¢ W. By [Exercise 4] there exists
somey € Wt st. (x,y) #0. Since x € (W), (x,v) =0 for all v.€ W, Take v =y.
Then (x,y) = 0 which is a contradiction.

3Which states that if x and y are orthogonal vectors, then |x + y||* = ||x||* + |ly|*.



Bilinear Algebra 47

Theorem 2.4.23 (6.7 |1, p. 352]) Suppose that S = {vi,..., vy} is an orthonormal subset of an
n-dimensional inner product space V. Then

(a) S can be extended to an orthonormal basis (vi,..., Vg, Vgi1,...,Vy) for V.

(b) If we denote by W := span(S), then the added vectors S; := (vgy1,...,V,) form an or-
thonormal basis for W.

(c) If W is any subspace of V, then dim(V) = dim(W) + dim(W+).
Proof.

(a) Extending the orthonormal set to an orthonormal basis

Since S = {vi,...,vg} is an orthonormal (and hence orthogonal) set in an inner product
space, |[Corollary 2.4.14|tells us that S is linearly independent. We can extend this collection
to an ordered basis S = {v1,..., Vi, Wgi1,..., Wy} of V. Apply the Gram-Schmidt process
to orthogonalise S’. By Exercise 8 [1, p. 354],

Exercise 5 If wi,...,w, is an orthogonal set of non-zero vectors, then
the vectors vi, ..., v, obtained from the w; by the Gram-Schmidt process
satisfy v, = w; fori=1,...,n.

the first k vectors of S’ remain unchanged. After normalising the last n — k vectors (v; :=
w;/||wj|| for j =k +1,...,n), we have an orthonormal basis

(Vi,- oy VEky Vit1,...,Vy) for V.

(b) If W = span(9), then the added vectors form an orthonormal basis for W+

S1 is linearly independent as a subset of the basis above. Since (v;,v;) = 0 for i < k and
j > k, we have that S; C W+. What remains to be seen is that S; spans W+, from which
we conclude (with its orthonormality) that S is a basis for . For any x € V, we have its
representation with respect to the orthonormal basis for V'

n

X = Z<X, VZ'>V1'.

i=1
If x € W+, then (x,v;) =0for j =1,...,k and so

n

X = Z (x,vi)v; € span(Sh).
i=k+1

(¢) Dimension formula

Let W be any subspace of V. Since V is a finite-dimensional inner product space, so too is
W, and so W admits an orthonormal basis (by the Gram-Schmidt process). By (a) and (b),
we can extend this orthonormal basis of W to an orthonormal basis

(Viyeo oy Vi Vigly ..., Vy) for V

with W = span(S) and W+ = span(S;). Therefore, dim(W) = k, dim(W+), and

dim(V) =n =k + (n— k) = dim(W) + dim(W).



Bilinear Algebra 48

2.5 Duality

2.5.1 DUAL SPACE

Definition 2.5.1 Given a vector space V over a field K, we call V* := Homg (V;K) the (alge-
braic) dual space of V.

Elements of V* i.e. linear maps f: V — K called linear functionals. Let E = (eq,...,e,) be
a basis for V. What are the basic elements of V*?7

A choice of basis for V can be equivalently viewed as a linear isomorphism ®g: K»! — V
defined uniquely by its action on the standard basis (e1,...,e,) of K™!. We capture the above
objects in a single diagram:

V

A~

fevr

Kn,l

We understand linear maps K™! — K very well. They are uniquely defined by their action on a
basis, so in our case we may consider any ¢: K™! — K to be of the form

1 n
(G : = Z a;x;
T i=1
where a; = 1(e;). It’s easily demonstrated that the basic elements of (K™!)* are the coordinate
projections
7 KW — K
I
— ;

xn

Now, we may use our basis ®g (a bijection), to pass from discussing the basic linear functionals

(the coordinate projections) that linearly combine to any : K™! — K (ie. 3 € (K™)*), to
discuss the basic elements of V* that combine to form any f € V*. We do this by defining

e =mod,: VK

By [Proposition 1.2.4 (iii)} the linear isomorphism ®p sends the ordered basis (my,...,7y)
of (K™!)* to the ordered basis (e!,...,e") of V*. This also demonstrates that if V is finite-
dimensional, then dim(V') = dim(V™*).

Each basis element satisfies

e'(e;) = (mi o ') (e;) = mi(e;) = b,

and by linearity we have for any x = a1e; + ... + a,e, that

n n n
e'(x) =e' | Y aje; | =) aje’(e;) =) ajb;=a;
Jj=1 Jj=1 j=1

so our dual basis map e’ extracts the i*" coordinate o; from x.
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2.5.2 DuUAL MAP

Let V and W be finite-dimensional vector spaces over K. For any linear map T: V — W, and a
linear functional g: W — K, we may define a new linear functional g o I" by pre-composition with
T:

Vv— W

This gives us a map T, called the dual map, betweelﬁ the dual spaces
T W= V*
tg——>goT
2.5.3 TRANSPOSE

Now we wish to find the matrix representation of T* with respect to the dual bases. Explicitly,
let £ = (e1,...,e,) and F = (f,....f,) be bases for V and W respectively. Also, let E* =
(e',...,e") and F* = (f!,... f") be the dual bases of V* and W* respectively. The ;" column
of A= [F,T, E] is the coordinates of T'(e;) w.r.t F:

[F, T(ej)] =

Oémj

In similar spirit, we wish to compute the coordinates of T*(fy) with respect to E* in order to
determine the k™™ column of the matrix representation [E*, T*, F*] of T*. Since T*(f*) € V*, it’s

of the form .
T*(f%) = chej
j=1
and we determine c¢; by evaluating 7*(f¥) at e;:
a = (T*(f")(er) = £*(T'(er)) = £* (Z Oéilﬂ') =Y auft(f;) =Y audr = an
i=1 i=1 i=1

The k™" column of [E*,T*, F*] is

QK1
1= |
Ofen,
and therefore the matrix representation is
11 Q21 o Ogpd
BT = | T AT mrE)T
Of‘ln 05.271 ar.nn

4True to the naming convention, this map reverses the order of T: V. — W to a map W* — V*.
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2.6 Inner Product Gives Canonical Isomorphism

2.6.1 FLAT

By fixing a basis for a finite-dimensional vector space, we obtain a basis-dependent isomorphism
K™l — V. For a finite-dimensional inner product space V', we obtain an isomorphism between V
and its algebraic dual V* := Homg (V;K). The existence of this isomorphism does not depend on
a choice of basis and so we call it a canonical isomorphism.

« One direction of the isomorphism is the flat malﬂ

b: V = V*

v (-, V)

Lemma 2.6.1 b:V — V* is a linear isomorphism.

Proof. For linearity, let vi,vo € V and «, 8 € K. Then for any w € V,

b(avy + fva) (W) = (avy + Bva, W)
= a(vy,w) + B{vy,w) by linearity
= ab(v1)(w) + B (va)(w).

For injectivity, we show the equivalent condition that b has trivial kernel. Namely, suppose that
b(v) = Otiom. Then Og = b(v)(v) := (v,v) <= v = 0y so b has trivial kernel. This means that
b is injective. Since V and V* are finite-dimensional with the same dimension, injectivity of b is
equivalent to, by the Rank-Nullity Theorem, b being surjective. Thus, b is bijective and so it has
an inverse f: V* — V. By |Proposition 1.2.3| b is a linear bijection i.e. a linear isomorphism,
and we get that f is a linear isomorphism for free. [ |

Definition 2.6.2 The canonical isomorphism b and its inverse § are called musical isomor-
phisms.

2.6.2 SHARP (RIESZ REPRESENTATION THEOREM)

What is the functional form of ff: V* — V7 It’s a map that takes as input any linear functional
g € V* and outputs the unique (recall that this is a bijection so we have uniqueness) y € V with
g=(x,y) forallxe V.

Definition 2.6.3 The sharp map §: V* — V is defined by for any g € V* by the equation
(x,8(9)) =g(x) forallxeV.

This above definition is in fact the content of the Riesz representation theorem:

Theorem 2.6.4 (Riesz Representation Theorem) Let V' be a finite-dimensional inner product
space over K, and let g: V' — K be a linear transformation. Then there exists a unique vector
e Vst g(x)=(x,y) forall x e V.

Proof 1. Existence: Let (vy,...,vy,) be an orthonormal basis for V', and x € V. Then we may

write any x € V' uniquely as
n

X = Z<x,vj>vj.

j=1

5 An easy way to remember this is that we wish for the output map b(v) to be linear, and (-, -) is defined to be
linear in its first entry, so we fix the second entry.
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Suppose that g is non—zeroﬁ Apply g.
n €K n
g(x) = Z(x,vj>g(vj) = Z<x,@v]~> = <x, >
j=1 j=1
Uniqueness: Suppose that there’s another y’ € V s.t. g(x) = (x,y’) for all x € V. Then
9(x) = (x,y) = <X,y'> forallx e V
andsoy =y’ [ |

Proof 2. Suppose that g is non-zero i.e. there exists some x € V sit. ¢g(x) # 0. The only
subspaces of K are {Ox} and K itself, and image(g) 2 {Ox} so image(g) = K. Since ker(g) C V is
a linear subspace, and V' is finite-dimensional, then ker(g) is finite-dimensional. We may express
V = ker(g) @ (ker(g))* so every x can be uniquely expressed as x = u + z with u € ker(g) and
z € (ker(g))*, and the following dimension formula holds

dim(V) = dim(ker g) + dim((ker g)*).
By the rank-nullity theorem applied to g,
dim(V') = dim(ker g) + dim(image g)
= dim(kerg) + 1
i.e. kerg has codimension 1 in V. It follows by combining the dimension equations that (ker g)*

is 1-dimensional. Let w be a unit vector spanning (ker g)* i.e. every element of (ker g)* is of the
form aw where a € K. Thus, our decomposition becomes

X=u-+aw.
Now we make the following two observations:
* 9(%) = g(u+aw) = g(u) + ag(w) = O + ag(w) = ag(w)
o (x,w) = (u+aw,w) = (u,w)+a(w,w) =0k +a=a
Combine the two to obtain
9(x) = (. w)g(w) = (x, g(w)w )

and let v = g(w)w to conclude the proof. [ |

Both proofs end up with different forms of the same unique vector y. I will denote them by

n

yi = Zg(vj)vj and ys = g(w)w, respectively.
j=1

In the 2" proof, we can take {w} which is a basis for (ker g)*, and extend it by [Theorem 2.4.23 (b))
to an orthonormal basis

(Vvi=w, vo,...,v,) for V

with (ker g)* = span(S) and ker g = span(S;). Thus, g(v;) = 0 for i = 2,...,n. Therefore,

y1=g(vi)vi = g(w)w = ya.

5The zero case is trivial by letting y = Oy so that g(x) = (x,y) =0 forall x € V.
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2.6.3 ADJOINT

Let V and W be finite-dimensional inner product spaces, and T%: W* — V* be the dual map
defined by T*(g) = goT. In this case, we can use the musical isomorphisms we’ve defined in order
to bring T™ back to W and V.

W T* V*
bw v
w |4

The composite map at the bottom of this diagram is called the adjoint of 7', denoted by
Tt: W — V, and defined by
TT =ty o T* o by

For any w € W
T (w) = (v o T* 0 by ) (w)

= v (T bw(w)))
= fy (bw(w) o T)
Now note that 7% o by (w) € V*, and for any v € V' it takes the form
Ow (w) o T)(v) = (T'(v), W)y
Recall that fyy: V* — V takes as input g € V* and outputs the unique y € V for which
g(v)=(v.y), forallveV.
Let g = T* o by (w) so y := TT(w), and so we have for all v € V and w € W that
(T(v), W)y = (T" o bw(W))(v) = g(v)
= (v.2v(9)y = (Vv (T o bw (w))y = (v, TH(w))v

We state this property as a corollary:

Corollary 2.6.5 (Adjoint Property) The adjoint T of T satisfies

(T(v), W)y = (v, TH(w))v

forallveV and we W.

Right now, my intuition for the adjoint comes from the adjoint property above. In a sense,
it says that measuring 7'(v) against w in W with (-, - )y, is “the same” as measuring v against
TT(w)in V with (-, -),, in V.

If we restrict this perspective to a linear operator T': V' — V', then this reveals more of a “mirror
image”. Namely, that measuring T(vy) against vy is the same as measuring v, against T'f(vs).

The adjoint 7T (through this property) helps to explain how types of linear maps interact with
the inner products on their domain and codomain[ The method of interaction is how we classify
linear maps 7": V — W into types e.g. a linear operator T: V — V is called self-adjoint if

T =T.

“Looking back, this is correct intuition. More on this in [Chapter 3
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2.6.4 CONJUGATE TRANSPOSE

Now we find the matrix representation of T1: W — V with respect to the orthonormal bases
=(f,....f,) of Wand E = (ey1,...,e,) of V. Write

m
(e) = Zaijfi and Tt (fx) = waez.
i=1
Then by the adjoint property for inner products, we have

(T(e;), £}y = (&5, T (£x))v

the LHS and RHS of which are

(T(ej) fr)yy =

/\
ﬂMs

—_

azjfufk> <ejaTT( <ej7 Zblkel>

Qi <f17 fk>
1 =1

Il
MS
Il
7|
o
—~
o
<
¢}
~
~

-
Il

Qfj = U5k

Finally, we conclude that b;, = ax; which is the statement that
BT Fl=4 =[FT.5] .

Now that we have the matrix representation of the adjoint with respect to the aforementioned
bases, we may speak of the coordinate form of the adjoint property. Recall that the adjoint property

states
(T(v), W)y = (v, TH(w))y forallveV, weW.

By [Example 2.4.10, we may re-write the LHS and RHS as

<T(V)’W>W = ([F,T(V)], [F’ W]>]Km»1 <V7TT(W)>W
= (A[E, V], [F, W]>]Km’1 = <[E,V],A [F, W])Kn,l

I
=
=<

b

We state this property as a corollary:

Corollary 2.6.6 (Adjoint Property in Coordinates) Let A = [F,T, E] be the matrix corre-
sponding to the linear map T': V' — W, where F is a basis for V, and F' is a basis for W. Then A
satisfies

—T
(A[E, V], [F,W])gm1 = ([E,v],A [F,w])gn1
forallveVand we W.

Remarks 2.6.7 Authors often give names to [F, v] and [F, w] like x and y, respectively, in which
case the defining property looks less cluttered:

(A%, y)gma = (&ZT}’) for all x € K”J, y € KL,
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Lemma 2.6.8 (The Algebra of Adjoints) Let V be a ﬁnite—dimensiona]ﬂ inner product space,
and T,U: V — V be linear operators.

(a) (T+U) =Tt 4 UT
(b) (o)t =art

(c)
(d) (THf =T

(
(
(ToU) =UToT?
(
(We often denote this double adjoint by T1.)

(&) (idy)f = idy
Proof. Let x,y € V, and o € K.

(a) Note that T'+ U is a linear operator on the finite-dimensional inner product space V', and
so its adjoint (7 + U)T exists and is the unique linear operator that satisfies (T + U)x,y) =
(x, (T + U)ly) for every x,y € V. Now note that

=((T+U)x),y)

= (T(x),y) +{U(x),y)

= (x,T'(y)) + (x,U'(y)) by the adjoint properties of T and U
= (x,(T"+ U (y)).

(x,(T +U)!(y))

Therefore, (T + U)t =TT + U as maps.
(d) For every x,y € V,

(x, (TH(y)) = (TT(x),y) by the adjoint property of T'T

(x,T(y)) by the adjoint property of T’

ie. (x,((THT = T)(y)) =0 for all x,y € V. By [Lemma 2.4.3, this implies that ((T'1)" —
T)(y) =0 for every y € V i.e. (TT)! =T as maps.

Remarks 2.6.9 As a small terminological remark, the dual map T": W* — V*
defined earlier is also called the Banach adjoint. The ‘Banach’ in the name
is because the construction doesn’t depend on an inner product, and is more
generally defined for Banach vector spaces V' and W. The ‘adjoint’ part of the
name is described by the following logic:

T* is defined for any g € W* by

and for any v € V:

(T"g)(v) = g(T(v)).
Adopting some non-standard notation, we can write that expression in a way
that pairs the map and the input by

[T7g,v] =g, T(v)]
which looks very similar to the adjoint property of 7'f:

(T (x),y) = (x,T(y)) forallx,yeV.

"The finite-dimensionality guarantees that the adjoints 77 and UT exist, but this theorem extends to infinite-
dimensional inner product spaces if we assume the existence of the appropriate adjoints.
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CHAPTER 3

Interaction with Adjoint, and Preservation

This chapter has one overarching goal — to define several types of linear maps (or operators where
appropriate) between inner product spaces by how they interact with their own adjoint (assuming
it exists). This can be summarised into the following tree:

Diagonalisable with

Self-adjoint ——— .
real eigenvalues

T ||
;TOW CLOT . ' N | The Complex
T an TToT' =ToT orma. Spectral Theorem
interact? ﬂ
TToT =idy Diagonalisable
Unitary ———— over C with eigen-

vals of modulus 1

Since every self-adjoint operator is normal, and every unitary operator is normal, the complex spec-
tral theorem for normal operators implies the diagonalisability of the other two types of operator.

The chapter roadmap is split into 3 parts:

« Normal operator route:

Look for conditions under which there exists an orthonormal basis for V' consisting of eigen-
vectors of a linear operator T: V' — V on a finite-dimensional inner product space. (This is
tantamount to looking for a diagonalisability criterion on an inner product space.)

o Prove Schur’s Theorem which asserts the conditions under which a linear operator on a
finite-dimensional inner product space admits an upper triangular representation.

o This leads to the definition of a normal linear operator on an inner product space.

+ Self-adjoint operator route:
For Euclidean spaces, replace the normality condition by self-adjointness in order to guarantee
the existence of such a basis (diagonalisation).

+ Unitary (orthogonal) operator route:

Discuss metric isometries, linear isometries between normed vector spaces, and characterise
linear isometries between inner product spaces. This offers the definition of a unitary (or-
thogonal) operator.

o Use the complex and real spectral theorems to characterise the diagonalisability of the
matrices corresponding to normal and self-adjoint operators, respectively.

3.1 Normal Operator Route

3.1.1 SCHUR’S THEOREM

Theorem 3.1.1 (Schur) Let 7" be a linear operator on a finite-dimensional inner product space
V. Suppose that the characteristic polynomial of T" splits. Then there exists an orthonormal basis
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E of V s.t. [E,T, E] is an upper triangular matrix.

Proof Sketch. The method of proof is by induction on the dimension of V. For n = 1 the result
is clear. We begin by observing that because the characteristic polynomial of T splits, it has an
eigenvalue and a corresponding eigenvector.

The high-level goal of the proof is to find a subspace W C V of dimension 1 for which its
orthogonal complement W+ in V' is T-invariant. If we can achieve this, then V admits the direct
sum decomposition V' = W=+ @ W. If we can demonstrate that the linear operator T'|y splits, then
we can apply the inductive hypothesis (that if the characteristic polynomial of T': V' — V splits,
then there exists an orthonormal basis F of V s.t. [E, T, E] is upper triangular) to Ty : W+ —
W+ so there exists an orthonormal basis E’ of W+ with respect to which [E, T| ., E'] is upper
triangular. From this, we can extend E’ to an orthonormal basis E for V (by [Theorem 2.4.23)
and hopefully conclude that [E, T, E] is a block upper triangular matrix. O

How we actually go about this needs some unpacking. The subspace W+ of co-dimension
1 in V is a hyperplane. Every hyperplane of V is the kernel of a non-zero functional on V'

What does it mean for a hyperplane H = ker(y) to be T-invariant? Suppose that H = ker(¢p)
is T-invariant. This means that if h € H, then T'(h) € H i.e. p(h) =0 = (T(h)) =0 (and
notice that this may be re-written as (7% o ¢)(h) = 0). This means that H = ker(y¢) C ker(poT).
The reverse inclusion also holds by a dimensiorﬂ argument: for non-zero ¢ o T', dim(ker(p o T)) =
dim(V) — 1 = dim(ker(y)) so ker(¢) = ker(p o T'). Now consider the following lemma.

Lemma 3.1.2 Any two linear functionals that vanish on the same hyperplane are scalar multiples
of one another.

Proof. Suppose that ¢ and ¢ are non-zero linear functions on V with ker(¢) =
ker(¢) = H. Since H has co-dimension 1, choose some vector vo € V' \ H. Then
@(vo) # 0 and 9(vo) # 0. Take any vector v € V. We may uniquely decompose
itasv=h+avowithh € H, « € K. Then ¢(v) = ¢p(h+ave) = ¢(h)+ad(ve) =
a¢(vo). Similarly, ¢ (v) = a)(vo). Combining the two gives

H(vo)
#(vo)

as desired. ]

P(v) =

P(v) =: Ap(v)

Since we’ve demonstrated that ker(poT') = ker(y), the lemma tells us that T*(¢) = poT = Ap i.e.
that ¢ € V* is an eigenvector of T%: V* — V*. In summary, we’ve shown that for Oy« # p € V*,
ker(¢) being T-invariant implies that ¢ is an eigenvector of T*. It would be wonderful if the
converse also held so we had a characterisation of a hyperplane being T-invariant.

Suppose that ¢ is an eigenvector of T™* i.e. that there exists some scalar A € K s.t. T*(p) :=
poT = Ap. We wish to show that H = ker(y) is T-invariant. Take v € H = ker(y) i.e. ¢(v) =0.

Then
(T*@)(v) = (9o T)(v)
= Ap(v)
=0

Therefore, T'(v) € ker(¢) = H i.e. H is T-invariant. We package this into a single lemma:

Lemma 3.1.3 Let p € V*. The subspace ker(¢) C V is T-invariant <= ¢ is an eigenvector of
T: V= V*

Recall that the adjoint T1: V — V is the map defined by

TT ::ﬂoT*ob,

'Explicitly, any two vector subspaces of a finite-dimensional vector space that share the same dimension are
isomorphic.
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satisfying the adjoint property
(T(x),y) = (x,T'(y)) forallx,y€V.

Suppose that ¢ € V* is an eigenvector of 7™ i.e. there exists some A € K s.t. T*(p) = Ap. By the
Riesz representation theorem, there exists a unique z € V s.t. ¢ = b(z) = (-,z). Thus, we may
re-write the eigenvector criterion as

T*(b(z)) =b(z) o T = M(z)
i.e. for every veV
(T'(v),z) = (0(2) o T)(v) = (A(2))(v) = A(v,2).
By the adjoint property, and conjugate linearity in the 2°4 entry of b(z), we obtain

(v, T'(z)) = (v, \z) forallveV

and by [Lemma 2.4.3| T7(z) = Az i.e. z is an eigenvector of TT. The converse also holds readily,
so b gives a one-to-one correspondence between eigenvectors ¢ of T, and eigenvectors z of T'.

So we’ve found a nice correspondence here. Let ¢ € V*. Then
ker(i) is T-invariant <= T"(¢) = Xp += T'(z) = Xz

Now we're in a position to prove the theorem.

Proof Proper. The method of proof is by induction on the dimension of V. We begin by assuming
that the characteristic polynomial of T splits. Thus, T has an eigenvalue A and a corresponding
eigenvector z. If we can show that z is an eigenvector of 77, then we can apply all the preceding
theory.

Lemma 3.1.4 (|1, p. 369]) Let T be a linear operator on a finite-dimensional inner product space
V. If T has an eigenvector, then so does T'f.

Proof. Suppose that z # 0y is an eigenvector of T' corresponding to the eigen-
value A. For any v € V:
0= (0vy,v)=((T — \idv)(2), V)
= (z,(T = Aidv)'(v))
= (z, (T" = Xidy)(v))
so z is in the orthogonal complement of image(T" — Xidy). Since V is finite-

dimensional, so is the subspace image(TJr — Xidy) and so V admits the direct
sum decomposition

V = image(T" — Xidv) @ (image(T" — Xidy))* .

2{ov}
since it contains z

Thus, (TT — Xidy) is no surjective, and equivalently not injective, which is
equivalent to (7T — Xidy) having a non-zero kernel. Any vector in this kernel is
an eigenvector of T with corresponding eigenvalue . ]

Thus, z is an eigenvalue of the adjoint 7T with corresponding eigenvalue X. We may assume
without loss of generality that z is a unit eigenvector. Now consider W = span({z}). Is W+ a
T-invariant subspace of V? Take y € W+ i.e. (y,z) = 0. We wish to show that T(y) € W.

(T(y),z) = (y, T"(2))
= (¥,72)
=0 sincey € wt.

2This wasn’t immediately clear to me but this made it click: Suppose that some linear operator T: V — V is
onto. Then image(T) = V, and (image(T))* = V+ = {0v}. But we have that (image(7))* 2 {Ov} and so the
claim follows.
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Note that W+ has co-dimension 1in V (as V = W+ @ W where dim(W) = dim(span({z})) = 1).
Thus, W is a hyperplane that is T-invariant. By the correspondence we established earlier, we
connect z being an eigenvector of T corresponding to the eigenvalue A with W+ being the kernel
of some ¢ € V* which is an eigenvector of T™ with eigenvalue A. Now we can follow the steps
outlined in the proof sketch.

Theorem 3.1.5 (5.21 [1, p. 314]) Let T: V — V be a linear operator on a finite-dimensional
inner product space V. If W is a T-invariant subspace of V', then the characteristic polynomial of
T'|w divides the characteristic polynomial of 7.

Since W is a subspace of V, and the characteristic polynomial of T splits, then so too does
the characteristic polynomial of T|y,.. This means that there exists an orthonormal basis E’ of
W+ with respect to which [E',T|y L, E'] is an upper-triangular matrix. We can extend E’ to an
orthonormal basis E (by appending z to E’) for V' by [Theorem 2.4.23| where

V=wtow
= W @ span({z}).
Since W is T-invariant, every basis element for W+ has final coordinate zero with respect to the
basis E. The coordinate of z (the basis element for W) with respect to E has a A as its final entry,

and there’s no restriction on the other entries. Thus, the matrix representation of 7" with respect

to F is
[E/7T’WL7E/] *

E.T.E| =
| ] 01 dim(v)-1 A

which is upper triangular. |

If V' admits an orthonormal basis of eigenvectors of T', then [E, T, E] is diagonal and so
t —_— T
[E,T",E] = [E,T, E]

is also diagonal. Since diagonal matrices commute, so too do 7' and TF. We give a name to
operators that exhibit this behaviour.

Definition 3.1.6

« Let V be an inner product space, and T: V' — V be a linear operator on V. If ToTT = TToT,
then we call T normal.

 If a matrix A € K™" satisfies A(ZT) = ZTA, then we call A normal.

Remarks 3.1.7 Note that 7 is normal if 7T o T = T o T'f, and by the fundamental isomorphism
between linear maps and matrices this is equivalent to

|[E,T',E||E,T,E] = |E, T, E||E,T', E].
Since E is an orthonormal basis for V, it follows that the matrix representation of the adjoint 7'f
is the conjugate transpose [E,TT, E] = [E, T, E]T, our equality reduces to

B

[E,T,E] 7

E,T,E| = |E,T,E|[E,T,E

which is precisely the condition that [E, T, E] is a normal matrix. i.e.

Lemma 3.1.8 Let E be an orthonormal basis of V. Then T': V' — V is normal iff [E, T, E] is
normal.
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3.1.2 SOME FACTS ABOUT NORMAL OPERATORS

This subsection is dedicated to facts about normal operators that will be used in subsequent proofs.

Lemma 3.1.9 (Properties of Normal Operators) Let 7" be a normal operator on an inner product
space V.

(a) T-normal and its adjoint are isometric i.e. for every x € V, ||T'(x)|| = HTJr H
(b) T + oI is normal for every «a € K.

(c) If x is an eigenvector of T' corresponding to the eigenvalue A, then x is also an eigenvector of
T but with corresponding eigenvalue .

(d) Let A1, A2 be distinct eigenvalues of T'. Their corresponding eigenvectors vi,ve € V are
orthogonal.

Remarks 3.1.10

« Part (a) says that a normal operator and its adjoint are isometric i.e. they scale any vector
by the same amount.

« Part (b) is a useful theorem when discussing eigenvalues. Namely, if we know that T is
normal, then T — Aidy is also normal, and we may apply the facts we know about normal
operators to T' — Aidy .

« Part (d) is innocuously important. The theorem we’re building up to (Theorem 3.1.12)) will
tell us that we can find an orthonormal basis whose directions (after rotating the standard
basis into them), scales according to the eigenvalues.

Proof.
(a) Let x € V. Then

IT )1 = (T (x), T(x))

= (T1(T(x)),x) by the adjoint property
= (T(T"(x)),x) by normality
— <TT ) i

(x),T7(x)) by the adjoint property
T

(b) This part follows very easily by expanding (7'+ «idy ) post and pre-composed with its adjoint
and verifying equality. I will do so in a single chain of equalities for brevity:

(T + aidy) o (T + aidy)
= (I +@idy) o (T + aidy)
= (I +@idy) o (T + aidy)
= (T"oT) + a(T" oidy) + a@(idy oT) + @a(idy oidy)
= (T oT") +a(idy oT") + @(T oidy) + @a(idy oidy) by normality and idy commutes
= (ToTh) +a(T oidy) + a(idy oTT) + @a(idy oidy)
= (T + aidy) o (T + aidy)T

(c) Suppose that T'(x) = Ax for some x € V' \ {0y}, and A € K. Then consider U =T — \idy
so that U(x) = 0. By |Lemma 3.1.9 (i1), U =T — Aidy is also normal.

0=|Ux)||=||U'(x)|| since U and U are isometric
= (7" = Xidv) (x|

and by separation of points, TT(x) = Ax.
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(d) First inkling was to consider (T'(v1),T(v2)) which can be manipulated into both
AMA2(vi, Vo) = (T(v1), T(v2)) = AaAa(v1, va).

and from here I noticed that there’s an extra Ay term that could’ve been done away with had
I instead started with (T'(vy1),ve). So consider:

(T(v1),va) = (v1,T7(v2))
= (v1,Xav2)
= Xa(V1, V)

(T'(v1),v2) = (A1v1, va)
= A (v, v2)

ie. (A1 — A2)(v1,va) = 0 and because \; # Ag, this forces (vi,va) = 0 i.e. that vi and vy
are orthogonal.

3.1.3 COMPLEX SPECTRAL THEOREM

It’s easy to cook up an example of a normal linear operator 1" on a real inner product space V for
which there doesn’t exist an orthonormal basis for V' consisting of eigenvectors of T'.

Example 3.1.11 (|1, p. 371]) Consider the linear operator on R? representing an anti-clockwise
rotation by 6 € (0,7). T:R? — R? is uniquely defined by its action on the standard basis
E = (e1,¢2) of R%:

T(er) =T ([ D [COS } = cos(f)e; + sin(6)es.

SlIl

T(es) =T <m> [_ sin ))} — —sin(8)e; + cos(B)es.

cos(6

Thus, the matrix representation of 7" w.r.t F is

[E,T,E] = [COS(G) —Sin(G)] |

sin(f)  cos(0)
The eigenvalues of T" are the roots of the characteristic equation

0 = det([E, T, E] — 1) = det ([coifff? 0; v C(;(Sg)l(f)xb = 2% — 22 cos(6) + 1.

The eigenvalues are \j o = cos(f) &+ i¢sin(f) and for § € (0,7), we observe that A\;» € C\ R
i.e. T doesn’t have any real eigenvalues. Thus, normality is insufficient for the existence of an
orthonormal basis for V' consisting of eigenvectors of T

However, normality does suffice if V' is a complex inner product space.

Theorem 3.1.12 (Complex Spectral Theorem for Normal Operators) Let T be a linear
operator on a finite-dimensional complex inner product space V. Then T is normal iff there exists
an orthonormal basis for V' consisting of eigenvectors of T'.

Proof.

= Suppose that T is normal. Since we're in a complex inner product space, the characteristic
polynomial of T splits (by the fundamental theorem of algebra). By Schur’s theorem, we
obtain an orthonormal basis E = (vi,...,vy) for V s.t. A = [E,T, E] is upper triangular.
Since A is upper triangular, vy is certainly an eigenvector of T
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We’ll demonstrate that all the v; are eigenvalues of T' by the principle of strongﬂ induction.
Assume that vi,...,vi_; are all eigenvectors of T, where for each j < k, v; corresponds to
the eigenvalue \; of T'. By |Lemma 3.1.9 (iii)|, v, is an eigenvector of Tt with corresponding
eigenvalue )\7

Recall that for a linear operator on a finite dimensional inner product space
with orthonormal basis E = (vi,...,Vvy), every X € V may be uniquely
represented as a linear combination of the basis vectors

n
X = Z(X, Vi)Vi.
i=1

Since E is an orthonormal basis for V', we may write 7'(vy) uniquely as

n

T(vi) =Y (T(vi),vi)vi

i=1
k

= Z(T(vk),vi>vi since [E, T, E] is upper triangular
i=1

= (T(vi),vi)vi+ ... + (T(Vk), Vi—1)Vi—1 + (T (Vk), V) Vk
= Vi, TT V)WV + o4 (Vi T (Vi) s + (T (Vi) Vi) Vi
= <V]€,)\71V1>V1 4+t <Vk,mvk,1>vj + (T (vg), Vi) Vi
=0+4...+0+ (T'(vg),vg)vr by orthogonality of E

= \yvr  where we've defined A, := (T'(vg), vi).

Therefore, v is an eigenvector of T'. It follows that all the vectors in E are eigenvectors of
T.

<= For the converse, let E = (vq,...,Vv,) be an orthonormal basis for V' consisting of eigenvectors

of T.
— [E,T, E] is diagonal
= [E,T f E)=[E,T, E]—r is also diagonal, and diagonal matrices commute
= [E,T, E] is normal

<= T is normal.

3Proving that a statement P(n) holds under the assumption that all the statements P(m) hold for No > m < n.
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3.2 Self-Adjoint Operator Route

For real inner product spaces, we've already seen an example where normality is insufficient for
diagonalisability. We replace normality by the stronger condition that 7' = T in order to guarantee
the existence of an orthonormal basis of V' consisting of eigenvectors of T'.

Definition 3.2.1

e Let T: V — V be a linear operator on an inner product space V. We say that T is self-
adjoint (or Hermitian) if T = T'f.

+ A complex matrix A € C™" is called self-adjoint (or Hermitian) if A = a’
Remarks 3.2.2

« If F is an orthonormal basis for V, then T is self-adjoint iff [E, T, E] is self-adjoint.

« If A € C™" has only real entries, then self-adjoint means real symmetric.

« If V is a real inner product space, and F is an orthonormal basis for V', then T' is a self-adjoint
operator on V iff [E, T, E] is self-adjoint i.e. a real symmetric matriz.

Without some motivation, I find it difficult to mentally invest in a lemma, lemma, proposition,
theorem, lemma, theorem, blah... setup. To this end, I'll summarise the significance of some
concepts:

« HFigenvectors of a normal operator corresponding to distinct eigenvalues of said operator, are
orthogonal vectors. (Already proven)

« Self-adjoint operators are normal. This is self-evident.

» The eigenvalues (if they exist) of any self-adjoint operator over any (real or complex) inner
product space are real.

+ We will encounter a spectral theorem that says any self-adjoint operator can be diagonalised.

« The eigenvalues are real so if we take a basis of eigenvectors (which represent the axes of a
coordinate system), then self-adjoint operators act on these vectors along these axes by pure
scaling.

o Had these eigenvalues been complex, then the action of the corresponding operator
would involve some rotation too.

Lemma 3.2.3 Let T: V — V be a self-adjoint operator on a finite-dimensional inner product
space. Then:

(a) Every eigenvalue of T is real.
(b) Suppose that V' is a real inner product space. Then the characteristic polynomial of T" splits.
Proof.

(a) Let x # Oy be an eigenvector of T'i.e. T(x) = Ax. Every self-adjoint operator is normal.
Thus, x is an eigenvector of 7T with eigenvalue X. Therefore,

Mx =T(x)=T(x) since T is self-adjoint
= x

Thus, A = A ie. A €R.
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(b) Let dim(V) = n, and E be an orthonormal basis for V. Denote by A := [E,T,E]|. The
characteristic polynomial of T" is det(A—xz1,). Since T is self-adjoint, and E is an orthonormal
basis for V, then A is self-adjoint i.e. A is real symmetric (A = AT).

Now we may consider A as a complex matrix acting on C™! (equipped with the standard
inner product) i.e. the corresponding linear map L: C™!' — C™! is defined by x — Ax.
Let v denote the standard ordered (orthonormal) basis of C™!. Thus, A = [y, L4,7] and
observe that A is Hermitian so L 4 is self-adjoint.

By the fundamental theorem of algebra, the characteristic polynomial of L4 splits over C.
Therefore, L4 has at least one complex eigenvalue A € C with corresponding eigenvector
v € C™!. By part (a), every eigenvalue of L 4 is real, and so the characteristic polynomial of
L 4 splits over R. Both L4 and T have the same characteristic polynomial, thus concluding
the proof.

Now we may present the real spectral theorem for self-adjoint operators.

Theorem 3.2.4 (Real Spectral Theorem for Self-Adjoint Operators) Let T be a linear
operator on a finite-dimensional real inner product space V. Then T is self-adjoint iff there exists
an orthonormal basis E for V' consisting of eigenvectors of T'.

Proof.

= Suppose that T is self-adjoint. By the previous lemma, its characteristic polynomial splits,
and by Schur’s theorem there exists an orthonormal basis E of V' with respect to which
A = [E,T, E]is upper triangular. Since T is self-adjoint, A is symmetric, and every symmetric
upper-triangular matrix is diagonal. Thus, F is a basis for V' consisting of eigenvectors of 7.

<= Suppose that F is an orthonormal basis for V' consisting of eigenvectors of 1. Thus, A =
[E,T, E] is a diagonal matrix with real entries. Since E is an orthonormal basis, we have the
T
identity [E,TT, E] = [E,T,E] and so it follows that

—T

B, TV E|=[E.T,E] =4 =A

ie. [E, T, E] is self-adjoint which is equivalent to T" being self-adjoint.
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3.3 Unitary (Orthogonal) Operator Route

3.3.1 ISOMETRY BONANZA

This section is dedicated to building up some terminology to discuss orthogonal matrices (which
correspond to a type of map that preserves the inner product).

We'’ve already seen that any inner product induces a norm, and hence defines a normed vector
space that supports the notion of “length”. In addition, any norm on a vector space can be used to
define a metric (a distance function) d: V' x V' — R on said vector space by d(x,y) = ||x — y||.

In general, a metric can be defined on any non-empty set X. The following definition reflects
this and we’ll work down from the most general case of metric spaces all the way to inner product
spaces.

Definition 3.3.1 Let X be some non-empty set. A metric on X is a map d: X x X — R that
satisfies the following properties:

+ Non-negativity: For all z,y € X, d(z,y) > 0.

+ Separation of points: d(z,y) =0 < z =y.

« Symmetry: For any z,y € X, we have that d(z,y) = d(y, x).

« Triangle inequality: For any z,y,z € X, d(z,y) < d(z, z) + d(z,y).
The pair (X, d) is called a metric space.

Now we have all the machinery required to discuss the types of maps that arise by investigating
how distance, length, and inner products are preserved.

Definition 3.3.2 Let X and Y be non-empty sets. A map 7": (X, dx) — (Y, dy) between metric
spaces is called a metric isometry if for all x,y € X:

dy (T'(x),T(y)) = dx(z,y).

Definition 3.3.3 Suppose that (X,||-|y) and (Y| -|ly) are normed vector spaces. A map
T: X =Y is called a linear isometry if T is linear and for all x € X:

1T (x)ly =[xl x-
Remarks 3.3.4

o In the definition of a linear isometry, the norm-preservation condition is equivalent to the
metric condition. Let dx and dy be metrics on X and Y induced by their respective norms.

Then
dy (T(x), T(y)) = IT(x) = T(y)lly
= Tx=y)ly
= lx—vllx
= dx(x,y)
+ A linear isometry is also called an isometric embedding.

« Metric isometries are necessarily injective. Indeed, suppose that T'(z) = T(y). Then 0 =
dy (T'(2),T(y)) = dx(z,y) ie. z =y.

o A linear isometry between normed vector spaces is necessarily injective. The proof is very
simple. Indeed, if T'(x) = T'(y) then

0= IT(x) — T(¥)lly = IIT(x — ¥)lly by linearity
=|x—-yly since T is a linear isometry

ie. x=y.
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« If a linear isometry is also surjective, then we call it an isometric isomorphism.

Now suppose that (V, (-, -),) and (W, (-, -)},) are inner product spaces, and let | -||;, and
| -|ly be the norms induced by the respective inner products e.g. |||y, == 1/(-, - )y -

Lemma 3.3.5 A linear map 7: V — W is a linear isometry (i.e. preserves norms) iff for all
x,y eV:

(Tx), TY)w = X ¥)y-

il

Lemma 3.3.6 Now suppose that T: V' — W admits a unique adjoint map 77: W — V. Then
T is a linear isometry iff T o T' = idy .

Proof.

= Suppose that T' is a linear isometry i.e. inner-product-preserving
(x,y) = (T(x),T(y)) forallx,ycV.

From the adjoint property, it follows that for all x,y € V:
(x,y) = (T(x),T(y)) = (x, TH(T(y)))
and by [Lemma 2.4.3, (idy —(TT o T))(y) = Oy for all y € V. Thus, idy = 77 o T as maps.

<= We wish to show that 7" is norm-preserving. For any x € V:
X[y = (x, %)y
= (x,(T" o T)(x))v
= (T(x), T(x))y
= T ()l

The above lemma tells us that the admission of a left-inverse defines a linear isometry. The
admission of a left-inverse is equivalent to the map being injective.ﬁ

If we suppose further that a linear isometry is surjective, then it’s invertible, and we obtain the
notion of an isomorphism between inner product spaces:

Definition 3.3.7

« A bijective linear isometry T: V — W between complex inner product spaces V and W is
called unitary.

+ A bijective linear isometry T': V' — W between Euclidean spaces V and W is called orthog-
onal.

Note that T is unitary if 7T o T =T o TT = idy.

ie. T-1=Tt

Definition 3.3.8 Equivalently, by we may define:

4The proof follows readily from the polarisation identity.
SWe already knew this from [Remarks 3.3.4|but it’s nice to have some consistency.
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« A bijective linear map T: V' — W between complex inner product spaces V and W is called
unitary if it preserves inner products i.e. for all x,y € V:

(Tx), TY)w = X ¥)y-

o If V and W are Euclidean spaces, then we say T is orthogonal.

From the definitions above, we can quite immediately make a comment on any eigenvalue of
a unitary (or orthogonal) operatmﬂ T. Indeed, if T: V — V is a unitary operator on V, then
it preserves the inner product on V, and has unique adjoint 7T = T~'. Suppose that X is an
eigenvector of 7" with corresponding eigenvector v € V' \ {0y} i.e. T(v) = Av. Then

IvI* = (v, v)
= (T(v), T(v))
= |T(v)|?
= Av]?

2
= AP[v]*.

Since v # Oy, ||v|| # 0, and so we conclude that every eigenvalue of a unitary operator has absolute
value 1. The same can be said for orthogonal operators.

3.3.2 MATRIX REPRESENTATIONS

On the level of matrix representations, let’s work generally with inner product spaces V and W
over K. Let E = (ey,...,e,) and F' = (fi,...,f,) be the respective orthonormal bases of V' and
W. Let T: V — W be a linear map. Then A = [F, T, E] is the matrix representation of 7" with
respect to the bases E and F, and the j** column of A is the coordinates of T'(e;) with respect to
F. Namely, since F is a basis for W we may uniquely write

m
T(ej) =Y aif;
i=1
for some scalars o, ...,y € C. Then we can extract the a;; entry by taking the inner product
m
(T'(ej). fi)y, = <Z akjfk7fz‘>
k=1

=Y ari(f, i)y

w

=
Il
—

I
NE

g Oki

Il
Q =
&

ij-

[Example 2.4.10] says that the choice of an orthonormal basis E for an inner product space V
relates the inner product of any two vectors x,y € V with the standard inner product on K™! of
their coordinate vectors

x,¥)y = (25" (%), 25" (¥))gns = [E.y] [E,x].

5«Operator’ because this is the only setting in which it’s meaningful to discuss eigenvectors.
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Now observe that the following expressions hold for all x,y € V:

T is orthogonal <= (I'(x),T(y))w = (X, ¥)v

— [FT)] [FT)]=[Ey] [EX
— (A[E,y]) (A[E,x)) = [E,y] [E,x]
— [Ey] A'A[E,x]) = [E,y] [E,x]

— [B,y] (A'A-L,)[Ex =0.

In particular, if we choose x,y € V suchm that [E,x] = ¢; and [E,y] = ¢;, then the final equality
reads that the (i, j)' entry of A'A I, iszeroie. A A =1,
Definition 3.3.9 Let A € K™".

o A is called unitary if A'A= I,.

« A is called orthogonal if ATA = I,,.
Remarks 3.3.10

« For a real matrix A, A" = AT 5o every real unitary matrix is orthogonal.

+ Every unitary (or orthogonal) matrix is invertible.

We summarise the above exposition into a theorem.

Theorem 3.3.11 Let £ = (ey,...,e,) and F' = (f,...,f,,) be orthonormal bases for complex
inner product spaces V and W respectively. A linear map 7: V' — W is unitary <= [F,T, E] is
a unitary matrix.

If instead V' and W are Euclidean spaces, and we replace ‘unitary’ with ‘orthogonal’;, then
T:V — W is orthogonal iff [F, T, E] is an orthogonal matrix.

Remarks 3.3.12

* Proposition 3.3.13 A complex matrix U € C™" is unitary iff its columns ag,...,a, form
an orthonormal set of vectors in C™! i.e. aﬁ-Taj =4 foralli,7=1,...,n.
Proof.
o [ai'a; aj'ay --- alay]
| | a'a alay .- @ ay,
A= : =
I |
T
a,"a; a,'ay - @,
.. — T .. .
and the (i,7)"™ entry of A" A is a;"a;. The claim follows. |

An analogous statement holds for an orthogonal matrix.

« Since we define the angle 8 between x,y € V in an inner product space by

COS(Q) — <XaY> 7

[y
we note that an orthogonal operator T: V' — V also preserves angles because the equality
defining the angle 6 between x and y can equivalently be written as

cos() = oy) (), Ty)) since T is orthogonal.

iyl 1TGNIT ()l

"Recall that e; is the i*" standard basis vector of K™,
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3.3.3 UNITARY (ORTHOGONAL) DIAGONALISABILITY

Let A be a complex normal matrix. We can think of it as the matrix representation of the linear
operator L: CH" — C!'" (defined by x — Ax) with respect to the standard orthonormal basis
v of C™!. Since A is normal, so too is L4, and by the complex spectral theorem, there exists
an orthonormal basis E of C™! consisting of eigenvectors of A s.t. D = [E, Ly, F] is a diagonal
matrix. Let @ be the change-of-basis matrix from F to 7. Its columns are simply the eigenvectors
in E. Thus, @ is a unitary matrix by [Proposition 3.3.13] It follows that

[77 LA,’)/] = Q[Ev L4, E]Q_l

ie. A= QDQ ! which means A is similar to a diagonal matrix. Since @ is unitary, QTQ =1,

. —T . . . . .
so we may replace Q™! with @ in the expression. We summarise the above into the following
definition:

Definition 3.3.14 We say that a complex matrix A is unitarily diagonalisable if there exists
a unitary matrix () whose columns are an orthonormal basis of eigenvectors of A, and a diagonal
matrix D of eigenvalues (corresponding to the basis of eigenvectors) of A s.t.

A=QDQ'=0DQ'.
More generally, we have the following definition:

Definition 3.3.15 We say that a matrix A is unitarily equivalent to B if there exists a unitary
matrix Q) s.t. A= QB@T.

We can run a similar argument for a real symmetric matrix A. We can
think of it as the matrix representation of linear operator L 4: R™! —
R™! with respect to the standard orthonormal basis v of R™!. Since
A is real symmetric (i.e. self-adjoint), L4 is self-adjoint. It follows
from the real spectral theorem that A = QDQ ™! for some orthogonal
Q. We remark that Q is orthogonal so Q~! = Q7.

Definition 3.3.16 We say that a real symmetric matrix A is or-
thogonally diagonalisable if there exists an orthogonal matrix @)
whose columns are an orthonormal basis of eigenvectors of A, and
a diagonal matrix D of eigenvalues (corresponding to the basis of
eigenvectors) of A s.t.

A=QDQ™' =QDQ".
More generally:

Definition 3.3.17 A matrix A is orthogonally equivalent to B
if there exists an orthogonal matrix Q s.t. A =QBQ".

We can follow the reverse direction, and surmise that if a complex matrix A € C™" is unitarily
equivalent to a diagonal matrix D, then A is normal.
Proof. Let A= QDQ~! where Q is unitary. Then,

A"A=(QDQ ) (QDQY) A4 =(QDQHQDQ )
=Q1'D'Q'QDQ™! =QpQ Q1 D' Q'
= QD Q'QDQ™! = QDQ'QD Q!
— QD DQ™! — QDD Q!

. . —=T .
The diagonal matrices D and D commute, and so A is normal. |
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Theorem 3.3.18 Let A € C™". Then
A is normal <= A is unitarily equivalent to a diagonal matrix.

An analogous characterisation holds for real symmetric matrices!

Theorem 3.3.19 Let A € R™". Then A is symmetric iff A is
orthogonally equivalent to a diagonal matrix.

I guess the key takeaway from the above developments is that, in the case of a matrix that is
unitarily diagonalisable:

. . =T .. . .
1. The unitary matrix Q = Q! rotates/ reﬂect the standard basis into the eigenbasis,

2. the diagonal matrix scales each coordinate independently by scale factor \; along each eigen-
vector vj,

3. and then the unitary matrix @ undoes the original transformation QT back to the original
standard coordinate system we started off in.

This intuition came from a few worked examples.

Type these up.

80r some combination of the two i.e. a rotation about an axis passing through (by virtue of linearity) the origin,
and then a reflection by a plane for which the axis of rotation is normal to said plane. Such compositions are called
‘improper reflections’ or ‘rotoreflections’.
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CHAPTER 4

Orthogonal Projection, Spectral Theorem

4.1 Projections

Let V be a finite-dimensional inner product space, and W7, Wa be subspaces of V. Suppose that
V admits the direct sum decomposition V' = Wy @ Ws, so any x € V has the unique representation

X = X1 + X2.
m m

Wh Wa

This means that the assignment
T:V =V

X = Xy

is well-defined. Suppose that y € V i.e. y = y;1 + y2 uniquely. Then for any o, 5 € K

T(ax + By) = T((ax1 + By1) + (axz2 + By2))
= ax1 + By1)
= ax1 + By1
=:aT'(x) + T (y)
so T is also linear. Any projection S: V. — V from V on Wj along W5 must map x — Xj.

Since the decomposition of x is unique, there’s only one value any projection can assign to each x.
Therefore, S =T. Thus, we may speak of the projection from V on Wj along Ws.

Definition 4.1.1 In the above setting, linear operator T': V' — V is called the projection from
V on Wi along W if T'(x) = x;.

Now we calculate the image and kernel of T'. Note that if x € V is in the image of T, then there
exists some u € V' s.t. T'(u) = x. Since u = u; +uy uniquely, u; = 7'(u) = x so x € Wj. Therefore,
image(T") € Wj. Conversely, if x € Wj then x = x 4 0y uniquely and so T'(x) = T'(x + Oy) = x.
Thus, x € image(7") and so W; C image(T).

*. image(T) = W1.

Let x € V. Then x = x; + X2 uniquely. Suppose that x is in the kernel of 7. Then 0y = T'(x) = x3
so x = 0y + x1 € Wsy. Conversely, suppose that x € W5. Then x = 0y + x uniquely, and so
T(x) =T(0y +x) = 0y ie. x € ker(T).

o ker(T) = Wa.

4.1.1 ALGEBRAIC CHARACTERISATION OF PROJECTION

Lemma 4.1.2 Let T: V — V be a linear operator on a vector space V. Then T? = T iff
V = image(T") & ker(T), in which case T is the projection of V' on image(7") along ker(T).

Proof.

<= If V =image(T') @ ker(T'), then T': V' — V is the projection of V' on W = image(7") along
Wy = ker(T). Any x € V may be uniquely written as x; + x2 where x; € W;. Then

T?(x) = T(T(x)) = T(x1) = x; = T(x).



Orthogonal Projection, Spectral Theorem

— Suppose that T? = T. We may write any x € V as
x=x+(Tx) -T(x))
=T(x)+ (x —T(x)).

Observe that
T(x —T(x)) = T(x) — T?(x)

=T(x)-T(x) sinceT?=T

and so x — T'(x) is in the kernel of T'. Also, T'(x) is clearly in the image of T', so

X = Tgnx) +(x— Z(X))

im(7T) ker(T)

Thus, V = image(T") + ker(T).
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For uniqueness, suppose that x € image(T) Nker(T'). Since x € image(T), there exists some

ue Vst T(u) =x. Applying 7" once more gives

T(x) =T(T(w) = 77(u) = T(u) = x. (idproj.)

Since x € ker(T), T'(x) = Oy, and we combine this with the former equality to obtain
Oy =T (x) =T%*u) =T(u) =x

i.e. image(T) Nker(T) C {Oy}. Thus, the Minkowski sum is direct.

Definition 4.1.3 Therefore, a linear operator T': V' — V is the projection of V' onto its

image if T2 =T.

Remarks 4.1.4 [Equation (idp.;j )| demonstrates a fact that is very useful in computation — a

projection acts as the identity on its image.

4.1.2 WHEN IS A PROJECTION UNIQUELY DETERMINED BY ITS RANGE?

In general, the image W1 of a projection does not uniquely characterise a projection. We can see

how this works for a simple example.

Example 4.1.5 Let

oo () 1o (] o= [

Then it’s easy to demonstrate that V = Wy & Wy = Wy @ Wi,

We can write any

wov= [t =z o) u[l] =@-n o] +u ]

so certainly V. = Wi + Wa = Wi + W3. What remains to show is the trivial

intersection condition for uniqueness:

. {ﬂ eWinWs < Ja,B €Rs.t. v= {ﬂ :a[(l)} :/B[l}

i.e. @« = and 0 = . Therefore, v = 0y .
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. {ﬂ eWinNnWy < Ja,f €ERst. v= {ﬂ :a[(l)} :/8[0}

i.e. @« =0 and 0 = 3. Therefore, v =0y.

The projection of V' on Wi along Wy (the proverbial “z-axis”) is the linear operator Tp: R? — R?

w([)- [

with matrix representation (w.r.t. the standard ordered basis of R?)

1 0
[Estd, T2, Ega) = 0 0} .

The projection of V' on W; along W3 (the proverbial line “y = 2”) is the linear operator

Ty: R? — R? defined by
x|\ _|z—y
s -[

1 -1
[Esta, T3, Egta] = [0 0 ] :

with matrix representation

W

Ta(x) T5(x)

Figure 4.1: Visualisations of the projections 75 and T3 along the subspaces Ws and W3, respectively.

Clearly these two projection maps are different, so specifying a different complementary subspace
W5 to W1 determines a different projection map on Wi. Thus, the pair (W7, W) of complementary
subspaces of V' uniquely determines a projection map from V = W; & W5 on Wi along Ws.

4.2 Orthogonal Projection

At this point, a sensible question to ask is when the image uniquely defines a projection i.e. when
does Wy = image(7T") completely determine Wy = ker (7).

The answer to this is precisely when V' has an inner product structure. By [ITheorem 2.4.19|
if Wy is a finite-dimensional subspace of an inner product space V', then there is a canonical choice
of complement W5 in V' for Wi — the orthogonal complement Wy = I/VlL which satisfies

V=W oW

Now W7 alone uniquely defines the projection P of V on Wj along Wﬁ defined (in the notation of
i.e. y = u+ z uniquely) by P(y) = u.

The conditions W; = image(T) and ker(T) = Wy = Wi~ imply, by [Exercise 3 (c), that
(ker(T))*+ = (Wit)* = Wy = image(T). Thus, the image and kernel W and W of T are orthogo-
nally complementary. The projection map from V on a finite-dimensional W; along I/VlL is called
the orthogonal projection from V on Wj.
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In general, for any subspace W of an inner product space V, we can only claim by
that (W)+ C W. To guarantee that the image and kernel of a projection are orthog-
onally complementary, we adopt the following definition.

Definition 4.2.1 A projectiorﬂ P:V — V onto its image is called an orthogonal projection
if both (ker(P))* = image(P) and (image(P))* = ker(P).

4.2.1 ALGEBRAIC CHARACTERISATION OF ORTHOGONAL PROJECTIONS

Lemma 4.2.2 Let V be an inner product space, and T be a linear operator on V. Then T is an
orthogonal projection iff T has an adjoint T and T2 =T = T'*.

Proof.

=—> Suppose that T is an orthogonal projection. Since T is a projection, we know that
o T2=T
o V = image(T) @ ker(T)
o ker(T) = (image(T))* and image(T) = (ker(T))~*

so we only need to show that T exists, and that T is self-adjoint.

Let v, w € V which may be uniquely written as v = vj 4+ vo and w = w; + wy respectively.
Therefore,
(v, T(w)) = (vi+ vy, T (w1 + w3))

(v1

= (Vi + V2, Wy)
= (vi,w1) + <V2,W1)
=

V17W1>

since vy € ker(T) and w; € image(T) = (ker(T))", and

(T'(v),w) = (T'(v1+ v2), W1 + Wa)
= (vi, W1 + W2)

= (vi,w1) + <V1aW2>
=

V1, W) +
since vi € image(T") and wy € ker(T') = (image(T))", from which it follows that
(T'(v),w) = (v, T(w)) forallv,weV
ie. Tt exists and T = T'.
<= Conversely, suppose that T has an adjoint, and satisfies 72 = T = T't. We wish to show that

T is an orthogonal projection.

Since T? = T, it’s a projection from V on its image along its kernel. What remains to
show is mutual orthogonality between the image and kernel of 7. Let x € image(T") and
y € ker(T'). Since x € image(T") and T acts like the identity on its image, we observe that
x = T(x) = TT(x) and so
(x,y) = (T"(x),y)
(x,T(y))
= (x,0y)
=0

'Recall that P? = P iff the direct sum decomposition V = image(T) @ ker(T) holds. Furthermore, note that
this definition does not require that W; = image(T) is finite-dimensional.
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Therefore, x € (ker(T))* and so image(T) C (ker(T))" .
Now let y € (ker(T"))*. We must show that y € image(T) i.e. that T(y) =y.

ly =TI =y - T(y),y — T(y))
=(y,y - T(y) - (T(y),y —T(y))

=0-(T(y),y - T(y))
=~ (y. Ty - T(y)))
=—Ty-T)
=—(y,0v)
=0
Therefore, y = T(y) i.e. y € image(T), and so (ker(T))* C image(T).

We conclude that (ker(T))* = image(T). Now take the orthogonal complement of this
equality of sets to obtain

(image(T))t = ((ker(T)))* D ker(T) by [Exercise 3 (b)]

All that remains is to demonstrate the reverse inclusion: Suppose that x € (image(T))*. Let
y € V. Then
(T(x),y) = (x,T'(y))
= (x,T(y))
=0

since x € (image(T))*. Therefore T(x) = Oy, and so x € ker(T). Thus, ker(T) =
(image(T'))* which concludes the proof.

4.2.2 MATRIX REPRESENTATION

Let V be a finite-dimensional inner product space, and T be the projection from V on its image
W1 = image(T"). Thus, V = image(T") @ ker(T"). Denote ker(T") by Wa. Suppose that dim(W') = k
and dim(V') = n. We may choose bases Ey = (vi,...,vy) for image(T'), and Fs = (Viy1,...,Vn)
for Wy s.t. their union F is a basis for V. Since v; € W = image(T) for 1 < i < k, and T acts
on its image as the identity, we have that T(v;) = v; for 1 < i < k. Fori > k, v; € W+ and
so T'(v;) = Oy. This means that the matrix representation of the projection from V' on its image
with respect to the basis F is

I, 0

[E,T,E] = [0 On—k:| .

In the case of an orthogonal projection P from V on its image, the basis may be chosen so that
it’s orthonormal, giving the same matrix representation.

4.3 Spectral Decomposition

We’ve already proven the complex (resp. real) spectral theorem which characterises a normal (resp.
self-adjoint) linear operator T: V' — V by the admission of an orthonormal basis for V' consisting
of eigenvectors of T. Now we may use the theory of projections in order to present a basis-free
canonical decomposition of such a T' into projections onto its eigenspaces.
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Theorem 4.3.1 (Spectral Decomposition Theorem Part 1) Let T be a linear operator on
a finite-dimensional inner product space V over K with distinct eigenvalues Aq,..., A\x. Assume
that

o T is normal if K = C, or
o T is self-adjoint if K = R.
For each \;, let W; = ker(T" — A;idy) be the eigenspace of T' corresponding to A;. Then:
(a) V= @f:l Wi
(b) Denote by Wy == @5 W;. Then Wt = W,
1<j<k
J#i
Proof.

(a) This follows directly from the complex (if K = C) or real (if K = R) spectral theorems
because T-diagonalisable is equivalent to V =W; & ... o Wy.

(b) Let x = W; and y; € W; for some j # i. Then (x,y;) = 0 since eigenvectors corresponding
to distinct eigenvalues are orthogonal. Any y € W, can be written uniquely as 'y = y; +
...+ Yyi-1 +Y¥it1 +yir where y; € W;. It follows by linearity that

<X7Y> = Z <x7yi> =0
1<j<k
J#

and x was arbitrary in W, soy € Wf. Thus, Wj; C VViL. By the dimension formula for
direct sums, we have that:

Using these two equations, we conclude that

dim(Wp;)) = dim(V') — dim(W;).

Furthermore, since Wj is a subspace of V, it follows from Theorem 2.4.23 (c)|that dim(V') =
dim(W;) + dim(W;) i.e.

)

dim(W;t) = dim(V) — dim(W;).

Since W C WiJ- are subspaces of V' with the same dimension, they are equal.

Parts (a) and (b) tell us that Wj; = Wit Since V is finite-dimensional, it holds that
(VV[z'])L =WhHt=w;

so each eigenspace W; and its complement in V' are orthogonal to each other. Thus, the decompo-
sition V =W; & ... & W, is orthogonal in that sense.
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The first part of my spectral decomposition theorem [Theorem 4.3.1] establishes the decompo-
sition of V' into “orthogonal” eigensubspaces W; by leveraging the real/complex spectral theorem
and the underlying inner product space’s properties:

Suppose there are k distinct eigenvalues, this gives k eigenspaces W1, ..., Wy,
the real/complex spectral theorems give the decomposition V = W1®- - -®
Wy, and then we observe (in either case; real or complex) that distinct
eigenvalues of a normal operator (self-adjoint means trivially normal) cor-
respond to orthogonal eigenvectors. Then we argue by dimension argu-
ments and orthogonal complements.

However, there is a method to establish this with a linear operator acting on just a vector space.
Indeed, Part 2 of the spectral decomposition theorem (Theorem 4.3.2)) makes no direct reference
to inner products.

Thank you to Eric Wayman for pointing this out to me. I cite a few of the key points verbatim
(modulo using K instead of F for a field etc.) that Professor David Bruce Surowski uses in his
notes Advanced Linear Algebra |3| to develop this alternative pathway:

Let V be a vector space over K.

Theorem (2.2.10 |3, p. 63] Primary Decomposition Theorem, Part I)
Let T: V — V, dim(V) < oo, mr(x) = p1(z)® - - - pr(z)®*, where p1(z),
..., pr(z) are distinct monic irreducible polynomials in K[z]. For each
i=1,...,k, set

Vi = ker(p: (T)°*).

Then each V; is T-invariant and
V=vVieoVed- - & V.

Furthermore, if
T|VL- Vi—=V;

is the restriction of 1" to V;, then

may, (€)= pi(e)”, i=1,...k

Definition (|3, p. 65]) A linear operator P: V' — V is called an idem-
potent if and only if P? = P. Note that any idempotent must be a root
of the polynomial z(z — 1) and hence must be diagonalisable (with all
eigenvalues being 0 or 1). A family Pi, Ps, ..., Py of idempotents is called
orthogonal if P; o P; = 0 whenever ¢ # j.

Theorem (2.2.11 [3, p. 65| Primary Decomposition Theorem, Part II)
Let T: V — V, dim(V) < oo, mr(x) = p1(z)® - - - pr(z)°*, where p1(z),
..., pe(x) are distinct monic irreducible polynomials in K[z]. Then there
exist orthogonal idempotents Pi, P, ..., P, commuting with T" such that

V=h{V)®PR(V)®: & PV);
furthermore, we have
Pi(V) =ker(p;(T)"), i=1,2,...,k.

Corollary (2.2.11.1 |3 p. 66] Spectral Decomposition) Let 7:V — V
be a diagonalisable linear operator. Then there exist orthogonal
idempotents Pi, ..., P, each commuting with T, and scalars A1, ..., A\g
(the eigenvalues of T') such that

T=MP1+XoPo+ ...+ A Ps.

I believe the condition that 7' is diagonalisable (which is slightly more general than the
case of the orthogonal diagonalisability assumed in my Part 1 where we capitalise on the spectral
theorems) reduces these V; = ker(p;(7")) to my eigenspaces W; = ker(T'— \;idy ). As for the more
general V;, I'm not entirely sure what’s going on but it’s probably something to do with minimal
polynomials and Jordan-something-or-others.
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Theorem 4.3.2 (Spectral Decomposition Theorem Part 2) Let P; denote the orthogonal
projection of V' on W; along W; = Wf. Then

(c) ProPj=6;P; fori,j=1,... k.
(d) idy =P +...+ P
() T=MP1+...+ M\ FPx.

Proof.

(¢) By (a), any x € V may be uniquely written as x = x1 + ... + x; where x; € W; for all i.

x; ifj=1
Pi(Py(x)) = P(x}) = {OV o
_ B =
oy ifj#£i
= dijFi(x)

(d) Since P; is the orthogonal projection of V' on W; along Wi = Wf‘, we have by definition
Pi(x) = x;. Thus, it follows that for any x € V:
dy(x) =x=x1+ ... +xi
= Pl(X> +...+ Pk(X)

(e) This also follows easily. Any x € V' has the unique representation x = xj + ... + Xj where
x; € W; =ker(T — \;jidy) i.e. T(x;) = Aix;. Thus,
T(x)=T(x1)+...+T(xx)
= MX1+ ...+ A\eXp
=MPi(x)+ ...+ A\ Pr(x)
=(MPL+ ...+ M\ Pr)(x).
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CHAPTER 5

Modulus & Singular Value Decomposition

Thus far, we’ve demonstrated the real and complex spectral theorems (for self-adjoint, and normal
operators, respectively) that characterise a linear operator 7: V' — V in terms of an orthonormal
basis for V consisting of eigenvectors of T and their corresponding eigenvalues. This is a very niche
use-case for anything practical. If we pick a matrix from the collection K™", we’d need to strike
oil to have a matrix that’s square and Hermitian.

We now exit the world of linear operators to discuss linear maps 7: V. — W (but really
we’'ll be using the theory of linear operators because that’s all we have) between finite-dimensional
inner product spaces (V, (-, -)y,) and (W, (-, -)};,) over K. The goal of this chapter is to arrive at a
theorem, comparable to the spectral theorem, that applies to any linear operator 7' € Homg (V; W).

We can’t discuss the notion of eigenvalues and eigenvectors for a linear map that doesn’t map
V into itself. Instead, we can ask the more primitive question of how 7" scales any vector v in norm

1Ty = (T(V), T(V))y = (v, THT(V)))v

and so the Hermitian square 7T o 7: V — V is a map that captures how T scales v. Indeed,
it’s a linear operator that is self-adjoint because

(Tto) =TtoTt =TtoT.
Thus, its eigenvalues are real, and if v # Oy is an eigenvector of TT o T with eigenvalue \, then
ITV)I[5 = (v, THT (v)))v
=AMV, V)
= Allv %

It would be wonderful if A were non-negative, for we could then take the square root of the above
expression to obtain ||T(v)|| = V/||v|| i.e. v'A would be the scale factor by which T' stretches any
eigenvector v of TT o T corresponding to the eigenvalue . It turns out that T o T is positive
semidefinite, and this can be equivalently stated in terms of the eigenvalues of T o T all being
non-negative. We’ll prove that intermediate fact (and a few others that will come in handy for

manipulating 7T o T') before continuing this line of thought in [Section 5.0.3

5.0.1 ADJOINT FACTS

Lemma 5.0.1 (Exercise 15, Sec. 6.3 [1])
(c) rank(T) = rank(TT).
Proof. By the rank-nullity theorem on T1: W — V,
dim(W) = rank(7T") + nullity (7).

We're looking for rank(7"), and dim(W) is something we can’t change, so the only thing left to
play with is nullity(7") = dim(ker(77)). What does ker(7T) look like? Let y € ker(TT), then
TT(y) = 0y. Now observe that

y € ker(T") < Ti(y) =0y
— T (y)w=0 forallxecV

— (I'(x),y)y =0 forallxeV
— y € (image(T))*
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Thus, ker(7TT) = (image(T))*. So nullity(7") = dim(ker(7")) = dim((image(T))").
Since image(7T') is a subspace of W, the dimension formula gives

dim(W) = dim(image(T')) + dim((image(T))")
= dim(image(T)) + dim(ker(TT))
= rank(7T") + nullity (7).

Now we combine the dimension formula with the rank-nullity formula at the start of this proof
to conclude that

rank(7") + nulli ) = dim(W) = rank(7) —{—M
Therefore, rank(T) = rank(T'). |

5.0.2 FACTS ABOUT THE HERMITIAN SQUARE

The property of positive (semi)definiteness allows us to characterise the eigenvalues of the self-
adjoint operator T o T. Note that if T is self-adjoint, then

(T(x),x) = (x,T(x)) = (T1(x),x) = (T(x),x)
where the final equality follows from self-adjointness. This means that the quantity (T'(x),x) € R.

Definition 5.0.2 A linear operator T: V — V on a finite-dimensional inner product space V is
called:

» positive semidefinite if T is self-adjoint and

(T'(x),x) >0 foralxeV,

« positive definite if T is self-adjoint and

(T(x),x) >0 for all x € V'\ {0y }.

Remarks 5.0.3
« We denote T being positive semidefinite by 7" > 0, and T being positive definite by 7" > 0.

+ We now derive the analogous statement of positive definiteness for the matrix of T. Let E
be an orthonormal basis for V', and A = [E, T, E]. Then

T>0 < T=T" and (T(v),v)>0forallveV
e— A=A and (T(v),v) = WTA[E,V] >0 forallvelV.

We give a name to this property of A.
Definition 5.0.4 An n x n complex matrix A is called:

« positive semidefinite if A = A and X7 Ax > 0 for all x € C™!,

« positive definite if A = A" and X7 Ax > 0 for all non-zero x € C™!.
Remarks 5.0.5

« We denote A being positive semidefinite by A = 0, and A being positive definite by A > 0.

« A more general definition of A € C™" being positive semidefinite requires that R(X ' Ax) > 0.
This does not require self-adjointess of A.
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Lemma 5.0.6 Let T be a self-adjoint operator on a finite-dimensional inner product space V.
Then T > 0 (resp. T > 0) iff all eigenvalues of T" are non-negative (resp. positive).

Proof. Since T is self-adjoint, the real spectral theorem tells us that there exists an orthonormal
basis £ = (vi,...,vy) of V consisting of eigenvectors of T' (i.e. T(v;) = \iv;), and [E, T, E] =
diag(A1,...,A\n). A diagonal matrix is positive semidefinite (resp. positive definite) iff all its
diagonal entries are non-negative (resp. positive) which concludes the proof. |

Lemma 5.0.7 (Exercise 18, Sec. 6.4 [1])
(a) The Hermitian square 7T o T and T o T are positive semidefinite.
(b) rank(T" o T) = rank(T) = rank(T o T').

Proof.

(a) Note that (TT o T)t = TT o (T!)t = Tt o T, and similarly, (T o TT) = T o TT so both are
self-adjoint operators on V and W respectively. By the previous exercise, it suffices to show
that every eigenvalue is non-negative to conclude that 7T o T is positive semidefinite. Let
A be an eigenvalue of TT o T with corresponding eigenvector v # Oy i.e. TT(T(v)) = Av.
Hence,

IT(v)|I?

AVIE = (T TW)v) =TT = [T e A= 55

Since v is an eigenvector, ||v|| > 0. The numerator is always non-negative. Thus, A > 0 i.e.
Tt o T is positive semidefinite.
We can also figure out the conditions under which T o T is
positive definite. Namely, we need that A = ||T(v)|]*/||v||* >
0 which is equivalent to showing that ||T(v)|| > 0i.e. T(v) #

Ov. This holds iff T' has trivial kernel i.e. T is injective.
Thus, TT o T is positive definite iff T is injective.

(b) Proof sketch:
« We've already proven that rank(7T) = rank(T).
« By the rank-nullity theorem for Tt o T
dim(V) = rank(T" o T) 4 dim(ker (7" o 7)),
and by the rank-nullity theorem for T’
dim(V') = rank(7T) + dim(ker(7")).

o If we can show that ker(7) = ker(7" o T'), then we can combine the above equations to
prove that rank (7T o T') = rank(T).

Lemma 5.0.8 ker(T) = ker(T" o T).

Proof. Let x € ker(T) i.e. T(x) = Oy. Then TT(T(x)) = TT(0Oy) = Oy by the linearity of 7T7.
Therefore, x € ker(T" o T)).

For the reverse inclusion, let x € ker(TT o T) i.e. (T'oT)(x) = Oy. Thus, {y, (TT o T)(x)) = 0
for any y € V. In particular, let y = x. Then

0= (x,(TT o T)(x)) = (T(x), T(x)) = |T(x)|[}y = T(x)=0w ie. x € ker(T).

Thus, ker(T) = ker(T7 o T). [
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The second equality follows by replacing T with T'T. Indeed, the
equality rank(T" o T') = rank(T") becomes

rank((T1)" o (T1)) = rank(T").

=rank(ToTT) =rank(T)

5.0.3 MODULUS

Let T=TF>0 (i.e. let T be a self-adjoint and positive semidefinite operator). By the spectral
theorem, there exists an orthonormal basis E = (v1,...,v,) of V consisting of eigenvectors of T'.
Let A1,..., A\, be the corresponding eigenvalues. These eigenvalues are real since 7T is self-adjoint,
and we can say further that they are non-negative because T is positive semidefinite. Because
of this, we may define S(v;) = v/\;v; and this extends by linearity to all of V since E is an
orthonormal basis. The matrix representation of S w.r.t. E is diag(v/A1,. .., vAn) which is clearly
Hermitian and so S is self-adjoint. Furthermore, S is positive semidefinite. Also, S? := S o S is
given on the basis elements (the eigenvectors of T') by

S (vi) = S(S(va)) = S(VAivi) = VNS (vi) = VAV Aivi = Av; = T(vy)

and a linear map is uniquely defined by its action on a basis so S? = T..

S is unique according to a few books/.pdf documents I've seen floating about online. I'm yet to
convince myself of this fact but leaving this here to include later.

We also denote the relationship S? = T by S = /T.

Definition 5.0.9 Let T:V — W be a linear map. Since the Hermitian square 71 o T of T
is a self-adjoint and positive semidefinite operator on V', there exists a unique operator S s.t.
=VT"oT. This operator S is called the modulus of 7" and is often denoted by |T|.

Remarks 5.0.10

« The relationship |T|> = T o T itself suggests that T may be factored as the modulus |T’| of
T multiplied by some map that acts as a rotation in analogy with complex numbers and how

z = re'® where r = |z|. This is the subject of [Section 5.1

» The modulus |T'| and the Hermitian square Tt o T of T share the same eigenvectors.

» The name suggests that the modulus of T tells us “how big” the operator T is. Indeed:

ITI)IP = (TI), ITI(v))
L (TDTTI(v)))
AT T|(v)))  since |T] is self-adjoint

{
= (v
(v
(V. ITP(v)))
= (v
= (T

(TToT)(v))) since |[T|=VTtoT
(v),T(v))
= | T(v)|”
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Definition 5.0.11 Eigenvalues of |T| are called the singular values of 7.

As explained earlier, if \q,..., A, are the eigenvalues of T1 o T', then v/A1,. .., /A, are the
eigenvalues of |T'|, and therefore the singular values of 7. We denote these singular values by

si = V.

5.1 Polar Decomposition

Let’s diagonalise T o T' to see what happens to these vectors under the action of 7. Thanks to the
spectral theorem, since T o T' is self-adjoint, there exists a basis E = (vi,...,vy) for V consisting
of eigenvectors of T o T' with corresponding real eigenvalues Ap, ..., An.

By the discussion at the beginning of this section, we already know the lengths ||T'(v;)| =
VXVl = aillvill

How about the geometry of the T'(v;)? Suppose WLOG that rank(7") = r. [Lemma 5.0.7 (b))
tells us that rank(T) = rank(7" o T).

Have I mentioned that the rank of a diagonalisable operator is equal to
the number of its non-zero eigenvalues? It comes from the part of the

Spectral which says that if we denote by A1,..., Ay the
distinct eigenvalues of the self-adjoint linear operator T o T, then it’s
diagonalisable with

k
V=@Pker(T" o T — \iidv).
=1

By the Rank-Nullity Theorem on T'f o T'

rank(T" o T) = — nullity(T" o T') + dim(V')

k
= —nullity (7" o T) + dim (@ ker(T — \; idv)>
=1
k
= —nullity(T" o T) + ) dim(ker(T" o T — A;idv))

i=1
Now notice that
nullity (7" o T') := dim(ker(T" o T))
= dim(ker(T" o T — 0idy))
The final piece of the puzzle is from [Theorem 1.8.9] Since our operator
is diagonalisable, its characteristic polynomial trivially splits and so we

can say that for each i = 1,...,k the algebraic multiplicity e; of \; is
equal to its geometric multiplicity d; = dim(ker(T7 o T — \; idy)). Finally,

k
rank(T" o T') = —e + Z e;
i=1
i.e. that the rank(T" o T') is equal to its number of non-zero eigenvalues.

It follows that the self-adjoint operator TT o T has exactly 7 non-zero eigenvalues. We may
write the singular values out in such a way that the zeroes all come at the end of the ordered list
ie.o;#0fori=1,...,rand o; =0for i =r+1,...,n. Thus T(v;) =0 for i > r. Now observe
that for 4,57 =1,...,r

(T(Vi),T(Vj»W = <Vi, (TJf o T)(Vj)>v = <Vi7 )\jVj>V = )\7]'<Vi, Vj>v = )\jéij.

Thus, the T'(v;) are orthogonal. We can normalise the collection {T'(v1),...,T(v,)} by the assign-
ment
v — T'(vi)/os =y
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to get an orthonormal set {uy,...,u,} in W. For the T'(v;) with ¢ > r, we can simply send them
to Oy . Thus, we've defined the linear map U: V' — W uniquely by its action

u; = T(Vi)/O'Z' if 1 = 1,...,7‘

U:v;—> o
Ow ifi=r+1,...,n

on the basis E for V.

Clearly ker(U) = span(v,41,...,Vy), and because E is a basis for V we know that (ker U)+ =
span(vi,...,v,), and V = (ker U)* @ ker(U). On (ker U)*, the map U satisfies

(U©),U(vi)hy = <T(Vi)’ T(VJ)>W

o of
1
= T(v;), T(v;
(T T iy
A viyy)
= (v, v
iy IV VIV
Ly
— 25
O'iO'jo-j “J
o
1, ifi=j
o, ifi#j
= <Vivvj>\/
so U preserves inner products on (ker U)+ = span(vy,...,v,), and sends everything in ker(U) =

((ker U)1)* (where equality holds because V is finite-dimensional) to Oy,. We give a special name
to such a function:

Definition 5.1.1 A linear map U: V — W is called a partial isometry on X if forallv,w € X
(U(v),U(w)) = (v, w),
and U(v) = Oy for all v € X+
Thus, U is partial isometry on X = span(vy,...,v,) = (ker U)=*.

This is a tangent that I think may prove fruitful at some point so I am
including it here. We already have the direct sum decomposition

V = (kerU)" @ ker(U).

It turns out that U' o U is a projection. We can demonstrate this by
showing that the direct sum decomposition above is of the form

V = image(U" o U) @ ker(UT o U).

Indeed, we already know that ker(U) = ker(U' o U) by [Lemma 5.0.8
What remains to be seen is that (ker U)* = image(U' o U).

“C” Lety € image(UtoU) i.e. there exists some x € V s.t. (UToU)(x) =
y. Now take any z € ker(U) and notice that

(v.2)y = (U 0 U)(x),2)
= (U(x),U(2))w

w

Therefore, y € (ker U)*, and so image(U' o U) C (ker U)*.
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“D” Take any v € (kerU)*. We wish to show that v = (U o U)(x)
for some x € V. Since U is a partial isometry on (ker U)*, for any
w € (kerU)*

(Vo W)y = (UV), U(w))y
= ((UToU)(v),w)v by the adjoint property
from which it follows that

<(U‘L oU)(v) — v,w>v =0 forallw e (kerU)™ .

By the inclusion image(UToU) C (ker U)™* just proven, (UToU)(v) €
image(UToU) C (kerU)* and v is also in (ker U)* so (UToU)(v) —
v € (kerU)*. Now our equality tells us that (UT o U)(v) — v is
orthogonal to every element w of (ker U)*, and is itself an element
of (ker U)*. Thus, it is orthogonal to itself i.e. is equal to Oy i.e.
(UToU)(v) =v. Thus, v € image(U o U).

Therefore, U' o U is a projection from V on image(U o U) = (ker U)™ .
We can go one step further and simply notice that image(UT oU) =
(ker U)* = (ker(UT o U))* and that these spaces are finite dimensional so
this is sufficient for the projection to be orthogonal.

Since u; := T'(v;)/0;, we may equivalently write
T(Vl) = o;u;.

This is an important shift in perspective because it facilitates the following manipulation. Indeed,
recall that |T'| and T o T share the same eigenvectors and so |T'|(v;) = o;v;. Therefore, we may

write
T(Vl) = o;u;

= o;U(vy)

= U(o;vy)
=U(|T|(v4))
= (Uo|T|)(vi)

i.e. the action of T on each eigenvector v; of TT o T is the result of scaling each eigenvector by the
singular value (with |T'|) and then performing a partial isometry on the resulting vector.

Definition 5.1.2 For a linear map T': V — W between finite-dimensional inner product spaces,

the decomposition
T=UolT|

where |T| = VTt oT:V — V is the modulus of T, and U: V — W is a partial isometry on
(ker U)*, is called a pola decomposition of 7.

9The name draws from the analogous fact about a complex number z admitting the polar representation z = re®®.

5.2 Singular Value Decomposition

Starting with a polar decomposition of T', we now express any x € V by the unique linear combi-

nation
n

X = Z(x,vi>vi

=1
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and then offer an expression for the action of T on any such x € V:

T(x)=T (Z<X7 Vi>Vi>

=1

(x, vi)T(v;)

(x,v;)T(v;) since rank(T) =r

M% ':‘M:

=1
r

=D (e vi)(Uo|T])(vi)
i=1

= Z<X, Vi>0iui

1=1
T
= Z U¢<X, Vi>ui
=1

This is a singular value decomposition of 7. We state it as a theorem.

Theorem 5.2.1 (SVD) Let T: V — W be a linear map of rank r, and denote by oy,...,0,
the non-zero singular values of 7. Then there exist orthonormal collections {vi,...,v,} C V and
{uy,...,u,} CW s.t. for every x € V:

T(x) = Z o (X, vi)u,.
i=1

In the development of our theory, we had an orthonormal basis E' = (vi,...,vy) of V' (where
dim(V') = n) consisting of eigenvectors (corresponding to eigenvalues A1, ..., \,) of TToT (and |T|
but with singular values o1, ..., 0, as the eigenvalues). We constructed the orthonormal collection
{uy,...,u,} where r = rank(T) = rank(T" o T).

Now we extend the orthonormal collection {ui,...,u,} € W to an orthonormal basis F' =
(ug,..., ) for W, where m = dim(W).

From the singular value decomposition, we observe that for j =1,...,r

T
T(Vj) = Z O‘i<Vj, Vi>lli
i=1
= oj;u; by the orthonormality of F,

and for j > r we have T'(v;) = Ow . Therefore, the matrix [F, T, E] of T' with respect to the bases
E of V and F of W, historically denoted by ¥, is given by:

v _ )0 itl<i=j5<m,
Y10 otherwise.

Now we denote by Egq and Fyq the standard bases of K™! and K™! respectively.



Modulus & Singular Value Decomposition 86

[T] 2 = (x— [F\T\Elx)

Kn,l N Km,l
X /
T
Vv—m—mm W
.d E . . .d F
|:1 V] Estd ldV ldW [1 W:| Fstd
1% — w
A \IIFstd
Kn,l = N Km,l
[7] = (0 [Fava T Balx)
Estd

By [’heorem 1.5.3| recall that

Denote by

o P:=[FE,idy, Egq], which is the n xn matrix whose columns are the orthonormal basis vectors
v; of E for V', and

« Q = [F,idw, Fyq] which is the m x m matrix whose columns are the orthonormal basis
vectors u; of F' for W.

It follows that P and @) are unitary matrices by [Proposition 3.3.13| Finally, we can write down
our expression for the matrix representation of T with respect to the standard bases.

[Fya, T, Eswa) = Q[F, T, E]P~"
— QIF.T,E]P'
| |

’1 ‘m Om—r, T Om—r, n—r

diag(o1,...,00)  Oppr

We collect the above discussion in a theorem too:

Theorem 5.2.2 (SVD Matrix Representation) Let A be an m x n matrix of rank r with positive
singular values o1, ..., 0,, and denote by ¥ the matrix defined by

o if1<i=5<r,
Zij = .
0 otherwise.

Then there exist unitary matrices Q and P such that A = QX P~L.

Since P is unitary, this theorem is also sometimes stated as A = QX P . Either works because
=T
pl=p .
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There are some applications of SVD that I'd like to investigate at some point.

a8 he—e : ‘ This turned out to be a
very immediate consequence of the theory!

+ The condition number of a matrix (the ratio o /0, of the largest o1 and smallest o, singular
values)

o Moore-Penrose (pseudo)inverse

The SVD of a matrix A € K™" representing a linear transformation 7': R” — R™ (with respect
to the standard orthonormal bases Fgq = (eq,...,¢,) of K™ and Fyq = (f1,...,§m) of K™ is
the following composition of transformations:

» Begin with a unitary transformation P = p1 that rotates/reflects the standard basis Fgq
of K™! into the eigenbasisﬂ E = ([Esd, Vi), - - -, [Estd, va]) of K™! consisting of eigenvectors
of Tt o T. (Equivalently, E is also the eigenbasis of |T'|, and this lends itself to the scaling in
the next bullet point.)

o The eigenvectors v; of T7 o T' are called the right singular
vectors of T.

o When it comes to matrices, the rigl%; singular vectors of
A are the eigenvectors [Fsia, vi] of A A.

o If we instead wish to speak of ToT", then replace all instances
of ‘right” with ‘left’.

The columns of P are the right singular vectors of A.

o Then we apply the matrix 3. This has varying shape depending on the dimensions of the
domain and codomain of the associated linear transformation:

o If m < n, then X is the composition of a “dimension reducer” and a diagonal matrix.

o If m > n, then ¥ is the composition of a “dimension extender” (which appends n —m
zero components to our vectors) and a diagonal matrix.

o If m = n, then ¥ is simply a diagonal matrix.

In all of these cases, the diagonal matrix acts on K™! by scaling (with scale factors o; > 0
fori=1,...,7 and o; = 0 for i > r) the axes [Egq, v;] of the eigenbasis F.

« Finally (we extend to a basis F' of the codomain K™! of the linear transformation and so)
@ is the matrix which rotates the basis F' = ([Fgq, u1], . - ., [Fstd, Um]) back to Fyq.

Remarks 5.2.3

« The following two examples will highlight what kind of action ¥ has and were taken from
fantastic YouTube video called SVD Visualized by a channel named @visualkernel. We
say that X acts by reducing dimensions if it behaves similarly to the following example

100.:6'_):6
010'3: yl’

and by ¥ extending dimensions, it can be thought of as something like

1 0 . T
01:[]!—)3/
0 0 0

Tt might seem pedantic to assert that these vectors are with respect to the standard basis Eyq of K™!.



https://www.youtube.com/watch?v=vSczTbgc8Rc
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o I think it’s most instructive to discuss with an actual example how the SVD of a matrix offers
a concrete form for its colspace and nullspace (and their complements) as the linear spans of

certain subsets of the columns of P and (). See more in [Section 6.2.1

Example 5.2.4 Let’s apply this to the closed unit ball B1(0) C R™!. Suppose that A € R"™" is
the matrix of a linear transformation 7: R™! — R™! of rank » < min(m,n). By the orthogonality
of P, the matrix P simply rotates /reflects the unit ball so that the standard basis vectors are now
the eigenbasis of AT A. Then the matrix ¥ scales in the direction of the eigenbasis axes. Under ¥,
the image y of x is given by

Y1 (o121
: ‘ 1 :
Y| _ [dlag(al, ces0r)  Op oy ] | o
Yr+1 Om—r,r Om—r,n—r ' 0
. Tn
L Ym | L 0]
ie. xj=y;/o; fori=1,...,r, and y; = 0 for i > r. Now observe that
n r y 2
2 2 ]
12 = Yat =3 ()
i=1 i=1 v

which is the inequality that characterises an r-dimensional ellipsoid with principal semi-axes of
lengths o1,...,0,.
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CHAPTER 6

Linking Back to Machine Learning

This links back to m

6.1 Ordinary Least-Squares and Orthogonal Projection

Recall that the design matrix associated with the training data 7 = {(z®,y®)};=1. _, collected
for a linear regression (supervised learning) problem is the n x (p+ 1) real matrix of feature vectors
augmented by a zeroth column of 1’s (to account for an intercept/bias term):

X = : = |: : : :
(@) 1™ g

The ordinary least-squares problem is to find parameters @ € RPtL! that minimise our loss
function
y
J(0) =[1X6 —y[*,  wherey=| : | €R"™".
y()

In other words, the problem is

. 2
pin, X6 — |

Since the norm is non-negative, and f(z) = z? is monotonically increasing (and hence order-

preserving) over [0, +00), this problem is equivalent to
min ||X0 —y|.
pin, [1X6 —y|
Since € runs over RPTH1 X0 = w runs over colspace(X) and we may reframe the minimisation

problem as

min w — vl
w € colspace(X) CR™1 H y”

Recall the discussion that led to [Corollary 2.4.21] This means that the unique minimiser of
|w —y|| over colspace(X) is the orthogonal projection of y onto the image of X, denoted by
u = Pispace(x) (). The corresponding set of minimisers in RPHLL 0 u is the collection

{6 ¢ RFTLL: X = u}.

)J_ +1,1

Since u is the unique vector in colspace(X) satisfying y —u € (colspace X)- i.e. for any ¢ € RP

0= <y —u, x@)R"*l
= <XT(y —u), cp>Rn,1 by the adjoint property
— (X" (y — ),

which implies, by [Lemma 2.4.3] that Ogni = X' (y —u) ie. X'y = X'u. Any 6 € {0 €
RPTLL: X@ = u} then satisfies what are known as the normal equations

Rn,1

X'y =Xx"%x6,

and any such 0 is called a least-squares estimate.



Linking Back to Machine Learning 90

6.2 Ordinary Least-Squares via SVD

Typically, the design matrix X is very tall (and possibly doesn’t have full rank). We can still
decompose such a matrix via singular value decomposition:

X =QxpP!
—QxP'
=QXP" since X is a real matrix,
Q

where X € R*P+L P ¢ RPHLPTL and Q € R™™. This decomposition is a means to cast the ordinary
least-squares optimisation problem into a different geometry that makes the problem simpler in a
sense. Observe that

2
X6 - yI* = ||Q=PT6 - Ly|
2
— |e=PTo-0qTy|
2
= |epPTo-qTy)|
T T 2
=||XP'0—-@Q yH since @ is orthogonal

= ||z — c||”

where z := P"0 and ¢ := Q"y. Thus, we cast

. 2 into . 2
min | X0 —y||© ~Aa min [|¥z — c|
@c Rp+1,1 zE€ RpT1.1
Now note that -~ ~ -~ _
Z1 0121
z orZ
Yz=%| " | =" eRM!
Zr+41 0
[ “p+1] L 0

and so the norm has a simpler expression

T

n
ISz —c|? = (oiz — i)+ Y .

i=1 i=r+1
——
constant
Thus, we need only minimise the first sum which gives z; = ¢;/o; for i = 1,...,r and the re-
maining z,41,. .., 2p+1 are free to be chosen. Therefore, the collection of minimisers of this recast
minimisation problem is
. _ -
C1 / g1
cr/o
z e RPHLL . 7 = r/or + 2z’ where z' € nullspace(X)

*
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and we can pull these minimisers back to the minimisation problem over 6:

¢ r . 3
01/0'1
Cr/O t back vi
OcRPLL . g =Pz =P r/or + PZ SVINIINA {z e RPFLL, )
* z=PT0 < Pz=0
*

Let’s investigate these pre-images @ of the minimisers. Observe that

[c1/07] [c1/01]

xo—=x|p || 4 Py | =xp || 4 xpa
——

* *

The under-braced term is
XPz = QxP' Pz
= QX117
= QX7
= QOgn1 since z' € nullspace(X)
= Ogn.1

i.e. 2’ € nullspace(X) = Pz’ € nullspace(X). In fact, the reverse inclusion also holds because P
is invertible. This means that

ey /01_

cr/oy

.|t ¢ where ¢’ € nullspace(X)

*

i.e. the minimisers of the original problem over @ differ by ¢ € nullspace(X). Thus, we see that
any such minimiser is acted on by X as follows

[c1 /0] [c1/01] c1
* * 0

YO = QZPTP CT/UT _ QE CT/UT _ Q Cr _ Zciui
i=1

* * 0

and ¥ sends the final (p 4+ 1) — r coordinates to Zerﬂ so their choice is truly arbitrary in the eyes
of colspace(X) i.e. any such minimiser’s z,41,..., zp4+1 doesn’t matter, for they all give the same
image vector under X.

'Recall that depending on whether n is equal to, less than, or greater than p 4+ 1, ¥ will either not change the
dimensionality of the vector, or extending it, or cut it short. We typically assume that n is greater than p + 1, so
this is an augmentation of the vector.
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The canonical choice is to pick them in a way that minimises the norm of 8. How do we do
this? Since P is orthogonal, ||Px| = ||x|| for every x € RPTH1. Thus

2| = |P7e| = | PPTe| = 6

and we set all the z,41,...,2p41 to zero.

Definition 6.2.1 Recall that ¥ = diag(on,..., o) Or (p41)—r .
On—r,r Onfr, (p+1)—r

Some books give an explicit name to the matrix that acts on vectors in

RPTL 1 in the following way:
[ c1 7] _01/0'1_
o Cr _ C'r'/Ur c Rn,l.
Cr41 0
LCp+1d L 0 B

We call ‘
o diag(1/o1,...,1/0r)  Op (p+1)—r
On—r,r Onf'r, (p+1)—r
the pseudo-inverse of .
Observe that the output vector is the form of the vector we arrived at

through the canonical minimum-norm reasoning, and so we may write
our minimum-norm minimisers as

el /0_1_

crfor

o | TE =P et =PITQy + ¢

L 0 |
where ¢’ € nullspace(X). As it stands, there’s really no explicit way one
can compute ¢’ with the SVD. The goal of this section is to arrive at
a solution that’s totally computable from the SVD. We’ll revisit this
shortly.

We now compute the ¢; explicitly. Recall that

— u — uly
_ T _ . _ .
c=Q y= : y = :
— u, — u,y

and so ¢; = uy = (y,w,).

X0 = i(y, u;)u;
i=1

which matches precisely the orthogonal projection of y onto the subspace of R™ spanned by
uj,...,u,. All that remains to observe is that this subspace is indeed colspace(X). Indeed, the
SVD of X offers exactly the form colspace(X) takes. I'll also remark on nullspace(X) as promised

in [Remarks 5.2.3] In fact, the following subsection offers useful information for our other open
lead.
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6.2.1 SVD TELLS US ABOUT colspace AND nullspace

+ Since P is an orthogonal matrix, so toois PT = P~!i.e. its associated linear map is surjective
i.e. its image is all of RPT!. Therefore,

colspace(X) = {Q¥z : z € Rp+1}.

Now observe that ¥ annihilates all but the first r coordinates of z (those first r are scaled ac-
cording to the singular values ;) i.e. ¥z € span({e1,...,¢;}). Finally, applying @ tells
us that @¥z € span({Qe1,...,Qe,}) so colspace(X) C span({ui,...,u,}). Conversely,
X(Pe;) = QXe; = oyu; so u; € image(X) fori =1,...,r.

*. colspace(X) = span({uy,...,u,}).

We wrap this up nicely into the statement that the columns uy,...,u, of Q satisfy
o (ug,...,u,) being an orthonormal basis for colspace(X), and
o (Wt1,...,u,) being an orthonormal basis for (colspaceX)".

 For the nullspace of X, observe that
X0 = Ogny < QEP'0 =0pu1 < TP'0 = 0gn,.

By the same logic as before, P is orthogonal and so we may parameterise P’ by ¢ which

varies over RPT11. The condition Yc = Ogn,1 forcesc; = ... = ¢, = 0, while the ¢, 1,...,cp11
are free to vary. Thus, P'0 = c € span(e¢,+1,...,¢p41). This is equivalent to § = Pc =
Cr1Vrp1 + ... F Cpp1Vpir 1e. O € span(vypr, ..., Vpi1).
*. nullspace(X) = span(vy41, ..., Vpi1).
« Since (v1,...,Vp+1) is an orthonormal basis for RPTH! (namely, the columns of P), the

orthogonal complement of the nullspace is simply

(nullspace X) T = span(vy,...,v,).
« For any z € R™!,
X'z= QP )z=P2'Q'z=Px"c

where Q'z = c varies over R™!. Thus, X' ¢ varies over colspace(X ") = span(e,...,e,.) C
RPHLL - Applying P sends each ¢; to v; for i = 1,...,r. Thus,

colspace(X') = span(vy, ..., v,)

= (nullspace X) .

6.3 Closing Remarks

Conclusion 1

The SVD of X provides an explicit formula for the projection that is simply truncating the expansion
of y with respect to the orthonormal basis (uy,...,u,) to the first r terms i.e. SVD is really a
decomposition that rotates into an orthonormal coordinate system for which orthogonal projection
is just truncation.

This was quite a geometric perspective. We could equally have taken the normal equations,
and followed the algebra through the SVD to obtain these coefficients c;.
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Conclusion 2
We may re-write ¢’ from our minimum-norm general solution
PYQy + ¢

by considering a suitable orthogonal decomposition of RPt1:1 We want one of the components
of this decomposition to be nullspace(X). Consider the orthogonal projection of RPTH! onto
nullspace(X). Let Pyuispace(x): RPTH! — RPFLL denote the orthogonal projection of R onto
its image(7T") = nullspace(X). Note that

RPHH! = image(Pyutispace(x)) ® Ker(Paulispace(X))
= image(Phulispace(x)) @ (image(PnuHspace(x)))J‘ since the projection is orthogonal
= nullspace(X) & (nullspace X) "
= nullspace(X) & colspace(X ")

Thus, we may write our basis for RPTL1 as

E= (VT'Jrla"'anJrla Vi,..,Vr)

and so the matrix representation of Pyjspace(x) With respect to E is

Ipi1y—r O
(B, Paatispace(): ] = [ 4 o]'
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By a change-of-basis, we may write the matrix representation of P, jispace(x) With respect to the
standard basis of RPTH!. Let P denote the change-of-basis matrix [Eyq, idge+1.1, E]. Then

[Estda Pnullspace(DC)a EStd] = P[E7 Pnullspace(JC)a E]P_l
= P[E7 Pnullspace(?C)? E]PT

_ p ey O] p7
_P[ 0 0 P

0 0
—P(Ip+1—[0 IDPT

_ppT _p|0 O o7
= PP P|:0 ITP

0 I
=Ip41 - PP, :
where P, is the matrix that contains the columns vi,...,v, of P. We can run a similar argument
and obtain that the matrix representation of Py ace(x) With respect to the standard basis is

P.P.
Indeed it follows from the spectral decomposition theorem that

idgpt+11 = Pnullspace(%) + Pcolspace(JCT)
and so any w € RPTL1 can be written as

w = idgp+11 (W) = Pnullspace(JC)w + Pcolspace(xT)w
= (Iyy1 — B.P))w + P,P/w
The under-braced term varies over all of nullspace(X) and so we may re-parameterise ¢’ with
it.
Therefore, our general minimum-norm solution to the ordinary least-squares problem, thanks to

the singular value decomposition of X = QXP, is

0 = P>X~Q"y + (idgp+1.1 —P.PT)w  for any w € RPTLL,
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6.4 Gram Matrix

Definition 6.4.1 The Gram matrix of a collection of vectors vi,...,v, in an inner product
space (V, (-, -)) is the Hermitian (equal to its own conjugate transpose) matrix of inner products,
whose (4, )" entry is given by the inner product (v;,v;).

If the vectors vi, ..., Vv, are the columns of a matrix X, then the Gram matrix is XTX in the
general case that the vector coordinates are complex numbers. In the case that the coordinates of
the v; are real numbers, this simplifies to X X.

Lemma 6.4.2 A real matrix A € R™" is a Gram matrix iff A is symmetric and and all of its
eigenvalues are non-negative.

Proof.
— Suppose that A is a Gram matrix i.e. A = XTX for some real square matrix X.
AT =X T =xT(x"HT=x"X =4 so A is symmetric.
As for the eigenvalues, let A be an eigenvalue of A, with eigenvector v # 0y. Then
AV = (Av,v) = (XTXv, v) = (Xv,Xv) = [|Xv]* =0
so every eigenvalue is non-negative.

<= Denote by Egq the standard orthonormal basis for R”. The associated map L4: R® — R"
defined by v — Av, where A = [Egq, L4, Estq] is self-adjoint. By the real spectral theorem,
there exists an orthonormal basis E = (vi,...,v,) of V consisting of eigenvectors of L4
(with respective eigenvalues A1, ..., \,) s.t. [E, La, F] = diag(A1,...,\,) and

A=Q[E, L EIQ"

where @) is an orthogonal matrix whose columns are the v;. Let D := diag(v/A1, ...,V An).
Therefore, D? = [E, L4, E]. Now observe that

A=QD*Q" =(QD)(DQ")=QD(D'Q") =QDDQ)"

where we used that D is diagonal and therefore symmetric D = DT. We conclude that A is
a Gram matrix.

The normal equations of ordinary linear regression feature a Gram matrix.
X'y =xTx6

Since X is real symmetric and positive semidefinite, it’s orthogonally diagonalisable i.e. there exists
some orthogonal matrix @ € RPT1P*! whose columns are the eigenvectors of XX which form an
orthonormal basis (qu,...,qp+1) of RPFLL st XTX = Qdiag(/\l,...,)\p+1)QT. Therefore our
normal equations become

XTy = Qdiag( M1, -, \p11)Q 10 = Q76 = diag(1/A1,...,1/211)Q X Ty.

By the transformation o = Q Ty, ¢ = Q!X Ty, we rotate our normal equations into the eigenbasis

of XTX.
a = diag(1/A1,..., 1/ p11)c

and so the normal equations fully decouple and each rotated coefficient is solved independently as
a; = ¢;/A;. If we left-multiply by @, we recover the least-squares estimate in a slightly different

form:
p+1

~ _ ci
HzQa:leag(l/)\l,...,l/)\p+1)c: )%qlv
i=1""
where ¢; = qin)CTy. Thus, 0 is a weighted sum of the eigenvectors q; of XTX. What do these
weights represent?
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« This is the easier one to reason out because ); is an eigenvalue of XX i.e.
XTX = Qdiag(1/A1, ..., 1/0p11)Q"T = diag(1/A1,...,1/0p11) = QTXTXQ
and so \; = q; (XTX)q; = (Xq;) ' Xq; = || Xqi||*>. Now note that
— (M) T— (M) Tqq <qz',$(1)>

Xq; = : q; = : = :
_ (x(n))T_ (z(n))Tqi <qz‘, x(n)>

is the vector of scalar projections of the training example inputs z(¥) onto q;. Therefore,
Ai = ||Xq;||* measures the total squared magnitude of these projections.

o The numerator ¢; can be re-written as
ToT T
ci=q; X' y=Xaq) y=(y, Xai)
which measures how much the response y and the data co-vary along q;.

So each eigenvector q; contributes to the linear combination, scaled by how strongly the data
project onto that direction (represented by ¢;) and inversely proportional to how much the data
varies along it (represented by \;).
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CHAPTER 7

Miscellaneous Topics in Linear Algebra

7.1 Analogy between Homg(V; V) and C

Since C is a ring under addition + and scalar multiplication -, and Homg(V; V') is a ring under
addition of linear maps, and composition, we can make some analogies between their elements.
Note that Homg(V;V) is not commutative in general (unlike C which is) and so has a richer
theory than C.

« The adjoint on Homg (V'; V') plays a similar role to complex conjugation on C.
z€e€Cisreal <— z=2.
Therefore, a self-adjoint operator 7T = T is analogous to a real number.

+ The unit circle of C is the collection of complex numbers z s.t. Zz = |z| = 1. This is analogous
to the set of operators on V satisfying T o T' = idy i.e. T-unitary.

o Furthermore, non-negative real numbers in C are analogous to positive semidefinite operators.

A linear operator T: V — V is called positive semidefinite if T is self-
adjoint and (Tx,x) > 0 for all x € V.

7.2 QR Factorisation

The Gram-Schimdt orthogonalisation process is defined by vi = w; and
k—1

Wi,V
szwk—zwvj for 2 <k < n.
j=1 HVJH
If we denote by (uy,...,u,) the orthonormal basis obtained by normalising the orthogonal basis

(Vi,...,Vp), then
k—1
wi = || vi|[uy + Z<Wk’uj>uj for 1 <k < n.
j=1
Theorem 7.2.1 (|2, p. 264]) Suppose that A is a square matrix with linearly independent columns

wi,...,W, € K™ Then there exist unique matrices Q and R s.t. @ is unitary, R is upper
triangular with only positive numbers on its diagonal, and A = QR.

Proof. Existence: Apply the Gram-Schmidt orthogonalisation process

and then normalise to obtain an orthonormal basis E = (e1,...,e,) of K™! s.t.
span(wi,...,wy) = span(ey,...,e;) fork=1...,n.
Let R be the n x n matrix whose (i, )" entry is (W, ej). If j > k, then e; is orthogonal to
span(ei,...,e;) = span(wi,..., wy) so (wy,e;) = 0. Thus, R is upper triangular.

Let Q be the unitary matrix whose columns are ey, ..., e,. The k** column of QR is equal to
the linear combination of the columns of Q with coefficients coming from the & column of R i.e.
<Wk, e1>e1 + ...+ <Wk, ek)ek

which is equal to wy because this is the representation of v, with respect to the orthonormal basis
E for K™!. Therefore, A = QR.

For uniqueness, see Axler. O
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