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2 MATTHEW GHERMAN

1. INTRODUCTION

Math 115A is a course in linear algebra. You might be thinking to yourself: Wait a second —
I already took a course in linear algebra, Math 33A. Why am I taking another one? This is a fair
question, and in this introduction I hope to give you a satisfying answer.

Broadly speaking, there are two main goals of 115A.

(1) Develop linear algebra from scratch in an abstract setting.
(2) Improve logical thinking and technical communications skills.

I'll discuss each of these goals separately, and you should keep them in the back of your mind
throughout the quarter.

(1) Develop linear algebra from scratch in an abstract setting.

In a lower division linear algebra class like 33A, the subject is usually presented as the study of
matrices, or at the least it tends to come off in this way. In reality, you should think about linear
algebra at the 115A-level as the study of vector spaces and their transformations.

I haven’t told you what a wvector space is yet, so currently this sentence should mean very little
to you. To continue saying meaningless things, a vector space is simply a universe in which one
can do linear algebra. We'll talk about this carefully soon enough, but for now I’ll tell you about
a vector space that you're already familiar with: R”, the set of all n-tuples of real numbers. This
is baby’s first vector space, and in a linear algebra class like 33A it’s usually the only vector space
that you encounter. In 115A we will develop the theory of linear algebra in other vector spaces,
which turns out to be a useful thing to do. Here are some examples to convince you that this is a
worthwhile pursuit. I'll repeat: I haven’t told you what a vector space is, so all of these examples
are only supposed to be interesting stories.

Example 1.1. It turns out that infinite dimensional vector spaces are important and come up
in math all the time. The one vector space you have seen before, R", is definitely not infinite
dimensional. For example, consider the partial differential equation called the Laplace equation:

0*f  O*f

0x? + 0y?
Don’t worry if you don’t know anything about partial differential equations — you can just trust
me that they are important. It turns out that the above equation, and many other differen-
tial equations, can be presented as a transformation of an infinite dimensional vector space! In
particular, the elements of the vector space are the functions f(z,y).

=0.

Example 1.2. In a similar vein, you may have heard of the Fourier transform. Here is the Fourier
transform of a function f(z):

F()(E) = / f(x) e 2 da.

Again, don’t worry if this means nothing to you; just trust me that the Fourier transform is
important. Looking at the above formula — with an integral, an exponential, and imaginary
numbers — it may seem like the Fourier transform is as far from “linear algebra” as possible. In
reality, the Fourier transform is just another transformation of an infinite dimensional vector space
of functions!

Example 1.3. Infinite dimensional vector spaces arise naturally in physics as well. For example,
in quantum mechanics, the set of possible states of a quantum mechanical system forms an infinite
dimensional vector space. An observable in quantum mechanics is just a transformation of that
infinite dimensional vector space. By the way, don’t ask me too many questions about this — I
don’t know anything about quantum physics!
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Example 1.4. Finite dimensional vector spaces that are not R™ are also important. There are
a number of simple examples I could give, but I'll describe something a little more out there. In
geometry and topology, mathematicians are usually interested in detecting when two complicated
shapes are either the same or different. One fancy way of doing this is with something called
homology. You can think of homology as a complicated machine that eats in a shape and spits out
a bunch of data. Oftentimes, that data is a list of vector spaces. In other words, if S7 and S, are
two complicated mathematical shapes, and H is a homology machine, you can feed S; and Sy to
H to get:

H(S1) = {Vi,.... Vi)
H(Sy) ={W4,...,W,}.

Here, Vi,...,V,, and Wy,... W, are all vector spaces (and they aren’t just copies of R™). If the
homology machines spits out different lists for the two shapes, then those shapes must have been
different! This might sound ridiculous (because it is ridiculous) but if your shapes live in, like,
345033420 dimensions then it’s usually easier to distinguish them by comparing the vector spaces
output by a homology machine, rather than trying to distinguish them in some geometric way.

My point is that vector spaces of all sizes and shapes are extremely common in math, physics,
statistics, engineering, and life in general, so it is important to develop a theory of linear algebra
that applies to all of these, rather than just R". We will approach the subject by starting from
square one. A healthy perspective to take is to forget almost all math you’ve ever done and treat
115A like a foundational axiomatic course to develop a particular field of math. This is the first
goal of 115A.

The last remark about goal (1) that I'll make is the following. You might be thinking: Wouw,
linear algebra in vector spaces other than R™ must be wild and different from what I'm used to!
I can’t wait to learn all of the new interesting theory that Joe is hyping up! If you are thinking
this, then I'm going to burst your bubble and spoil the punchline of 115A: Abstract linear algebra
. general vector spaces is basically the same as linear algebra in R™. Nothing new or interesting
happens. We will talk about linear independence, linear transformations, kernels and images,
eigenvectors and diagonalization, all topics that you are familiar with in the context of R™ and
everything will work the same way in 115A.

(2) Improve logical thinking and technical communication skills.

At some level, this goal is a flowery way of referring to “proof-writing”, but I don’t like boiling it
down to something as simple as that. Upper division math (and real math in general) is different
than lower division math because of the focus on discovering and communicating truth, rather than
computation. As such, you should treat every solution you write in 115A (and any other math
class, ever) as a mini technical essay. Long gone are the days where you do scratch work to figure
out the answer to some problem and then just submit that. High level math is all about polished,
logical, and clear communication of truth.

This is difficult to learn to do well and it takes a lot of time and practice!

2. SETS

Before we discuss vector spaces, we need to take care of a few boring preliminaries. The basic
building block of a vector space is something called a field, which is what we will discuss in the
next section. But before even that, I want to introduce you to some notation and basic concepts
that will be central to the entire course. Hopefully you are already familiar with the basic notions
of sets to some extent, so this first subsection will be a brief overview.
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The most fundamental object of interest in all of math is a set. A set is just a collection —
possibly infinite — of things. For example,

S ={1,2,—-400}
is a set consisting of the numbers 1,2, and —400. As another example,
Sy = {blue, :), 7}

is a set consisting of the word blue, a smiley face, and the number 7.
For larger sets, we will sometimes use the following notation:

S3 = {n : nis a positive, even number}.

This notation is read: Ss is the set consisting of elements of the form n such that n is any positive,
even number. The colon is read as “such that,” and the stuff after the colon is a collection of
conditions that all elements of the set must satisfy. Unraveling the set S3 above,

S3 = {n : n is a positive, even number} = {2,4,6,8, ... }.

We use the symbol € to indicate if something is an element of a set. For example, recall the set
S1={1,2,—-400} from above. We could write

2€ Sl
because 2 is an element of S;. We could also write
3¢5

because 3 is not an element of S.
We can define operations on sets. For example, if A and B are sets, then we define

AUB:={z:x€ Aorz € B}
ANB:={z:x€ Aand z € B}

The first is the union of the sets A and B, and the second is the intersection. For example, using
S1 and S3 from above,

S, USs = {—400,1,2,4,6,8,...}
S, N S5 = {2, —400}.

The empty set, denoted (), is the set consisting of no elements. That is, ) := { }. We could write
S1N Sy =0.

When two sets have empty intersection, we say that they are disjoint.

We can also discuss subsets. In particular, if A and B are two sets, then we say A C B (or
A C B, both notations confusingly mean the same thing) if every element of A is also an element
of B. For example,

{4,6,e} C {4,6,e,10,24}.
One thing that you will have to do often in this class, and in life, is show that two sets are the

same. To show A = B, you should show that A C B and B C A.
The following are some important sets for this course.
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N := {z : z is a natural number} ={0,1,2,3,...}
Z :={x:zisaninteger} ={...,—2,—-1,0,1,2,...}

R := {z : = is a real number}

Q :={z : z is a rational number} = {E P, q €L, qF# 0}
q
C:={xz:x is a complex number} = {a + bi : a,b € R}

3. INDUCTION

One of the most useful proof techniques in all of mathematics is induction. Although you might
already know how induction works, many students are not aware when it should be used. We will
introduce induction as a proof technique and focus on identifying characteristics of an induction
problem.

Induction is typically a way of proving a statement we already know to be true that can be
indexed by the natural numbers. At first glance, that might seem restrictive, but sometimes
intuitive claims that are easy to state are extremely difficult to prove (e.g. Goldbach conjecture
or Collatz conjecture). The general idea is to prove the claim for a simple case (the base case).
Then we prove that if the claim is true at some point, it must be true in the next iteration (the
inductive step). The statement is true in each case because it was true in the previous case. We
are able to lump infinitely many proofs (one for each natural number) into a two-step process. We
illustrate the process with a basic example.

n(n+1)

Proposition 3.1. For each natural number n, the sum of the first n positive integers is =

12
2,

We now attempt the inductive step. Assume that the claim is true for nso 14+2+---+n =

Proof. As a base case, we inspect the claim when n = 1. Clearly, 1 =
n(n+1)
5

We will prove that 1 +2+---+n+ (n+1) = (”H)QM We start with the assumption and add
n-+1 to both sides to obtain the left hand side of the equality we want to prove. We find a common
denominator and factor the numerator on the right hand side to obtain the desired result.

1+2+...+n:w
1+2+“'+n+(n+1):w+(n+l)
1+2+...+n+(n+1):n2+n+22(n+1)
1+2+...+n+(n+1)zw
1+2+...+n+(n+1):(n—|—1)2(n_|_2)

O

Proposition |3.1]is clearly true for small cases of n. In the inductive step, we show that the next
formula will be true based purely on the previous formula. The process continues forever, proving
the claim for all instances of n.

The discussion thus far has been about weak induction since, in the inductive step, we only use
the previous value for n to prove the next. With strong induction, we actually assume that each
value for n up to the desired value is true. We will illustrate strong induction with the following.
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Proposition 3.2. The Fibonacci sequence is defined by F, .o = Fj,11 + F, for all integers n > 0
with starting values F; = 1 and F5 = 1. A formula for F;, is given by

me () - (55))

Proof. We proceed via strong induction on n. As a base case, take n = 1. We have F} = 1 and

1 1+\/51_ -5\ L5
NG 2 2 V52

Now for the inductive step. Assume that

Fo= (<1+2\/5>"_ (1_2ﬁ>n>

for all n < k. We will show that

Fo— L <1+\/5> _(1—\/5>

VAR 2

The formula for the Fibonacci sequence states that Fy,y = Fj + Fj._;. We also note that

(1:|:\/5>2:6:t2\/3:3:|:\/5

2 4 2
Thus
no_ L ((1+V5 o=\ ((1evs) T (1-vE)
SRR 2 - 2 LV 2 - 2
N AN A T A N T N A VA N A A N
VS 2 * 2 5 2 * 2
1 (148 (3B 1 (1-vB\ (3= 15
VS 2 2 V5 2 2
- 1 1+\/g k+1 1_\/6 k+1
VG 2 a 2
as desired. O

One reason the proof went smoothly is we were able to assume the previous two steps of the
process during the inductive step. Weak induction would not have been enough to prove the
statement in this way.

In a surprising turn of events, strong induction and weak induction are equivalent. We can prove
strong induction works using weak induction and visa versa. As a result, most people use strong
induction and weak induction interchangeably.

End of lecture 1
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4. FIELDS

Some sets are just simple collections of elements with no extra structure. Other sets naturally
admit an extra amount of structure and interaction (i.e., algebra.) For example, in the set of
integers, Z = {...,—2,—1,0,1,2,...}, we are familiar with the algebraic operations of addition
(4+) and multiplication (-). That is, given two elements n, m € Z, we can construct a third element
n + m € Z by adding them together, and likewise a fourth element n - m € Z. Furthermore, these
algebraic operations obey a handful of rules (commutativity, distribution) that you learned when
you were a kid.

In contrast, consider the set Sy = {blue,:), 7} from before. We don’t have any familiar algebraic
structure on this set, so for now it will be just be an unstructured collection of random elements.

In Math 115A there is a particular type of set called a field that will be of utmost importance.
It is a set with two operations that satisfy a bunch of rules. I'll give you the formal definition, and
then we’ll look at some examples.

Definition 4.1. A field is a set F with two operations, addition (4) and multiplication (-), that
take a pair of elements z,y € F and produce new elements z + y,x -y € F. Furthermore, these
operations satisfy the following properties.

(1) For all z,y € F,
rT+y=y+zx
l‘-y:y-x.

We refer to this property as commutativity of addition and multiplication respectively.
(2) For all z,y,z € F,

(x+y)+z=a+(y+2)
(- y)2=2-(y-2)

We refer to this property as associativity of addition and multiplication respectively.
(3) For all z,y,z € F,

r-(y+z2)=z-y+a-z
We refer to this property as distributivity of multiplication over addition.
(4) There are elements 0,1 € F such that, for all z € F,
O+z=u
l-z=ux.
The element 0 is an additive identity and the element 1 is a multiplicative identity.
(5) Foreach x € F, thereis an element 2’ € F, called an additive inverse, such that z+z" = 0.

Similarly, for every y # 0 € F, there is an element y’ € F, called a multiplicative inverse,
such that y -3/ = 1.

Example 4.2. The main example of a field is R, the set of real numbers, with the usual operations
of addition and multiplication. All of the above properties should look familiar to you, precisely
because they are modeled after the behavior of R. Throughout Math 115A we will work with
abstract fields F, but usually you can secretly think about R in your head.

Example 4.3. Other familiar examples of field are Q and C.

Example 4.4. The set of integers, Z, with the usual operations of addition and multiplication,
is not a field. Almost all of the field properties are satisfied, except for the multiplicative inverse
property. In particular, it is not the case that for any y # 0 € Z, there is a iy € Z such that
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y -y = 1. For example, the element 2 € Z does not have a multiplicative inverse; we know in our
minds that such a number would have to be %, but that number doesn’t exist in Z.

Similarly, N is not a field. Not only does N not have multiplicative inverses, but it also doesn’t
have additive inverses!

Example 4.5. Here is an example of a field that you may not have seen before. Let F, := {0, 1}
be the set consisting of 2 elements, 0 and 1. Define addition as

04+0:=0

0+1:=1

1+1:=0,
and define multiplication as

0-0:=0

0-1:=0

1-1:=1.

We claim that F; is a field! We won’t verify all of the properties, but each element has an additive
inverse (the additive inverse of 0 is 0, and the additive inverse of 1 is 1), and each non-zero element
has a multiplicative inverse (the multiplicative inverse of 1 is 1).

We will now prove some basic properties of fields. Of course, we want to establish some of these
properties, but the main purpose here is to practice writing proofs and to get you in the correct
mindset for the course. There are a lot of algebraic operations that you take for granted in a field,
and we need to prove them using the defining properties.

Proposition 4.6 (Cancellation laws). Let F be a field. Let z,y,2z € F.
(i) fx+y=az+ 2, then y = z.
(ii) fx-y=x-zand x # 0, then y = 2.

Proof. First, we prove (i). Suppose that z +y = x + z. By Definition 4.1|(5), there exists an
element 2’ such that = 4+ 2’ = 0. Adding 2’ to both sides of the assumed equality gives
¥4+ (x+y)=2"+ (v + 2).
By associativity of addition in a field, this is equivalent to
(' +z)+y= (2 +x)+ 2.
Using the fact that 2’ + x = 0 gives
O+y=0+2 = y==z

Next, we prove (ii). Suppose that z -y = z -z and = # 0. By Definition [1.1(5), there is an
element 2’ such that 2’ - x = 1. Multiplying both sides of the assumed equality,

e (x-y)=a"(x-2).
By associativity of multiplication, it follows that
(' -2) y= (2" ) 2

SO

O

As a corollary, we get another fact that you have also taken for granted (and is not directly
stated in the definition of a field).
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Corollary 4.6.1. The elements 0 and 1 in a field are unique.
Proof. Suppose that 0’ € F is another additive identity, so that 0’ + 2 = x for all x € F. Then,
since 0 + x = x, we have
0+2=0+uz
for all z € F. By Proposition [4.6{1), it follows that 0/ = 0.

Similarly, suppose that there is an element 1’ € F such that 1'- 2z = z for all x € F. Then since
1.2 =x, we have

' z=1x
for all z € F. In particular, we may choose x = 1. By the Proposition [4.6((ii), it follows that
1=1. 0
A similar statement is the uniqueness of multiplicative and additive inverses.

Corollary 4.6.2. For each = € F, the element 2’ satisfying = + 2’ = 0 is unique. If = # 0, the
element 2’ satisfying 2’ - x = 1 is unique.

Proof. Assume that 2’ and x” are elements of F such that z+2' = 0 and x+ 2" = 0. In particular,
z + 1’ =z + 2’ so Proposition [1.6{1) proves 2’ = 2.

Assume that 2’ and z” are elements of F such that z -2’ = 1 and x - 2” = 1. In particular,
z -2’ =z - 2" so Proposition [4.6](ii) proves 2’ = z”. O

These corollaries allows us to talk about the additive identity, the multiplicative identity, and
the additive inverse of an element. Furthermore, we can make the following notational definition.

Definition 4.7. Let F be a field, and let x € F. The additive inverse is also denoted —x, and
then multiplicative inverse (if = # 0) is denoted z~* or 1.

Here are some more familiar properties of real numbers that are true in all fields.
Proposition 4.8. Let F be a field, and let z,y € F.
—(—z) ==z,

(—2)y=z-(~y)=—(z-y),
%—:v) (~y) =1y,

v) If F has more than one element, then 0 has no multiplicative inverse.
Proof. (i)

0-z2=0-240 additive identity
=0-z+ (x+ (—x)) additive inverse
=0-z+z)+(—x) associativity of addition
=(z-0+z-1)+ (—2x) commutativity of multiplication
=z-(0+1)+ (—2x) distributivity of multiplication over addition
=x+ (—x) multiplicative identity
=0

(i) We want to show that x is the additive inverse of —x. By commutativity of addition,
0=z + (—z) = (—z) + 2. By uniqueness of additive inverses, Corollary [1.6.2), —(—z) = =.
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(iii) In order to prove x - (—y) = —(z - y), we need to show that z - (—y) is the additive inverse
of z - y. We have

zy+ax-(—y) =z (y+(—y)) distributivity of multiplication over addition
=x-0 additive inverse
=0z commutativity of multiplication

=0 (i)
Follow a similar argument to show that (—x) -y

(iv)

I
|
—
8
<
N~—

=z-y (ii)

(v) We will prove the contrapositive. Assume there is some z € F such that 0.z = 1. By (i),
0=0-z=1. Forany y € F, we have y = 1-y = 0-y = 0. The field contains only the
zero element.

O

We can also now define the notions of subtraction and division in a field, more things that you've
taken for granted!

Definition 4.9. Let F be a field. For z,y € F, define
r—y:=1x+(—y).
Similarly, if y # 0, define

=X

<S | =

xr
Yy
5. VECTOR SPACES

Just as a field is an abstraction of R, a vector space will be an abstraction of our understanding
of R™. Vector spaces are one the main objects of interest in linear algebra.

Definition 5.1. A vector space over a field F, also referred to as an F-vector space, is a
set V' with two operations, addition (+) and scalar multiplication (-), the first of which takes a
pair of elements v,w € V and produces a new element v +w € V', and the second of which takes
an element A € F and an element v € V and produces a new element A - v € V. Moreover, these
operations satisfy the following properties:

(1) Forall v,w e V,v+w=w+v.

2) For all u,v,w €V, (u+v) +w=u+ (v+w).

) There exists an element 0 € V such that v+ 0=wv for all v € V.
) For each v € V| there is an element v' € V' such that v + v = 0.
) ForallveV,1-v=w.

) Forall \,pe Fandv eV, (A-pu)-v=XA(u-v).

) Forall A e Fandv,w eV, A- (v+w)=A-v+ \-w.

) Forall ,pe FandveV, (A+u)-v=X-v+pu-v.

(
(3
(4
(5
(6
(7
8

(

Definition 5.2. A vector is an element of a vector space.
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Remark 5.3. An important but subtle point is that the operations that define a vector space are
distinct from those that define a field. For example, in Definition (6) there are two completely
different types of multiplication happening on each side of the equation. In the expression

(A-p)-v
the multiplication in the parentheses is the multiplication operation in the field F. The second -

represents scalar multiplication in the vector space V, which is a completely different operation.
In contrast, the expression

A ()
has only scalar multiplication in the vector space V.
Example 5.4. The set
R" := {(x1,...,2,) : z; € R}
is a vector space over R with addition defined as

X (1 T1+ %
N e IR e :
Tn Un, Tn + Yn
and scalar multiplication defined as
1 ATy
A = :
Tn ATy,

All of the above vector space axioms are the usual familiar algebraic rules in R”.

Example 5.5. More generally, we can consider
Fro={(z1,...,2,) 1 x; € F}

where F is any field. Then F™ is a vector space over F with addition defined as

1 (1 1+ Y1
S el IR e :
Tn Yn Tn + Yn
and scalar multiplication defined as
1 ATy
Aol | = :
Tn AT,

Example 5.6. Let M,,«,(F) := {A : Ais an m X n matrix with entries in F}. Define addition
in the usual way. If A, B € M,,»,(F), then

(A + B)Z] = Aij + BZJ
Here, A;; is the (7, j)th entry of the matrix A. Likewise, define scalar multiplication for A € F and
A € Mysn(F) as
Then M,,«,(F) is a vector space over F. Again, we don’t verify all of the properties here, but these
are the usual algebraic operations on matrices. The zero matrix 0 € M,,,(F) satisfies Definition

5.1(3).

Example 5.7. We can endow C with the structure of a vector space in a few ways.
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(1) With the usual operations of complex addition and multiplication, C is a vector space over
C. (In this case, both field multiplication and scalar multiplication in the vector space are
given by the usual multiplication of complex numbers).

(2) We can also endow C with the structure of a vector space over R. This time, scalar
multiplication for A € R and a + bi € C is defined as

A (a+bi) = Aa+ \bi.
This is a different vector space structure than (1)!
Example 5.8. In general, if F is a field, then F is a vector space over F.

Example 5.9. Let S be a set and F a field. Define
F(S,F)={f:5— F}.

The notation f : S — F is a function f whose domain is S and whose codomain is F. Define
addition as

(f +9)(s) = f(s) + g(s)
and scalar multiplication as
(Af)(s) = Af(s).
Then F(S,F) is a vector space over F.

End of lecture 2

Proposition 5.10 (Cancellation law for vector addition). Let V' be a vector space, and let u, v, w €
V. Suppose that u + v = v + w. Then v = w.

Proof. Let v’ be an additive inverse of u.
u+v=u+w

v+ (u+v)=u + (u+w)

(W +u)+v=(u+u)+w associativity of addition
(u+u)+v=(u+u)+w commutativity of addition
0+v=04+w additive inverse
v=w additive identity

O

Corollary 5.10.1. In a vector space, the element 0 is unique. Likewise, for each v € V., the
element v € V satisfying v + ¢’ = 0 is unique.

Proof. We will first prove that 0 is unique. Let 0’ € V' be such that 0’ +v = v for all v € V. Then
0’ =0+ 0 =0 and the additive identity is unique.

Let v" and v” be elements of V' such that v +v" = 0 and v +v” = 0. Then v +v" = v +v” so
v = v" by Proposition [5.10} O

Definition 5.11. Let v € V. Define —v € V' to be the unique element satisfying v + (—v) = 0.
As in a field, we can then define subtraction in a vector space as v — w := v + (—w).

Proposition 5.12. Let V' be a vector space over a field F.
(i) For each v € V, 0-v = 0.

(ii) For each v € V and A € F, (=A\)v = A(—v) = —(\v).
(iii) For each A € F, A-0=0.
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Proof. (i)
0-v=0-v+ (v+(—v)) additive inverse
=0-v+v)+(—v) associativity of addition
=041)-v+(-v) distributivity
=v+ (—v) multiplication by 1

= additive inverse
(ii) Recall that —(Av) is the unique element in V' such that Av + (—Av) = 0. Then
A+ (=AN)v= A+ (=)
by Definition [5.1[8). Since A+ (=) =0 in F,
AU+ (=A)v=00=0

where the last equality follows from (i). By Corollary [5.10.1} (=\)v = —(Av).
We, likewise, show that

AU+ A(—v) = AMv+ (—v))) = A0 = 0.

Thus A\(—wv) is the additive inverse of Av and A(—v) = —(\v).
(iii)

A-0=X:(v+(—v)) additive inverse
= v+ A\(—v) distributivity
=\ + (=) (ii)
=0 additive inverse

6. SUBSPACES

Definition 6.1. Let V' be a vector space over a field F. A subspace of V is a subset W C V
such that W is a vector space over F with the operations inherited from V.

Example 6.2. Let V' be a vector space. Then {0} C V and V C V are both subspaces of V.

Note that, for any subset of a vector space, the axioms (1), (2), (5), (6), (7), and (8) in Definition
automatically hold because the subset inherits the operations of V. Thus, to determine if a
given subset W of V' is a subspace, one needs to only verify that addition and scalar multiplication
are well-defined when restricted to the subset along with following axioms.

(3) There exists an element 0 € W such that w + 0 = w for all w € W.
(4) For each w € W, there is an element w’ € W such that w + v’ = 0.

In fact, we can identify subspaces in the following efficient manner.

Proposition 6.3. Let V' be a vector space over F. A subset W C V is a subspace if and only if
the following three properties hold for the operations defined in V.

(1) oew

(2) If v,w e W, thenv+w e W.

(3) If A€ Fand v e W, then v € W.
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Proof. (=) Assume that W C V is a subspace. Since W is a vector space with the operations
inherited from V, (2) and (3) automatically hold. Furthermore, since W is a vector space, there
exists an element 0" € W such that 0' + w = w for all w € W. The zero element from V' satisfies
0+ v = for all v € V. By the cancellation law, Proposition [5.10, 0 = 0’. Therefore, 0 € W, and
(1) holds.

(<) Assume that (1), (2), and (3) hold. We wish to show that W is a subspace of V. Because W
inherits the operations of V', it follows that (1), (2), (3), (5), (6), (7), and (8) from Definition
automatically hold in W. We only need to verify the existence of additive inverses. Fix w € W.
By closure under scalar multiplication, (—1)w = —w € W so w has an additive inverse in W.
Therefore, W is a subspace. O

We call the second property closure under addition and the third property closure under scalar
multiplication. Using these, we can easily identify more examples and non-examples of subspaces.

Example 6.4. The intuitive notion of a subspace should familiar in the setting of R”. Namely,
any hyperplane passing through the origin is a subspace. A hyperplane not passing through the
origin is not a subspace, in part because it doesn’t contain 0. A set like

S ={(x,y) e R?: y = 27}

is not a subspace of R? since it isn’t closed under addition or scalar multiplication (though it does
contain the origin).

End of lecture 3

Example 6.5. Consider the vector space M, x,(F) of n x n matrices with entries in a field F.
Let W C M,,«n(F) be the set of all symmetric matrices,

W= {A € Mnxn(f) : Aij = Ajz‘ forall 1 <i,5 < n}

Note that the 0 matrix is symmetric. If A and B are symmetric, then A+ B and AA are symmetric.
Thus, W is a subspace of M,,«,(F).

End of lecture 4

We can also define the set of skew-symmetric matrices,

Z = {A S Man(f) : Aij = _Aji fOI' all 1 S ’l,j S n}

Note that the 0 matrix is skew-symmetric. If A and B are skew-symmetric, then A + B and \A
are skew-symmetric. Thus Z is a subspace of M,,x,(F).

Example 6.6. Consider the vector space M, «,(R) of n x n matrices with entries in R. Let
S C M, xn(R) be the set of matrices with non-negative entries,

The set S is not a subspace since it isn’t closed under scalar multiplication. For example, if
A € M,x,(R) is any non-zero matrix, then (—1)A ¢ S.

Proposition 6.7. Let V be a vector space, and let W7, W, C V' be subspaces. Then W; N W5 is
a subspace.

Proof. Since W7 and W5 are subspaces, 0 € W7 and 0 € W5. Thus, 0 € W, N Ws.

Let v,w € Wy N Ws,. Since v,w € W; and Wj is a subspace, we have v + w € Wj. Likewise,
since v, w € Wy and W5 is a subspace, we have v +w € Wy, Thus, v +w € Wi N Ws.

Let v € Wi NW5 and A € F. Since W is a subspace and v € W7, we have Av € W;. Likewise,
since W5 is a subspace and v € Wy, we have Av € W,

By Proposition [6.3], W, N W; is a subspace. 0
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In general, the union of two subspaces is not a subspace!

Example 6.8. Consider R? with W, the z-axis and W, the y-axis. Then W; U W, is not closed
under addition. For example, (1,0) + (0,1) = (1,1) is not on either axis. Thus W; U W, is not a
subspace of R2.

7. DIRECT SUMS OF SUBSPACES

Even though the union of two subspaces is not a subspace in general, it would be nice to have
a way to “combine” two subspaces to form a new one.

Definition 7.1. Let S;,.S5, C V be subsets of a vector space V. The sum of S; and 55 is
Sl +52 = {51 + 89 : 81 € Sl, So € SQ}

Definition 7.2. A vector space V is the direct sum of two subspaces Wi, Wy C V., written
V:W1€BW2, 1fW1ﬂW2={O} and W1+W2:V.

Example 7.3. Consider the vector space R?. Let W, and W, be the z-axis and y-axis respectively
as in Example . Fix any element (x,y) € R?. Then
(z,y) = (2,0) + (0,y).

Since (z,0) € Wi and (0,y) € Wy, we have R? = W, + W,. Further, W, N Wy = {(0,0)} so
R2 = Wl EB WQ.

More generally, if W, and W, are any two non-parallel lines passing through the origin in R?,
then ]RZ = W1 D WQ.

End of lecture 5

Example 7.4. Consider the vector space R?. Let Wi = {(x,4,0) : 2,4 € R} be the zy-plane,
and let Wy = {(2,0,2) : 2,2 € R} the zz-plane. We can show that W; + W, = R3. However,
WiN Wy = {(2,0,0) : x € R} is the z-axis. As a result, R? is not the direct sum of W, and W,

We note that a vector like (1,1,1) € R? can be written as two different sums of an element in
W1 and an element in W5.

The lack of a unique representation for (1,1,1) is an important indicator that a vector space is
not a direct sum of the given subspaces. We will revisit this concept in Proposition [7.6]

Example 7.5. Consider the vector space F(R,R) = {f : R — R} of functions from R to R.
Define the following subspaces of even functions W; and odd functions W5.

Wi =A{f e FRR): f(—z) = f(x)}
Wy ={f € FR,R): f(-z) = —f(x)}
We claim that F(R,R) = W; + Ws. Let f € F(R,R). Define g, h € F(R,R) as follows.

sy o L)1)
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Then
ofa) + hia) = LTI @) Z 1D
T2 2
~ f(a).
Note that
PR (G R (T (SRS (G

so h € Wy. Since f = g + h, this shows that F(R,R) = W; + Ws.

We claim that F(R,R) = W; & W,. It remains to show that Wy N Wy = {0} where 0: R — R
is the zero function. Suppose that f € Wy N Ws,. Then f(x) = f(—z) and f(z) = —f(—=z) for all
r € R. Thus f(—x) = —f(—=x) for all x € R. The only number satisfying this property is 0 so
f(z) = f(=z) =0 for all x € R. Therefore, W; N Wy = {0}, and F(R,R) = W; & W;.

The following proposition gives another perspective on the meaning of a direct sum.

Proposition 7.6. Let V be a vector space and let Wy, Wy C V be subspaces. Then V = W; & W,
if and only if each element of v can be uniquely written as w; + ws for some w, € Wi, wy € W,

Proof. (=) Suppose that V = W; & W,. Fix v € V. Since V.= W; & Wy, V = W + W5 so there
exist w; € Wy and we € Wy such that v = wy; + wy. We need to show that this decomposition is
unique. Suppose that there is another decomposition v = w] +w} such that w}] € Wi and w), € W.
Then w; + wy = w} + wy, which implies wy — w| = w), —wy. Because W, and W, are closed under
addition, the left side of the equality is an element in W; and the right side is an element in Wj.
Thus the equality represents an element of W; N W,. Since V. = Wy @ Wy, Wy N Wy = {0} so
wy —w) = 0 = w)y — wy. Therefore, w; = w] and wy = wj. The decomposition v = w; + wy is
unique.

(<) Suppose that Wi, W, C V are subspaces such that every v € V has a unique decomposition
v = wy + we for some wy; € W and wy € Wy, We need to show that V' = W; @ Ws. Since every
element of v admits a decomposition v = w; + ws, it follows that V' = W, + W5, It remains to
show that W, N W, = {0}. Suppose that v € W; N W,. Note that

v=v+0
is a decomposition of v since v € Wy and 0 € W5. On the other hand, we can view
v=0+v

as a decomposition with wy = 0 € W; and wy, = v € W5, By assumption, the decomposition is
unique so v = 0. Thus Wy N W, = {0}, and V = W; & W, O

We can generalize the notion of direct sum to multiple subspaces.
Definition 7.7. Let W1y, ..., W} be subspaces of a vector space V. Define

Wi+ + W, i={w + - +w s wy; € W;}
We say that V is the direct sum of Wy, ... Wy, written
V=& oW,
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8. LINEAR COMBINATIONS AND SPAN

Definition 8.1. Let V' be a vector space over a field . A linear combination of vectors
vy,...,0 €V is an element of the form

avy + -+ agvg €V
where ay,...,a, € F.

Example 8.2. Consider the real vector space R%. The element (1,6) € R? is a linear combination

of (1,2) and (—1,0) as follows.
(2)+2(4) = ()

Example 8.3. Consider the vector space F(R,R) of functions f : R — R. The element 2x+3sin x
is a linear combination of z € F(R,R) and sinz € F(R,R).

Definition 8.4. Let V be a vector space, and let S C V' a non-empty subset. The span of 5,
denoted Span(.S), is the set of linear combinations of all elements of S,

Span(S) := {ajvy + - - + axvy, s a; € F, v; € S}.
The the span of the empty set, Span(()), is defined to be {0}.
End of lecture 6

Example 8.5. Consider the vector space R? and the set S = {(1,0,0),(0,1,0)}. The span of S
is geometrically described as the zy-plane. Formally,

1 0
Span(S) =< a; [0] +as | 1] :a1,a0 €R
0 0
aj
= as tay, a9 € R
0

Taking the span of a set of vectors is an easy way to build a subspace in a vector space.

Proposition 8.6. Let V' be a subspace, and let S C V' be a subset. Then Span(S) is a subspace
of V. Moreover, it is the smallest subspace containing S.

Proof. First, we show that Span(.S) is a subspace. Let s € S be any element. Then
0=0-s & Span(95).

Let v, w € Span(S). By Definition [8.4] there exist s1,...s, € S and ay, ..., a; € F such that

U =a181 + -+ agSk.
Likewise, there exist s},...,s, € S and a,...,a], € F such that

w=ajs) + -+ a,s,.
Then

VA w=a18 + -+ agsp + ays; + -+ al, s,

so v+ w is a linear combination of elements in S. Thus v + w € Span(S). Let v € Span(S) and
A € F. As before, there exist sq,...s, € S and aq,...,a, € F such that

UV =a181 + -+ agSk.
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Then
A= (Aay)sy + - + (Aag)sg.

Thus Av is a linear combination of elements of S so Av € Span(S). By Proposition it follows
that Span(.S) is a subspace.

Next, we prove that Span(S) is the smallest subspace containing S. Suppose that W is a
subspace such that S C W. We will show that Span(S) C W. Let v € Span(S). There exist
S1,...8, € S and ay,...,a; € F such that

v =ai81 + -+ agSg-

Note that W is closed under addition and scalar multiplication. Since each s; € S C W, the linear
combination v = a8 + -+ - + as € W. Thus Span(S) C W. O

Corollary 8.6.1. Let W be a subspace of a vector space V that contains set S. Then Span(S) C
W.

Definition 8.7. A subset S of a vector space V' generates (or spans) V' if Span(S) = V. In this
case, we also say that the vectors of S generate V.

We can start to describe vector spaces with infinitely many elements in terms of linear com-
binations of finitely many elements. In the case of R?, we often describe each vector as a linear
combination of (1,0) and (0,1). The entire xy-plane is encapsulated by only two vectors.

Example 8.8. We will show that the matrices

11 11 10 01

1 0/°\0 1/>\1 1)’\1 1
generate Msyo(R). In other words, an arbitrary matrix A € Msy»(R) can be written as a linear
combination of the four matrices. We have

a2 1a —l—la —i—la —ga b
o gy )  \ 301 T gz T oo — ol 10
11
(J

0

1

)

n 1 +1 2 +1
36L11 3a12 3Cl21 3a22

n 1 2 n 1 + 1
3a11 3a12 3(121 36l22
2 1

+{—3 +a+a—|—a
(311312 21 22

G096

do not generate Ms,2(R) because any linear combination will have equal diagonal entries.

However, the matrices

9. LINEAR INDEPENDENCE

Next, we discuss linear independence, a concept that should be familiar from linear algebra in
R™. Our goal is to describe sets of vectors for which there are no redundancies. Each vector in a
linearly independent set provides information about a “new” direction in the vector space.

Recall from Example that if S = {(1,0,0),(0,1,0)} C R3, then

3]
Span(S) = as | :aj,a €R
0
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On the other hand, let S" = {(1,0,0), (0, 1,0), (1,1,0)} where we include the vector (1,1,0) to S.
The span does not change. That is,

ay
Span(S’) = az | :aj,a; € R
0
Roughly this is because the third vector is already a linear combination of the first two so it doesn’t

add “new information.” Equivalently, there is a non-trivial linear combination of the three vectors
that produces the zero vector.

1 0 1 0
O1+(1]—-{1]=10
0 0 0 0

Definition 9.1. Let S be a subset of a vector space V. We say that S is or the elements of S are
linearly dependent if there are vectors vq,...,v, € S and scalars aq,...,a, € F such that

av1 + -+ ayv, =0
for some a; non-zero. A set S is linearly independent if it is not linearly dependent.

Note that we have made no assumption about S being finite! The definition holds for sets of
infinite vectors.

Example 9.2. Consider the vector space P(R) of polynomials with coefficients in R. Define
S={1+z,1—22*1+22°}.
Then S is linearly dependent because
1(1+2)— 1(z — 22%) — 1(1 +22?) = 0.

On the other hand, the set S’ = {1, z,2?} is linearly independent. Suppose there were a linear
combination of these vectors that produce the zero vector. That is, there are constants ag, a, as
such that

ap + a1z + axz? = 0.

By an elementary fact about polynomials, the only way this is possible is if a; = 0 for 0 <7 < 2.
End of lecture 7

Remark 9.3. We will also write P.(R) to be the vector space of polynomials of degree less than
or equal to k with coefficients in R. Example would also work in the vector space P(R).

Example 9.4. Suppose that 0 € S. We have the following non-trivial linear combination of
elements in S that produces the zero vector.

1-0=0
Thus S is linearly dependent. Any set containing the zero vector is linearly dependent.

Example leads to an important equivalent way to think about linear independence, which is
essentially a reformulation of Definition [9.1]

Proposition 9.5. A set S C V is linearly independent if and only if, for any vy,...,v, € S,
a1y, + -+ apv, =0 = ay=--=a,=0.

Example 9.6. Let v € V be a non-zero vector. Then {v} is a linearly independent set since
av = 0 implies a = 0.
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Example 9.7. Consider the vector space F(R,R). The vectors sinz and cosx are linearly inde-
pendent. Indeed, suppose
asinx +bcosxz =0

for some constants a,b. Note that this is an equality of functions, not of numbers! Thus
asinx +bcosxz =0

for all z € R. Plugging in x = 0 gives b = 0, and plugging in = = § gives a = 0. Therefore, sinx
and cos x are linearly independent.

Proposition 9.8. Let V be a vector space, and let S; C S; C V. If S; is linearly dependent, then
S, is linearly dependent.

Proof. Since S; is linearly dependent, there is some linear combination aivy + - -+ 4+ agvr, = 0 for
v; € S and non-zero scalars a;. Each v; is also in S5 so the linear combination aqv; +-- -+ axvr = 0
is a non-trivial representation of 0 with vectors in S;. Thus S5 is linearly dependent. 0

Corollary 9.8.1. Let V be a vector space, and let S; C Sy C V. If S5 is linearly independent,
then S is linearly independent.

Proposition 9.9. Let S be a linearly independent subset of a vector space V. Let v be a vector
in V' that is not in S. Then S U {v} is linearly dependent if and only if v € Span(S).

Proof. (=) Assume that S U {v} is linearly dependent. Then there are vectors wuj,us, ..., u; in
S U {v} such that aju; + ... agu, = 0 for some non-zero scalars a;. If each u; € S, then a; = 0 for
all 1 <14 < k by S linearly independent. Therefore, one of the wu;, say u;, is equal to v. We can
write
v = —aj (agus + - - + aruy)

so v € Span(S) as desired.

(<) Assume v € Span(S). Then v = aju; + - - - + aguy for u; € S and scalars a;. We can write
0 = ajuy + -+ + agpugp — v. The set {uy,...,ux, v} is linearly dependent so S U {v} is linearly
dependent by Proposition [0.8| O

End of lecture 8

10. BASES AND DIMENSION

The idea of linear independence was motivated by the desire to identify a “minimal spanning
set.” In words, given a vector space or subspace, could we find a set S with as few elements as
possible that span the space?

Definition 10.1. Let V be a vector space. A basis of V is a linearly independent set B such that
Span(B) = V.

Proposition 10.2. Let V' be a vector space, and let B = {uy,...,u,} be a subset of V. Then B
is a basis of V' if and only if every element v € V' admits a unique decomposition of the form

V= a1Uy + -+ aply
for some aq,...,a, € F.

Proof. (=) Suppose that B is a basis. Let v € V. Since Span(B) = V, there exist scalars a4, ..., a,
in F such that

V= a1Uy + -+ Aplp.
Suppose that v = aju; + - - - + alu, is another such decomposition. Then since

/ /
a1y + -+ -+ QGpUp = AUy + - - - + Q, Up,
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we have

T A T
Since {uy,...,u,} is linearly independent, it follows that a; —a} = 0,...,a, — a,, = 0. Thus
ay =ay,...,a, = a, so the above decomposition is unique.

(<) Assume that every element v € V has a unique decomposition of the form auy +- - - +anu,.
Since such a representation exists for each v € V| we have V' = Span(B). For the zero vector,
we always have the representation Ou; + - - - 4+ Ou,,. By assumption, the representation is unique.
Proposition proves that B is linearly independent and, thus, a basis for V. 0

Example 10.3. Let e¢; € F" be the vector (0,...,0,1,0,...,0) where the 1 is in the ith position.
The standard basis for the vector space F" is the set B = {e; : 1 < i < n}. Clearly, each vector in
F™ can be written as a linear combination of the standard basis vectors. We need only check that
B is linearly independent. For the linear combination

arey + -+ + anen =0,
we want to show that each a; has to be 0. Writing both sides as vectors,

aq 0

an, 0

The only linear combination of the vectors in B that produces the 0 vector requires all 0 coefficients.
We can check that each vector in F" can be written uniquely as a linear combination of B.

Example 10.4. Every polynomial in P(R) can be written as a linear combination of the elements
of B={1,z,22,...}. The only way that Zf:o a;x' = 0 is if a; = 0 for each 7. Thus B is linearly
independent. We call B the standard basis for P(R).

Theorem 10.5 (Replacement Theorem). Let V' be a vector space, and suppose that S C V is a
finite subset with n elements such that Span(S) = V. Let L C V be a set of linearly independent
vectors with m elements.

(i) m<n

(ii) There is a subset S C S of n — m vectors such that

Span(L U S") = V.

Proof. E]Fix n > 0. We proceed by induction on m.

As a base case, consider m = 0. A subset L C V with m = 0 elements is necessarily the empty
set. Since 0 < n, (i) holds. Further, Span(L U S) = Span(S) = V so (ii) holds with S’ = S.

Now we perform the inductive step. Suppose the claim is true for some m > 0. Let L be a set
of linearly independent vectors with m + 1 elements. We wish to show that m + 1 < n and there
is a subset S’ C S with n — (m + 1) elements such that Span(L U S’) = V.

Write L = {vy,...,Ums1}. L is linearly independent so Corollary implies {vy,..., v} C L
is linearly independent. By the inductive hypothesis, we have m < n. Also by the inductive
hypothesis, there is a subset S” := {uy, ..., U} C S such that

Span(vy, ..., Uy Uiy« ooy Up—yy) = V.
It may still be the case that m = n. Since v,,,1 € V, it follows that

Umt1 = QU1 + ** QU + blul + -+ bnfmunfm

IThis proof is optional.
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for some scalars a;,b; € F. Suppose that m =n or n —m = 0. Then v,,;, is a linear combination
of vi,...,v,, which contradicts that fact that L is linearly independent. Thus n —m > 0 and
m + 1 < n. This proves (i) in the statement of the theorem.

We need to identify a subset S" C S with n — (m + 1) elements such that L U S’ spans V. Note
that at least one of the b; coefficients must be non-zero. Possibly after reordering elements, assume
that by # 0. Let 8" = {ug, ..., up_m} so S’ has n — (m + 1) elements. We claim that

Span(L U S") = V.

Note that
{vi, .., Vm, U2, .. Up_p } C Span(L U S").
Since
1 aq [07%% b2 bn—m
Uy = b—lUmH - b—l?fl - E/Um b1U2 - b—lun—m

uy € Span(L U S’). Therefore,
{v1,. ., Um UL, Uy} C Span(L U S).

The span of the set on the left is V' by the inductive hypothesis. Corollary implies that V' is
a subset Span(L U S"). O

Corollary 10.5.1. Let V be a vector space with a finite basis. Then every basis of V' contains
the same number of elements.

Proof. E]Let B be a basis of V' with n elements. Let B’ be another basis. We wish to show that B’
also has n elements. Suppose that B’ has more than n elements (possibly infinitely many). Let S
be a subset of B’ with n 4+ 1 elements. Since B’ is linearly independent, S is linearly independent
by Corollary [9.8.1] Since B is a spanning set of V, Replacement Theorem implies n+1 < |B| = n,
a contradiction. Thus B’ cannot have more than n elements.

Now let m denote the (finite) number of elements of B’. By above, m < n. Reverse the roles of
B and B’. Since Span(B’) =V and B is linearly independent, Replacement Theorem implies that
n < m. We conclude n = m. 0

Using Corollary we can now formally define the notion of dimension. Dimension assigns
to each vector space a number. The number indicates the “size” of the vector space or, more
specifically, how many vectors we need to uniquely describe each element.

End of lecture 9

Definition 10.6. A vector space V is finite dimensional if it has a basis with finitely many
elements. The number of vectors in any basis for a finite dimensional vector space V' over F is the
dimension of V| denoted dimz(V'). If a vector space does not have a finite basis, it is infinite
dimensional.

Remark 10.7. When it is clear to which field we are referring, we will drop the subscript part of
the dimension notation.

Example 10.8. The vector space {0} has dimension 0 because Span()) = {0} by definition.

Example 10.9. The dimension of F" is n since the standard basis from Example has n
elements.

Example 10.10. The vector space P(F) is infinite dimensional because the set {1,z,z?, ...} is
a basis by Example [10.4]

2This proof is also optional.
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Example 10.11. Recall that C can be given a vector space structure in two different ways: as a
real vector space (over R) and as a complex vector space (over C).
(1) View C as a vector space over C. According to Example with F = C and n = 1, the
vector space has dimension 1 with possible basis {1}. Thus dim¢(C) = 1.
(2) View C as a vector space over R. Then {1,4} is a basis for C so C has dimension 2. Indeed,
any complex number a + bi € C is a linear combination of 1 and ¢ via

a+bi = (a)l + (b)i.
We now show that {1,¢} is linearly independent over R. Suppose that a;,as € R are real
numbers such that
CL1'1+CL2'7::0.
Then a; 4 ai = 0 implies a; = as = 0, and {1,4} is linearly independent. Therefore, {1,i}
is a basis for C as a vector space over R. We have dimg(C) = 2.

The next two results prove that, in a finite dimensional vector space, a spanning set can be
reduced to a basis and a linearly independent set can be extended to a basis. If we have a linearly
independent or spanning set, we need only count the number of elements to check whether the set
is a basis for a finite dimensional vector space.

Proposition 10.12. If a vector space V is generated by a finite set S, then some subset of S is a
basis for V. Hence V has a finite basis.

Proof. If S = () or S = {0}, then V' = {0}. We note that () C S is a basis for V. Otherwise

S contains a non-zero vector u;. By Example , {u1} is a linearly independent set. Continue,

if possible, choosing vectors us, ..., u; in S such that {ui,us,...,u;} is a linearly independent
set of k vectors. Since S is finite, the process must terminate with a linearly independent set
B = {uy,us,...,ur}. There are two ways this could happen.

(1) The set B = S. In this case, S is both a linearly independent set and a generating set for
V. That is, S is a basis for V.

(2) The set B is a proper linearly independent subset of S such that adjoining to B any new
vector in S produces a linearly dependent set. We claim that B C S is a basis for V. Since B
is linearly independent by construction, it suffices to show that B spans V. If we can show that
S C Span(B), then V = Span(S) C Span(B) by Corollary 8.6.1] Let v € S. If v € B, then
clearly v € Span(B). Otherwise, v € B, and B U {v} is linearly dependent by assumption. Thus
v € Span(B) by Proposition We conclude that S C Span(B). O

Proposition 10.13. Let V be a vector space with dimension n.

(i) If S C V is a finite spanning set of V, then |S| > n. If |S| = n, then S is a basis.
(ii) If L is a linearly independent subset of V' such that |L| = n, then L is a basis.
(iii) If L is a linearly independent subset of V', then L can be extended to a basis (that is, there
is a basis B such that L C B).

Proof. Let B be a basis of V', which will have n elements by Corollary [10.5.1]

(i) Let S be a finite generating set for V. By Proposition [10.12] some subset H of S is a
basis for V. Corollary implies that H contains exactly n vectors. Therefore, S must
contain at least n vectors. If S contains exactly n vectors, then we must have H = S and
S is a basis for V.

(ii) Let L be a linearly independent subset of V' containing exactly n vectors. Replacement
Theorem proves there is a subset H of B containing n — n = 0 vectors such that L U H

generates V. Thus H = (), and L generates V. Since L is also linearly independent, L is a
basis for V.
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(iii) If L is a linearly independent subset of V' containing m vectors, then Replacement Theorem
asserts that there is a subset H of B containing exactly n — m vectors such that L U H
generates V. Thus L U H contains at most n vectors. By (i), the spanning set L U H
contains at least n vectors. Therefore, L U H contains exactly n vectors so L U H is a basis
for V' by (i).

O

We can briefly summarize the contents of the Replacement Theorem, Proposition [10.12] and
Proposition [10.13] Let V' be a vector space of dimension n. Then linearly independent sets have
size < n, generating sets have size > n, and bases have size n. Any linearly independent set can
be made into a basis by strategically adjoining elements until we have size n. Any spanning set
can be made into a basis by strategically removing elements until we have size n.

As a point of caution, not all subsets of V' of size < n are linearly independent. Likewise, not
all subsets of V' of size > n are spanning sets. We always need to show at least one of linear
independence or span.

The following is an example of how we can reduce a spanning set to basis.

Example 10.14. Consider the vector space P(R) of polynomials (of any degree) with coefficients
in R. Define the following vectors.

pi(z) = o +22°

po(z) =1+ 2+ 2°

p3(x) = 3+ dx + 3% + 22°
pa(x) =0

Let W' := Span({p1(x), p2(x), p3(x), pa()}) s0 S = {p1(x), p2(x), p3(x), pa(x)} is a generating set
for W. By Example 9.4] py(x) = 0 € S implies that S is not linearly independent. We want to
reduce the spanning set S to a basis for W. We will need to remove py(z). Note further that

p3(7) = 3 + 4z + 32° + 22°
= (z+22°) +3(1 + = + 2?)
= p1(x) + 3p2(2).

We guess that {p;(x), p2(x)} is a basis for W.
Suppose a,as € R such that

arp1(z) + azpa(x) =0
aq (ac+2:v3) + ag (1—|—x+x2) =0
ag + (a1 + ag)x + agx® + 2a,2° = 0.

For a polynomial to be the zero polynomial, all of its coefficients must be 0. We obtain the following
system of linear equations.

as =0
a1 +as =0
a; =0
201 =0

The first and fourth equations imply that a; = ay = 0. Therefore, {pi(z),pa(z)} is linearly
independent.
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Next, we show that Span({pi(z),p2(z)}) = W. Let v(x) € W. Then
v(z) = ar1p1 () + azpa(r) + azps(x) + aspa(r)

for some aq, as,as,as € R. By above,

v(z) = aripr(x) + asp2(x) + as(pi(z) + 3p2(z)) +as- 0
= (a1 + a3)p1(x) + (a2 + 3az)p2(2).
Thus v(x) € Span({p1(z), p2(x)}), and W C Span({p1(x), p2(x)}). Since pi(z), pa(zx) € W, Corol-

lary [8.6.1] implies Span({pi(z), pa(z)}) is a subset of W. Therefore, W = Span({pi(z), p2(z)}).
We conclude that {p;(z ),pg(m)} is a basis and dim(WW) = 2.

End of lecture 10
The following is an example of how we can extend a linearly independent set to a basis.

Example 10.15. Consider the vector space P3(R) of polynomials of degree less than or equal to
3 with coefficients in R. Define S = {1,1+ z,1+ 2?}. We immediately know that S is not a basis
for P3(R) since |S| = 3 < 4 = dim(P3(R)). However, we can show that S is linearly independent
as follows. Suppose aq,as, a3 € R are such that

ap-1+ay - (1+2)+az-(1+2%)=0.
We group the terms based on degree to obtain

(ay+ag+as)-1+ay-xv+az-2°=0
and the system of equations

CL1+CL2+&3:0
CLQZO
a3:0.

Thus a1 = as = ag = 0 is the only possible solution. We conclude that S is linearly independent.

We will now extend S to a basis for P3(R). We want to adjoin some element of P3(R) that is
not in Span(S). Since the degree of each term of S is less than or equal to 2, an element of P5(R)
of degree 3 should be a good choice. Define S’ = S U {z®}. Since |S'| = 4 = dim(P3(R)), it is
sufficient to show S’ is linearly independent in order to show S’ is a basis for P3(R) by Proposition
10.13|(ii). Suppose aq, a9, as,ay € R are such that

ap-1+ay-(1+2)+asg-(1+2%) +ay-2°=0.

We derive a system of linear equations whose only solution is a; = as = az = a4 = 0. Therefore,
S’ is linearly independent and a basis for P3(RR).

We can prove that subspaces of vector spaces cannot have larger dimension than the overall
vector space. Further, a subspace of the same dimension as the overall vector space must be the
whole thing. In other words, dimension is a well-behaved tool for judging the size of vector spaces.

Proposition 10.16. Let V' be a finite dimensional vector space, and let W C V' be a subspace.
Then W is finite dimensional, and dim(W) < dim(V'). Moreover, if dim(W) = dim(V'), then
V=Ww.

Proof. Let dim(V) = n. If W = {0}, then dim(W) < dim(V). Assume W # {0} so there is
some non-zero vector v; € W. Continue choosing vectors v; € W so that {vy,..., v} is linearly
independent. Since no set of linearly independent vectors can have more than n vectors, the
process terminates at a point at which k& < n. Further, adjoining any new vector from W produces
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a linearly dependent set. By Proposition 9.9 {vi,..., v} spans W. Therefore, {vy,..., v} is a
basis for W so dim(W) = k < n.

If dim(W) = dim(V'), then By is a linearly independent set of V' with dim(V') vectors. Proposi-
tion [10.13](ii) implies that By, is a basis for V. Therefore, V' C Span(By) =W, and V =W. O

We can also connect the concepts of basis and dimension to direct sums of subspaces.

Proposition 10.17. Assume that a vector space V can be written as Wy @ --- @ W}, for finite
dimensional subspaces Wy,...,W,. Let By,..., B, be bases for Wy,..., W, respectively. Then
B:=B,U---URBy is a basis for W, @ --- @ W,.

Proof. We will proceed by induction on k. The result is trivial for £ = 1. Assume the claim holds
for k. We will prove it for £ + 1. Note that Wy @ -+ @ Wiy = W1 @ --- & Wy) @ Wyyq. Then
C:=ByU---UDB be a basis for W; & --- @ Wy by the inductive hypothesis.

Define B=ByU---UBjy1. Let v € V. Then v = aqwy + - - - + ap 1wy, 1 for w; € W; and scalars
a;. We can write a;w; + - - - + apwy, as a linear combination of vectors in C and a w41 as a linear
combination of By1. Thus B spans V.

Let B; = {vi,...,vi, }. Assume > 1/ > aijvf = 0 for scalars a; ;. We can rearrange the

equation to obtain 3% | Do a v = — (T agga 05 Since Wit V(Wi - -+ W) = {0},

k. my
E E CL,L'J"U;- =0
i=1 j=1
ME41
§ : k+1 __
ak+17jvj =0.
J=1

The set C is linearly independent so a; ; = 0 for 1 <¢ < kand 1 < j < m,. Further, By, is linearly
independent so a;1;1; = 0. Therefore, B is linearly independent, and B is a basis for V. O

Corollary 10.17.1. Let Wy, ..., W) be finite dimensional vector spaces. Then
k
dim(Wy @ -~ & Wy,) = Y dim(W).
i=1

11. LINEAR TRANSFORMATIONS

So far, we have studied linear algebra in the context of a single vector space. We want to
expand our horizons and incorporate communication between two vector spaces. Perhaps we want
to understand their similarities and differences. To do so, we need to study functions f: V — W
whose domain is some vector space V' and whose codomain is another vector space W. In order for
this to be useful, the function needs to respect the vector space structure. We develop the definition
of a linear transformation.

Definition 11.1. Let V, W be vector spaces over the field F. A function 7' : V' — W is a linear
transformation, linear map, linear function, or simply linear if the following hold.
(i) For all v,0" € V,
Tw+v")=T()+T).
(ii) For all v € V and X\ € F,
T (M) = AT (v).

Remark 11.2. Note that the addition and multiplication on the left side of each equality above
occurs in V' while the addition and multiplication on the right side of each equality occurs in W.
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Remark 11.3. We will rarely mention the field . Whenever we discuss a linear transformation,
it is assumed that the domain and codomain vector spaces are with respect to the same field.

Example 11.4. Consider the map 7' : R — R defined by T'(z) = 3z. We can show that T is
linear as follows.

T(x+y)=3x+y)
=3z + 3y
=T(x)+T(y)

T(A\x) = 3(\x)
=\-3z
= \T'(z)

for all z,y € R and A € R.
On the other hand, consider f : R — R defined by f(x) = 3z + 1. The function f is not linear.

f2-1)=32-1)+1=7
2-f(1)=23-1+1)=8
We will consider more examples soon, but one important and identifying feature of a linear

transformation is that it always takes the zero vector to the zero vector. This provides a way to
immediately recognize that f in Example is not linear.

Proposition 11.5. Suppose that 7': V' — W is linear. Then T'(0) = 0.
Proof. We have T'(0) =T(0-0)=0-7(0) = 0. O

Example 11.6. Let A € M,,x,(F). Define T : F* — F™ by T(z) = Ax where Az is the
usual matrix-vector multiplication of an m x n matrix by an n x 1 vector. Then 7" is a linear
transformation.

Example 11.7. Let T : P(R) — P(R) be the map given by T'(p)(x) = p'(z) for all p € P(F). In
words, 1" is the map that eats a polynomial and spits out the derivative. We claim 7' is linear. Let
p,q € P(R) and A € R. By properties of the derivative from calculus, we have

T(p+q)(z) = (p+q) ()
=p'(z) +¢'(2)

(
=T(p)(x) + T(g)(z)

Therefore, T is linear.
End of lecture 11

Example 11.8. Let 0 : V' — W be the zero transformation. In other words, 0(v) = 0 for all
v € V. Then 0 is linear.

Example 11.9. Let [ : V — V be the identity map so [(v) = v for all v € V. Then I is linear.

Two important features of a linear transformation are its kernel (also called the null space) and
image (also called the range).
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Definition 11.10. Let 7" : V — W be a linear transformation. The kernel of T is the subset
ker(T') C V defined by
ker(T) :=={v eV :T(v) =0}
The image of T' is the set im(7") C W defined by
im(7T) :={w e W :w=T(v) for some v € V}.
In words, the kernel is the set of elements in the domain that gets mapped to the 0 element of
W. The image is the set of all outputs of 7" in W.

Remark 11.11. The textbook uses N(T') in place of ker(T") and R(T) in place of im(7"). The
notation N(T') stands for null space and R(T") stands for range.

Proposition 11.12. Let 7' : V' — W be linear. Then ker(7T) is a subspace of V', and im(7) is a
subspace of W.

Proof. First, we show that ker(T') is a subspace of V. Note that T'(0y) = Oy by Proposition [11.5]
so Oy € ker(T'). Next, suppose that v,v" € ker(T"). Then

Tw+v)=Tw)+T®)=0+0=0
so v +v" € ker(T). Similarly, if v € ker(7) and A € F, then
T(A)=AT(v)=A-0=0
so Av € ker(T"). Thus ker(7T') is a subspace of V.

Next, we show that im(7") is a subspace of W. Since Oy = T'(0y) by Proposition we have
Ow € im(7T). Next, suppose that w,w’ € im(T). Then there are v,v’ € V such that w = T'(v) and
w' =T(v'). Thus

wHw =TwW)+TW)=T@w+7)
so w+w' € im(7T'). Similarly, if w € im(7") and A € F, then w = T'(v) for some v € V. We have
Aw = AT'(v) =T (M)
so Aw € im(T"). Therefore, im(7") is a subspace of W. O
Example 11.13. Let T : R? — R? be the linear transformation defined by
T(al, as, CL3) = (Cbl — ag, 2@3).
Let (a1, aq,a3) € ker(T). Then T'(ay,as,a3) = (a; — az,2a3) = (0,0). We have
a1 = Q9
2@3 =0

so ker(T') = {(a,a,0) : a € R}.
For a possible element of the image, (b1, by) € R?, we obtain the following system of equations.

a; — ag = bl
2&3:b2

A possible solution to the system is a1 =1 as =1 —b; and a3z = %2 Thus every element of R? is
in the image of T' or im(7") = R2.

The next result simplifies the process of describing the image of a linear transformation.

Proposition 11.14. Let V' and W be vector spaces with linear transformation 7" : V. — W. If
B ={viy,...,v,} is a basis for V, then im(7") = Span({T'(v1),...,T(v,)}).
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Proof. Clearly, T'(v;) € im(7T) for each 1 < ¢ < n. By Corollary [8.6.1}
Span({T(wr), ..., T(1n)}) C (7).
Suppose w € im(7T). Then w = T(v) for some v € V. Since B is a basis for V, we have

v =>" aw; for scalars a;. By linearity of T,

n

w="T(v)= ZaiT(vi),

i=1
and w € Span({7T'(v1),...,T(v,)}). Thus im(T") C Span({T'(v1),...,T(v,)}). O
Example 11.15. Return to Example [I1.13] Let 7": R® — R? be the linear transformation
T(ay,a9,a3) = (a1 — as, 2as).
We can find a spanning set for im(7") easily using Proposition We pick the standard basis
{(1,0,0),(0,1,0), (0,0,1)} for the domain R?. Then
im(7T") = Span({7(1,0,0),7(0,1,0),7(0,0,1)})
= Span({(1,0), (=1,0),(0,2)})
= Span({(1,0), (0,2)})
by noticing the redundancy (—1,0) = —1-(1,0). We can show that {(1,0), (0,2)} is a basis for R?
so im(7T) = R2.
End of lecture 12

Since ker(T") and im(7") are subspaces, we can make the following definition.

Definition 11.16. Let V and W be vector spaces with linear transformation 7" : V' — W. Suppose
that ker(T") and im(7') are finite dimensional. The nullity of T is

null(7) := dim(ker(7")),
and the rank of T' is

rank(7") := dim(im(7)).

Theorem 11.17 (Rank-Nullity Theorem). Let V' and W be vector spaces with linear transfor-
mation T : V — W. Suppose that V is finite dimensional. Then

dim(ker(T")) + dim(im(7")) = dim(V).

Proof. Let n = dim(V) and k = dim(ker(7)).

Let {u1,...,ux} be a basis for ker(T"). Since {uy,...,u,} is a basis of ker(T'), it is a linearly in-
dependent set in V. We can extend the set to a basis {us, ..., ux, Ugs1, - - ., U, } of V by Proposition
10.13((iii). We claim that {T'(Ty41), ..., (%y,)} is a basis for im (7).

First, we prove linear independence. Suppose that

ak+1T(ﬂk+1) + -4 anT(ﬂn) = 0.
Then by linearity of T,
T (ak+1ﬂk+1 + -+ (lnﬂn) =0.
Thus agi1Ugr1 + -+ + aptl, € ker(T). Since {ui,...,ux} is a basis for ker(7), there exists
ai,...,ar € F such that
Ap1Ug1 + * 0 F Qplp = auy + - - - QU

which implies
a1uy + -+ QU — QU1 — = — Aplly = 0.



30 MATTHEW GHERMAN

Since {uq, ..., u, Ugs1,--., Uy} is linearly independent, a; = -+ = a, = —apy1 = -+ = —a, = 0.
In particular, agy1 = -+ = a,, = 0 s0 {T(Ug41),-..,T(Uy,)} is linearly independent.

Next, we show that {7T(@x41),...,7(0y,)} spans im(7"). Let w € im(7). Then there exists
some v € V such that w = T'(v). Since {uy,..., ug, Ugt1,...,Un} is a basis for V| there exist

bi,...,b, € F such that
v="buy + -+ bpug + bp1Uk1 + - - + bpty,.
Since u; € ker(T') for 1 < j <k,
w="T(v)
=T (byuy + -+ + bpug + bpr1Uper + -+ - + bptly)
= b1 T (u1) + -+ + bk T (ug) + g1 T (Tggr) + - + 0T (@)
= b1 T (Upi1) + -+ + 0, T (1)

Thus w € Span({T(ty41),.-.,T(Uy,)}), and im(T") C Span({T(tx41),.-.,T(4y,)}). The opposite
containment is clear. We conclude that {T'(ty41),...,T(@,)} is a basis for im(7) so

dim(im(7)) = n — k.

Therefore,
dim(ker(7)) + dim(im(7)) = k+ (n — k) = n = dim(V).

Example 11.18. Define the linear transformation 7" : Py(R) — M.o(R) by

f(1)— f(2 0
i) = (1054

Since B = {1, z,2?} is a basis for P(R), we have
im(T) = Span({T'(1), T'(x), T'(2")})

~sn({(00)- (30 0)- (3 0)})
s ({0 0. (30O

by Proposition [11.14] We can show that the above set is linearly independent so dim(im(7")) = 2.
An element p(z) € ker(T) is a polynomial for which T'(p(z)) is the zero matrix. If we let
p(x) = ag + ay1x + apx?, then

T(p(z)) = <(a0 +ay + az) —O(GO +2a; + 4ay) ;JO)

[ —a1 — 3&2 0
o 0 Qo ’
We obtain the following system of linear equations by setting the matrix equal to the zero matrix.
—Qa1 — 3(12 =0
apg = 0
Therefore, ker(T) = {3az — ax? : a € R} with possible basis {3z — z%}. As Rank-Nullity Theorem
predicts, dim(ker(7)) = dim(R?) — dim(im(7)) =3 — 2 = 1.

Next, we recall the notions of injectivity (one-to-one) and surjectivity (onto). The following
definition is very general, and holds for any function between sets.
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Definition 11.19. Let X,Y be sets, and let f: X — Y.

(i) The function f is injective if f(x) = f(2’) implies x = 2.
(ii) The function f is surjective if, for all y € Y, there is an x € X such that f(z) = v.

Remark 11.20. We can unravel the definitions of injective and surjective to get the following
equivalent notions.

(i) A function f: X — Y is not injective if and only if there exist z, 2’ € X with x # 2’ such

that f(z) = f(2).
(ii) A function f: X — Y is surjective if and only if im(f) =Y.

End of lecture 13
If we know that a function is linear between two vector spaces, we can say even more about the
injectivity relation.

Proposition 11.21. A linear map 7' : V' — W is injective if and only if ker(T) = {0}.

Proof. (=) Suppose that T is injective. Let v € ker(T) so T'(v) = 0 = T'(0). By injectivity of f,
it follows that v = 0. Thus ker(7") = {0}.
(<) Suppose that ker(7') = {0}. Take v,v" € V such that T'(v) = T'(v'). By the linearity of T,

T(v) =T ()

0
T(v—1")=0.

Thus v — v’ € ker(7T"). The only element in ker(7) is the zero vector so

v—1v' =0

v="1
We conclude that 7' is injective. 0

If we know that the domain and codomain are finite dimensional of the same dimension, we can
find an even stronger relation between injectivity and surjectivity.

Proposition 11.22. Suppose V, W are finite dimensional vector spaces with dim(V') = dim(W).
Let T: V — W be linear. Then T is injective if and only if T is surjective.

Proof. (=) Suppose that T is injective. Then dim(ker(7')) = 0. By Rank-Nullity Theorem, it
follows that dim(im(7")) = dim(V'). Since dim(W) = dim(V'), we have dim(im(7")) = dim(W).
Proposition implies that the subspace im(7') is all of W. Therefore, T is surjective.

(<) Suppose that T is surjective. Then im(7) = W so dim(im(7)) = dim(W) = dim(V).
Rank-Nullity Theorem implies dim(ker(7")) = dim (V') — dim(im(7")) = 0. Thus ker(T") = {0} so
T is injective by Proposition [11.21] O

Finally, we prove a result that, intuitively, states the action of a linear transformation on a
vector space is entirely determined by what it does to a basis.

Proposition 11.23. Let T : V' — W be linear. Suppose that V is finite dimensional with a basis
{ui,...,u,}. Let S : V — W be another linear transformation such that S(u;) = T'(u;) for all
1<j<n. Then S=T.
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Proof. Let v € V. Because {uq,...,u,} is a basis for V| we can write v = aju; + - -+ + a,u, for
some aq,...,a, € F. By linearity of S and T,
S(v) = S(ayuy + - - - apuy,)
=a1S(uy) + -+ + apS(uy)
=arT(ur) + -+ aT(uy)

=T(ayuy + - - apuy)

=T(v).
Since S(v) = T'(v) for all v € V, it follows that S =T O
Corollary 11.23.1. Let V and W be vector spaces, and suppose {v1, ..., v,} is a basis for V. For
wi, ..., w, in W, there exists exactly one linear transformation T : V' — W such that T'(v;) = w;

for 1 < <n.
Proof. Let x € V. Then x =Y | a;v; for unique ay, ..., a, € F by Proposition {10.2l Define

T(x) = z": a;w;
i=1

so T'(v;) = w; for all 1 <i < n. We will first prove that T is linear. Let u,v € V and d € F. We
can write u =Y bv; and v = Y"1, ¢v;. Then du+v =>""  (db; + ¢;)v; so

T(du+v)=T (i(dbi + Ci)%‘)

=1

=1

i=1 i=1
=dT(u) + T (v).
Uniqueness follows from Proposition [11.23] O
Example 11.24. Let T : Po(R) — P3(R) be the linear transformation defined as

T@@ﬁﬂmm+4%wwt

Since {1, z, 2%} is a basis for P»(R),
im(T) = Span({T(1), T(a), T(*)})

3
= Span <{3x,2 + §x2,4x + x3}>

by Proposition [I1.14, We can show that the above set is linearly independent so
rank(7") = dim(im(7)) = 3.
Since rank(7") < 4 = dim(P5(R)), T is not surjective. By Rank-Nullity Theorem,
null(7") = dim(P(R)) — rank(7) =3 -3 = 0.
Thus ker(T") = {0}, and T is injective by Proposition [11.21]

End of lecture 14
End of midterm material
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12. COORDINATES AND MATRIX REPRESENTATIONS

We have seen a number of vector spaces thus far. There are familiar vector spaces like

Qo
R3 = aq L ay eR
a2

There are some vector spaces that, perhaps initially, were less familiar, like
PQ(R) = {ao +ax + &2352 taj € ]R}.
If you’ve thought to yourself these two vector spaces basically feel like the same thing, then you're

correct! The next few topics we discuss will formalize this notion.

Definition 12.1. Let B = (u4, ..., u,) be an (ordered) basis for a vector space V. Let v € V, and
let v = ayu; + - - - + a,u, be the unique expression of v as a linear combination of elements of B.
The coordinate vector of v with respect to B is

451
[$] B = e F".
G,
Remark 12.2. Note that the order of the elements in the basis matters! When we talk about
coordinates, we need to keep track of this order, which is why the above definition refers to the basis

as an “ordered basis.” We will use the parenthesis notation instead of the curly brace notation to
indicate an ordered basis.

Example 12.3. Let p(x) =1 — 222 € P,(R). Let B = (1,x,2%). Then
p()=1-1+0 -2+ (-2) 2°

We could rearrange the basis like B’ = (1,22, x). Then

pr)=1-1+(-2) 2> +0-x
1

p(x)lg = | —2
0

If we pick the basis C = (1,z + 2%,z — 2?) for P(R), we obtain

px)=1-1—1-(z+2*)+1-(x—2%
1

p(2)]e = | —1
1

The point here is that, given an abstract (finite dimensional) vector space V', if we pick an
ordered basis we can represent the elements of V' as numerical vectors. This is an extremely
powerful ideal We can go even further and find numerical representations (or matrices) of linear
transformations.
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Let V and W be finite dimensional vector spaces. Let B = (uq, ..., u,) be a basis for V, and let
C = (wy,...,wy) be a basis for W. For each 1 < j < n, we can consider the vector T'(u;) € W.
Since C is a basis for W, we have a unique decomposition

T(U]) = aljwl + -+ amjwm

for some scalars ayj, ..., an;. We keep track of the j index in this list of coefficients because the
scalars will depend on which vector u; we feed to T'.

Definition 12.4. The coordinate matrix of T' with respect to B and C, denoted [T]%, is the
m X n matrix defined by

Observe that the jth column of [T]§ is [T'(u;)]c. The B subscript is the basis corresponding to
input coordinates while the C superscript is the basis corresponding to output coordinates.

Example 12.5. Let T : P3(R) — P,(R) be the derivative operator so T'(p)(x) = p'(x). Let
B = (1,z,22 2%) and C = (1, z,2?) be (ordered) bases of P3(R) and P»(R), respectively. We will
find [T]%. We compute the output of T for each element of the input basis B.

T(1)=0=0-1+0-2+0-2?
T(z)=1=1-140-2+0- 27
T(@*)=22=0-1+2-24+0-2°
T(2*)=32>=0-1+0-2+3-2?
Then we find the coordinates of each output with respect to the output basis C.
T(1)]e = (0,0,0)
[T'(z)]e = (1,0,0)
[T(2%)]e = (0,2,0)
[T(2%)]e = (0,0,3)
The order of the input basis B determines the column order.

0100
7T15=10 0 2 0
0003

Before we continue exploring coordinate representation of linear transformations, we have the
following important fact.

Proposition 12.6. Let V' and W be vector spaces with linear transformations 7 : V' — W and
S:V —-W. Let A€ F. Then T' 4+ S and AT are linear as well.

Proof. Let v,v' € V and ¢ € F. Then

(T+S)v+v)=T(w+v)+ S+
=Tw)+T)+ Sw)+S)
= [T(v) + S)] + [T() + S)]
=(T+S)(v) + (T + S)()
(T + S)(cv) = T(cv) + S(ew)

= cT'(v) + cS(v)
=c(T +85)(v)
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Thus T+ S is linear.
Let v,v" € V and ¢ € F. Then
(AT)(v+0") = AT (v+1)
= AT (v) +T(v))
= \T'(v) + AT (V")
= (AT)(v) + (AT)(v')
(AT)(cv) = XT'(cv)
= AT (v))
= (AT (v)
= c(AT)(v)
Thus AT is linear. O
Definition 12.7. We denote the set of linear transformations from V' to W by L(V, W).
Corollary 12.7.1. The set £L(V, W) is a vector space.

In the next two results, we prove that the process of taking a coordinate representation respects
the linear structure of L(V,W).

Proposition 12.8. Let V and W be finite dimensional vector spaces with (ordered) bases B and
C respectively. Let T, S € L(V,W). Then

for all A € F.
Proof. Let B = (uy,...,u,) and C = (wy,...,wy). Then
T(uj) = ajjwy + -+ + QW
S(uj) = byjwy + -+ + by jwi,
for some scalars a;;, b;; € F. We write
(T + S)(u;) = (ar; + bij)wr + - - + (Amj + byj) Wi,
([T + 51%).. = ai; + by

ij
= ([T]%)Z] + ([S]%)Z]
so [T + S]§ = [T1% + [S]%
We have
T(UJ) = aljwl + -+ amjwm
for some scalars a;; € F. Then
()\T) (U]) = ()\(Ilj>w1 + -+ ()\amj)wm
(A\T)5)i5 = Aay;
= M[T13)s;
so (M\TS = A\[T]%. O
End of lecture 15
We can rephrase the result in a more abstract way as follows.
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Corollary 12.8.1. Let V and W be finite dimensional vector spaces. Fix ordered bases B and
C of V and W respectively. Define ¢ : LIV, W) — M,,xn(F) by ¢(T) = [T]§. Then ¢ is a linear

transformation.

When we pick a basis for the domain and a basis for the codomain, every linear transformation
is identified with a matrix. Example shows that each matrix produces a linear transformation.
Soon we will be able to say that this construction proves ¢ is an isomorphism. Basically, L(V, W)
and M,,«,(F) are the “same” as vector spaces!

13. COMPOSITION OF LINEAR MAPS

Definition 13.1. Let T : V — W and S : W — U be functions. The composition of S and T
is the function SoT : V — U defined by (S oT)(v) = S(T(v)) for all v € V.

Proposition 13.2. Let T: V — W and S : W — U be linear. Then So7T :V — U is linear.
Proof. Let v,v' € V and ¢ € F. Then

Therefore, S o T is linear. 0

Proposition 13.3. Let T',.51, 55 be linear transformations. Assume that the respective domains
and codomains are such that each of the compositions below makes sense.

(i) To(S1+52)=ToS;+ToSyand (S;+Ss)oT =S10T + Sy0T
(11) (Tosl)OSQZTO(Slosg)
(111) )\(51052) = (/\51)082 :Slo<>\52)

Proof. (i) We will prove the first statement. Let 51,52 : U -V and T:V — W. Let u € U.
By linearity of T',
(T'0 (51 4 52))(u) = T(S1(u) + Sa(u))
=T(S1(u)) +T(S2(u))
= (T 0 S1)(u) + (T o S2)(u).
Thus T o (S; + S2) =T oS +ToSs.
(i) Let So: U =V, S :V—>W,and T : W — X. Let w € U. Then
((T'0 51) © S2)(u) = (T © 51)(S2(u))
= T(51(52(u)))
= T'((S1 0 52)(u))
s0 (T'oS1)o Sy =To(S10085,).
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(iii) We will prove the first equality. Let Sy : U — V and S : V — W. Let u € U. By linearity
of Sl,
)\(Sl o SQ)(U) = )\Sl (Sg(u))
= (AS1)(S2(u)).

Thus A(S7 0 S3) = (ASy) 0 5.
0

Remark 13.4. Note that composition is not commutative. If SoT is defined, the other composition
T o S may not even be well-defined, let alone equal to S o T

If we have two linear maps T and S between finite dimensional vector spaces, can we determine
a relationship between the coordinate matrices of T', S, and S o T'? Indeed, we have the following
result, which is the underlying motivation for the familiar and, initially, odd definition of matrix
multiplication.

Proposition 13.5. Let V', W, and U be finite dimensional vector spaces with (ordered) bases B,
C, and D respectively. Let T'€ L(V,W) and S € L(W,U). Then

[S o T]E = [SI¢[T]5-
Proof. Recall that the (i, j)th entry of a matrix product AB is given

B)j =Y AyB.
k

Enumerate the elements of the bases as follows.

B=(vi,...,v,)
C:(wl,...,wm)
D:(ulw"auf)

Let Q5 = ([S]?)Z] and let bij = ([T](Bz)” Note that

(SoT)(vj) = S(T'(vy) =S (Z bkjwk) = b S(wy)
m L
= Z brj Z i = Y > brjaiu.

i=1 k=1 i=1
By commutativity and associatlmty of addition, we can reverse the order of the summations to get

(SoT)( Z (Z azkbkj) u;.

=1

Thus, the (4, j)-th entry of [So T|Z is Y _" | airby;. By definition of matrix multiplication, this is
precisely ([S ]?[ 1%)i;- Thus
[SoT]5 = [SIE[T]5-

Example 13.6. Let T : P3(R) — P(R) and S : Py(R) — P3(R) be defined as
T(p)(z) = p'(x)

S(p)(a) = / " p(t) de
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respectively. Let B = (1,z,2% 2*) and C = (1, z, 2%). Recall from Example that
01 00
T]5=10 0 2 0
000 3
We can compute [S]E as follows.
S(1) ==, [S1)]s = (0,1,0,0)
1
S(x) = 53:2, [S(x)]s = (0,0,1/2,0)
1
S(2%) = 327, [9(")]s = (0,0,0,1/3)
Thus
0 00
s |1 00
[S]C 10 % 0
00 3

Recall that the Fundamental Theorem of Calculus states

T

i | P =pi)

Phrased differently, (T o S)(p)(z) = p(x) so T' 0 S = Ip,w). We can verify that

0100 ? 8 8 1 00
0020 01 ol= 010
2
000 3 00 % 0 01

Since [Ip,r))é = I3, we have [T o S|S = [T][S]5.

Finally, we state a result which in some sense captures the utility of passing to a coordinate
matrix. If you want to compute the coordinates of T'(v), then multiply the coordinate matrix of
T by the coordinate vector of v.

Proposition 13.7. Let V and W be finite dimensional vector spaces with (ordered) bases B and
C respectively. Let T': V' — W be linear, and let v € V. Then

[T(0)]e = [T]5[v]s.
Proof. Let B = (v1,...,v,),C = (w1,...,wy). Write v = ajv; + - - - a,v, and b;; := ([T]%);;. Then

T() =T (Z )
= gajT(vj)
:ﬁ%i%w

i=1 \j=1
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The ith entry of the coordinate vector [T'(v)]e is D7, bija;, which is precisely the ith entry of the
matrix vector product [T]§[v]s. Thus

[T (v)]e = [T5[v]5-
0
Example 13.8. Let T : R?* — R? be rotation by % counterclockwise. Let B = {e,es} be the

standard basis for R? and C = {(1,1), (1,—1)}. To determine the matrix [T]§, we need to know
how T maps the elements of the input basis B. Then write the output in terms of the basis C.

T(1,0) = (0,1) = %(1, 1) — %(1, 1)

7(0,1) = (~1,0) = —%a, 1) — %(1, 1)

The first column of [T§ is [T(1,0)]¢ and the second column of [T]§ is [T'(0,1)]c. We have
c (1/2 —-1/2
Tl = <—1/2 12
In order to determine how 7" maps a vector v € R? in C coordinates, we can multiply the column
vector [v]z by the matrix [T]§. Let v = 2e; — e3. We obtain

=gl = (47, T1) (5) = ()

Once we compute the matrix, applying the transformation is a quick computation.

End of lecture 16

14. INVERTIBILITY AND ISOMORPHISMS

Definition 14.1. Let T : V — W. We say that T is invertible if there is another function
S:W — Vsuch that SoT =1y, and T o S = Iyy.

Example 14.2. Let f : [0,00) — [0, 00) be given by f(z) = 2% Let g : [0,00) — [0, 00) be defined
by g(z) = \/x. Then
(f o g)(x) = fg(x))

Since (f o g)(x) = x for all x € [0,00), f o g = Ip ). Similarly, one can check that (go f)(z) =«
for all x € [0,00). Thus f is invertible.

Proposition 14.3. Let T : V. — W be linear. Suppose that T is invertible. Then the map
S : W — V satisfying SoT = Iy and T o S = [y is unique and linear.

Proof. Suppose that S" : W — V also satisfies S’ o T = Iy and T o S" = Iyyr. Then
S =50l
=S5"0(ToS)
=(S"oT)o S
=1IyoS
= S.
Thus " = S so S is unique.
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Next, we prove that S is linear. Let w,w’ € W and A € F. Then
5(w+w')=5(fw( ) + Iw (w))
S((ToS)(w) + (T o S)(w)))
S(T(S(w)) +T(S(w')))
S(T(S(w) + S(w')))
(SOT)(S(W) S(w"))
= Iy (S(w) + S(w'))
S(w) + S(w')
S(Aw) S(Aw (w))
= S(A(T"0 5)(w))
= (S o T)((AS)(w))
= (SoT)(AS(w))
= Iy(AS(w))
= AS(w).

Thus S is linear. O

Definition 14.4. Let T : V — W be an invertible linecar map. The inverse of 7', denoted T},
is the unique linear map 77! : W — V such that T~' o T = Iy and T o T = Iy .

Proposition 14.5. Let T : V. — W be linear. Then T is invertible if and only if 7" is both
injective and surjective.

Proof. (=) First, suppose that T is invertible. Let T'(v) = 0 for some v € V. Apply T~ to both
sides of the equation to obtain T71(T'(v)) = T'(0). Since T~! is linear T7'(0) = 0 and v = 0.
Thus ker(T) = {0}, and T is injective. Next, let w € W. Since T(T'(w)) = w, T is surjective.
(<) Assume that 7" is both injective and surjective. For each w € W, there is a unique v € V
such that T'(v) = w. Define the function 77! : W — V as T"'(w) = v. Then (T o T)(v) = v
and (T o T~ 1) (w) = w so T is invertible. O

Corollary 14.5.1. Suppose that V' and W are finite dimensional vector spaces. If T : V' — W is
an invertible linear transformation, then dim(V') = dim(W).

Proof. Since T is invertible, it is injective. Thus ker(7') = {0} so dim(ker(7")) = 0. Since T is
also surjective, im(7") = W and dim(im(7")) = dim(W). By Rank-Nullity Theorem, it follows that
dim(V) = dim(W). O

End of extra lecture on February 20

Definition 14.6. Let V and W be vector spaces. We say that V' and W are isomorphic if there
is an invertible linear map 7" : V' — W. In this case, we say that T is an isomorphism from V
to W. We also sometimes write V = W.

Proposition 14.7. Let V and W be finite dimensional vector spaces with (ordered) bases B,C

respectively. A linear map T : V — W is invertible if and only if the coordinate matrix [T is

invertible. Moreover,
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Proof. (=) Suppose that T is invertible. Then, by definition, 7' o T = Iy and T o T~ = Iy .
Taking coordinate matrices gives

By Proposition and [Iv]5 = [Iw]¢ = I,,, where n = dim(V') = dim(W), we have

[T7EIT)5 = I

[TIEIT7E = L.
Thus [T]% is invertible and ([T]%)f1 = [T-Y5.

(<) Suppose that [T]§ is invertible. Let by := ([T]g);;'. Let B = {v1,...,v,} and C =
{wy,...,w,}. Define S: W — V on C as
S(wj) = b1jU1 + -+ bnjUn
and extend the definition of S to W by linearity. By definition, [S]8 = ([T]%)~!. Then
[ o Tl = [Sle[T)s = ([T15) ' [T]5 = I

so (SoT)(v;) = wv; for all 1 < j < n. By linearity, it follows that S oT = I,. By a similar
argument, one can show that 7o .S = Iy,. We conclude that 7' is invertible. 0

Theorem 14.8. Let VW be finite dimensional vector spaces. Then V and W are isomorphic if
and only if dim(V') = dim(W).

Proof. (=) Suppose that V' = W. By definition, there exists an invertible linear map 7°: V- — W.
By Proposition [14.5.1) dim(V') = dim(W).
(<) Suppose that dim(V') = dim(W). Let

B:={v,...,u.}

C:={wy,...,w,}
be bases for V' and W respectively. Define T' : V' — W as follows. For ajv; + -+ + ayv, € V,
define

T(ayvy + -+ apvy) = awy + -+ + a,wy,.

In other words, we are defining 7" by T'(v;) := w; and “extending by linearity.” Recall that the

behavior of a linear map is completely determined by its behavior on a basis by Proposition [11.14]
First, note that T is clearly linear. Next, we claim that T is injective. Suppose that

T(ayvy + -+ + ayvy,) = 0.

Then a;w; + - - - + a,w, = 0. Since C is a basis, it is linearly independent, so a; = --- = a,, = 0.
Thus ajvy + -+ + a,v, = 0, and ker(7T") = {0}. We conclude that 7" is injective by Proposition
[11.21] Since dim(V) = dim(W), T is also surjective by Proposition [I1.22] Thus T is invertible
and is an isomorphism from V to W. O]

Corollary 14.8.1. Let V be an n-dimensional vector space over F. Then V = F".

Remark 14.9. There are many transformations 7" : V' — F" that provide the isomorphism
in Corollary [I4.8.1] Let B be a basis for the n-dimensional vector space V. The most useful
isomorphism is often T : V' — F" that sends a vector v € V' to the coordinate vector [v]g.
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Example 14.10. Let T : P3(R) — P3(R) be the derivative operator T'(p)(x) = p/(x). Take the
basis B = {1, z, 2% z*} for P;(R). Example shows that

0100

o OO
o o O
S O
S w o

We note that [T]% is not full rank and, hence, not an invertible matrix. Proposition implies
T is not an invertible linear transformation.

Example 14.11. Let V be an n-dimensional vector space with a basis B = (vq,...,v,), and let
W be an m-dimensional vector space with a basis C = (wy,...,w,,). Recall the linear map

¢ LOV,W) = Mysn(F)
given by ¢(T') = [T from Corollary [12.8.1) We claim that ¢ is an isomorphism so
LV, W)= Myysn(F).

In other words, the vector spaces are essentially the same.
Indeed, first suppose that ¢(T") = Opxyp. Let v € V. By Proposition [13.7]

0
[T(v)]e = Omxnlvls = | i | € F™
0

Thus T'(v) = 0wy + -+ - + 0wy, =0 € W, and T'= 0 € L(V,W). We conclude that ker(¢) = {0} so
¢ is injective. Next, we show that ¢ is surjective. Let A € M,,«,(F). Define T : V — W on B by

T(vj) := ajwy + -+ + QW
Extend the definition of 7" to V' by linearity. By construction, ¢(7') = A. Thus ¢ is surjective and,
hence, ¢ is an isomorphism.
Since dim(M,,xn(F)) = mn, we have dim(L(V, W)) = mn. By Corollary [14.8.1]
LV, W)= My (F) = F
In lower division linear algebra, we basically treat every linear transformation like matrix multi-

plication. This statement justifies the approach!

Example 14.12. Let T : R? — R? be projection onto the line y = z. Let B = {e;,es} be the
standard basis for R%. To construct [T]5, we need to project e; and ey onto the line y = z. Take
the vector v = e; + e on the line. Recall the following projection formula from Math 33A.

. 1
proes = (22) = Ly
v-v

2

i 62-v> 1
= = (1,1
proj,es (U ) 2(, )

The first and second columns of [T)3 are proj,e; and proj,es respectively so
1/2 1/2
B _
75 = <1/2 1/2) '
Subtract the first row from the second row to obtain

T S (162 1(/)2) ‘
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As a result, [T]5 is not full rank and, hence, not an invertible matrix. Proposition implies
that T is not an invertible linear transformation.

By Proposition [I4.5, we could also study the kernel and image of T' to determine invertibility.
Assume that T'(v) = 0 for some v € R?. Thinking geometrically, v must be perpendicular to
the line y = x. We find ker(7") = Span({e; — e3}) and dim(ker(7")) = 1. We conclude that T’
is not injective. By Rank-Nullity Theorem, dim(im(7)) = dim(R?) — dim(ker(7)) = 1. Since
dim(im(7)) = 1 < 2 = dim(R?), T is not surjective either.

15. CHANGE OF COORDINATES

We will begin with a motivating example that resembles Math 33A.

Example 15.1. Let V =R? and T': V — V reflection about the line y = 2z in the xy-plane. Let
v = e1 + 2e5 be a vector on the line. The reflection formula from Math 33A is ref,u = 2proj,u — u.
With respect to the standard basis B = {e1, e2},

5 5

T(el):2<
43

€9+ U
T(62)=2<;‘U>U—62:561+562

—3/5 4/5
B _
= (05 3)a)-
If we were only given the basis and the matrix, it would not be immediately clear what is occurring
geometrically.
Instead, pick the basis C = {e; + 2ey, —2e1 + €3} so
T(61 + 262) =e; + 262
T(—2€1 + 62) = —(—261 + 62)

mi- (5 ).

We see that the first basis element is fixed and the second basis element, orthogonal to the first, is
flipped. Thus T represents reflection about the line in the direction of the first basis vector. The
geometry is more apparent from the basis C than from the standard basis B. A change of reference
can sometimes uncover information about the linear transformation.

End of lecture 17
For the time being, we will focus on linear maps 71" to and from a single vector space V. In this
case, we will call T" a linear operator on V. We write

L(V) =LV, V)

to denote the space of all linear operators on V. If B is a basis for a finite dimensional space V
then we will write

el v 3 4
)U—Glz——€1+—€2

Vv

. B
[T]5 := [T]5
for the coordinate matrix with respect to B in both the domain and codomain.

Definition 15.2. Let V' be a finite dimensional vector space. Let B, B’ be two different bases of
V. The matrix Q := [Iy]% is the change of coordinate matrix from B to B'.

Intuitively, the change of coordinate matrix does not alter vectors or the geometry of transfor-
mations. The change of coordinate matrix merely switches from one reference frame to another.
The coordinates, or the way we describe a vector, will change, but the underlying vector remains
the same.
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Example 15.3. Let V = P;(R) with p(z) = 1 4+ 2z € Pi(R). Let B = (1,z) be the standard
ordered basis while B’ = (1 — x,1 + z). We can write

plz)=1-1+1-2

pl)y=0-(1—2)+1-(1+ax).
Thus

el = (7).

Let Q = [Iv]5 be the change of coordinate matrix from B to B'. Then [p(z)]s = Q[p(z)]s. The
change of coordinate matrix does not change the underlying vector, but it does change how the
vector is represented.

Since () is a matrix representation for Iy, we can construct () by applying [y to the basis
elements of B, the input basis. We find

Iy(1)=1
[V (%) = X.
The columns of () are these outputs written in B’ coordinates. Then

W)=1=2 (1-2)+5 (1+2)
1

Iv(x):x:—§~(1—x)+ (1+x)

N | —

implies
Q= (Wl vols) = (13 5)
We can confirm [p(x)]g = Q[p(z)]s since

0\ [(1/2 —1/2\ (1
1) “\12 12 )\1)-
Theorem 15.4. Let V' be a finite dimensional vector space, and let B, B’ be two different bases

of V. Let Q = [Iy]5 be the change of coordinate matrix from B to B’

(i) The matrix @ is invertible.
(ii) For any v € V,
vl = Q]
(iii) For any T' e L(V),

[T)s = Q7' [T]Q.
Proof.

(i) Since Iy : V — V is clearly invertible, Proposition implies that @ is invertible.
(ii) By Proposition [13.7

] = [Iv(0)]s = [IV]E [v]s = Q[u]s.
(iii) By Proposition [13.5]
[T)s = [IvoT o Ivls = [IVIZ[T]w[Iv]E -
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Since Q7 = ([[V]g/)_l = [I;;"15, = [Iy]%,, it follows that
[T]s = Q7' [TsQ.
U

Here is a possibly useful way to visualize all of this nonsense that we've talked about with
coordinate representations and coordinate changes. Suppose we have a linear operator 7' € L(V')
on a finite dimensional vector space. This is represented by the following diagram.

V2oV
Next, choose a basis B for V', and let fz: V — F™ be the map that sends a vector v € V to its
Coordlnate vector [v]g. That is, fs(v) = [v]g. These coordinate changes allow us to pass to a new

“equivalent” row of the diagram. Corresponding to the map 7' is the map F* — F" given by
multiplication by [T]z.

vV Lo v
e s
Fn s on
On the other hand, we could pick a different basis B’ and get a different, yet equivalent, row!

T, 7

ng, pg,

vV L v

e s

n 1] B, Fn

[T]

The change of coordinate matrix is the direct translation between the bottom and top row.
Fr— F"

o]

Rl vV — L v |a

ln

S Ms,

Definition 15.5. Two operators ' € L(V) and S € L(W) are similar if there is an isomorphism
¢V — W such that T = ¢~ o S o ¢. Likewise, two matrices A, B € M, ,(F) are similar if
there is an invertible matrix Q € M,,«,(F) such that A = Q7' BQ.

You should think about similar operators or similar matrices as objects that represent the “same”
transformation, up to a change in coordinates or change in perspective in a different vector space.

Example 15.6. Let P(R) be the vector space of polynomials in any degree with coefficients in R.
Let R* be the vector space of sequences with finitely many non-zero entries. That is,

R> := {(agp, a1, as,...) : a; # 0 for finitely many j}.
First, we claim that P(R) 2 R*. Let ¢ : P(R) — R> be given by
¢(ag + a1z + -+ + apx™) = (ag, a1, ..., a,,0,...).

It is straightforward to check that ¢ is linear, injective, and surjective.
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Next, we define two operators, one on P(R) and one on R®. Let T : P(R) — P(R) be given by
T(p)(x) :=xp(x). Let S : R® — R* be the “right-shift” operator given by
S(CLQ, ai, as, .. ) = (0, ap, A1, ... )

We claim that T and S are similar or, in other words, fundamentally represent the “same” trans-
formation. Indeed, note that

(0t oSop)(ag+ arx + - a,a™) = ¢ H(S(d(ag + arx + - - - a,a™)))
= ¢ *(S(ag, ai,...,a,,0,0,...))
= ¢ 10,aq,...,0,_1,a,,0,...)
= apr + @ 2° + -+ - + a2

= z(ap + a1z + - - - apx")
=T(ap+ a1z + -+ + a,z™).
Thus T = ¢t oS o¢soT and S are similar. The following diagram represents this situation.
R® —2 5 R>
g ‘|
P(R) —— P(R)
End of lecture 18

16. DIAGONALIZATION, EIGENVALUES, AND EIGENVECTORS

We once again look to Example for motivation. Let T': R? — R? be reflection about the
line y = 2z in the zy-plane with C = {e; + 2eq, —2¢; + e5}. The matrix [T]¢ is easy to understand
geometrically because it is diagonal. Each basis vector is only multiplied by a scalar via 1" so
the information of the linear operator is encoded in the finite basis and a finite list of multiplying
factors. The basis vectors of C in some sense provide the most “natural” reference frame for 7.
In the following sections, we will develop tools to find the most “natural” basis for a given linear
operator.

Definition 16.1. Let V' be a finite dimensional vector space, and let T' € L(V'). The operator T'
is diagonalizable if there is an (ordered) basis B of V' such that [Tz is a diagonal matrix.

Example 16.2. Suppose we have a diagonalizable operator T' € L(V') and a basis B = (vy,...,v,)
such that [T is diagonal. Let a;; denote the (7, j)th entry of [T|z. Then, as usual, we have

T('Uj) = aljvl 4+ -4 anjvn.
Since [T']g is diagonal, a;; = 0 if i # j. In the above expression, all terms are 0 except for the one
corresponding to a;;. Thus
T(v;) = aj;v;.
This suggests that an operator will be diagonalizable if we can find a basis {v,...,v,} of V such
that T'(v;) = A\;jv; for some scalars A;. The scaling factors a;; would ultimately be the diagonal
entries of the resulting coordinate matrix.

Definition 16.3. Let V' be a vector space, and let T € £(V). A non-zero vector v € V is an
eigenvector of T with associated eigenvalue A if T'(v) = Av for some \ € F.

Theorem 16.4. Let V be finite dimensional, and let 7" € £(V'). Then T is diagonalizable if and
only if there is a basis B of V' consisting of eigenvectors of 7.
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Proof. (=) Suppose that T is diagonalizable. Then there is a basis B = (v, ..., v,) such that [T]z
is diagonal. The computation in Example shows that T'(v;) = a;;v;, where a;; is the (7, j)th
entry of [T]z. Thus B is a basis consisting of eigenvectors of 7.

(<) Suppose that B = (vy,...,v,) is a basis consisting of eigenvectors of T with associated
eigenvalues Ay, ..., A\, € F. Since T'(v;) = \;v;, it follows that [T'(v;)]g is the column vector with
Aj in the jth row and 0 elsewhere. Thus

A1 0
[T]B = e )
0 An
and T' is diagonalizable. OJ

Example 16.5. Consider the transformation 7' : R? — R? defined by
x 1 2\ (x
()-(1)6)
1 1
Let v; = <1> and vy = (_1). Note that
1 3 1
r(1)=(3)-2()
1 -1 1
r() = (1)~ (4)

Thus v, is an eigenvector of T" with eigenvalue 3, and vy is an eigenvector of 1" with eigenvalue
—1. It is straightforward to verify that B = (v1,v9) is a basis of V. Theorem implies that T’
is diagonalizable, and

s = (ks (7eale) = (5 ).

Example 16.6. Let C*(R) denote the vector space of infinitely differentiable functions f : R — R
(that is, functions whose derivatives of all orders exist). Let T': C*°(R) — C*°(R) be given by
T(f)(x) = f'(x). Fix X € R, and let f(z) = e**. Then

T(f)(z) = f'(x) = A = Af(2).
Since T'(f) = Af, it follows that f is an eigenvector of 7" with eigenvalue A. Thus every single real
number is an eigenvalue of T'! However, it does not make sense to ask if T" is diagonalizable. The
vector space C°(R) is infinite dimensional, and, as a result, there are no matrix representations
of linear operators on C*°(R).

At this point, we do not have a good method for identifying eigenvalues or eigenvectors of a
linear operator. If we try to solve for eigenvalues and eigenvectors simultaneously, we produce a
non-linear system of equations since the eigenvector components are multiplied by the eigenvalue.
The following result provides conditions for finding an eigenvalue. With an eigenvalue, we can find
eigenvectors by solving a system of linear equations.

Proposition 16.7. Let V be finite dimensional, and let 7' € L£(V). Fix A € F. The following
four statements are equivalent.

(i) The element A € F is an eigenvalue of 7.
ii) The operator T"— Al is not injective.
y
iii) The operator T"— AI is not surjective.
J
(iv) The operator T'— A is not invertible.
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Proof. Assume (i) and prove (ii). Since A is an eigenvalue of T', there is a non-zero vector v € V/
such that T'(v) = Av. Thus (T'— A)(v) = 0 and v € ker(T"— AI). Since v # 0, it follows that
T — A\ is not injective.

Assume (ii) and prove (iii). Since T'— AI is not injective and the dimensions of the domain and
codomain are equal, Proposition [11.22| implies 7" — AI is not surjective.

Assume (iii) and prove (iv). Since T'— Al is not surjective, Proposition implies T = Al is
not invertible.

Assume (iv) and prove (i). Since T'— AI is not invertible and the dimensions of the domain and
codomain are equal, Propositions [14.5| and [11.22[ imply 7" — AI is not injective. Thus there is a
non-zero vector v € ker(T"— M) so (T'— A )(v) = 0. Rearranging, we have T'(v) = Av so A is an
eigenvalue of T 0

Example 16.8. Consider the transformation 7" : R? — R? defined by

r()-061) ()

Fix A € R and consider the operator T'— \I. To identify eigenvalues of T', we want to understand
when T — A/ is not injective. Let B be the standard basis of R? so

r-ane === (5 1) -2 (5 1) = ("0 )

We can immediately see that if A = 1, the operator T' — A\l will not be invertible. Indeed,

IORC

so T'— I is not injective, and A = 1 is an eigenvalue of 7. Suppose A # 1 and (T — AI) (g) is the

0-)0
0 Y Y

_ ((1 — Nz + y>

S\ =Ny )
Since 1 — X # 0, the second component implies y = 0. Then (1 — A)x = 0 so, similarly, x = 0. We
conclude that T'— AI is injective when A # 1 so A # 1 is not an eigenvalue of T'.

For the only eigenvalue A = 1, we find ker(7T —I') = Span{(1,0)}. Since dim(R?) = 2, there is no
way to produce a basis of R? with only eigenvectors of T'. Therefore, T should not be diagonalizable.
We formalize this argument later in Theorem [16.14. For now, we can take a geometric approach to
this problem. The linear transformation described by T is a horizontal shear. The only direction

that is fixed by T is the z-axis. Intuitively, this should indicate that there is no way to form a
basis for R? out of eigenvectors.

zero vector. Then

End of lecture 19

Example 16.9. Let V' be a vector space with 7" € £(V'). Suppose v; and v, are eigenvectors with
corresponding eigenvalues A; and Ag. If A\; # Ao, we will show that {vy, v} is linearly independent.
Let ay,as € F such that

a1v1 + AUy = 0.
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Apply T to both sides to obtain
T(a vy + agvy) = T(0)
a1 T(v1) + axT(vy) =0
a1 A 101 + ag vy = 0.
By multiplying the original equation by Ay, we have
a1 AoV + ag Aoy = 0.
Subtracting the two equations,
a;(Ag — A)vy = 0.
Since v; # 0 and Ay # A{, we conclude that a; = 0. Returning to the original equation, vy # 0
implies ay = 0. Therefore, {vy, v} is linearly independent.
We can extend the argument of Example [16.9] using induction.

Proposition 16.10. Let 7' € £(V'), and suppose that vq,...,v; € V are eigenvectors of T" with
associated eigenvalues \;. If all \;’s are distinct (that is, if \; # A; for all 4, j) then {vy,... v} is
linearly independent.

Proof. We will proceed via induction on the number of vectors k. As a base case, suppose k = 1.
Proposition implies that {v;} is linearly independent since v; # 0.

Assume the statement holds for k. We will prove the claim for £+ 1. Suppose that vy, ..., v 1
are eigenvectors of T' with associated distinct eigenvalues A1, ..., A\xy1. Suppose further that

ajvy + -+ apg1 Vg1 = 0
for some scalars ay,...,a,+1 € F. Apply T to both sides to obtain
T(CLl’Ul + -+ ak+10k+1) = T(O)

alT(vl) +--- 4+ ak+1T<Uk+1) =0

arAvr + -+ Q1 A1 V1 = 0.
On the other hand, multiply both sides of the original equation by A\;,; to obtain

a1 k4101 + 0+ App1 App1 V41 = 0.
By subtracting the two equations, we have

a1 (A1 — A)vr + - 4 ap (A1 — Ag)ug = 0.

By the inductive hypothesis, {vy,..., v} is linearly independent so a;(Ay+1 — A;) = 0 for each
1 <j <n. Since \gp1 —A;j #0for 1 < j <k, we find a; =0 for 1 < j < n. Returning to the
original equation,

ag+1Vk+1 = 0.
Since vg41 # 0, we have agyq = 0. Therefore, {vy,...,v541} is linearly independent. O

Corollary 16.10.1. Let V be finite dimensional, and let T'€ £(V'). Then T has at most dim (V")
distinct eigenvalues.

Proof. Let Ay, ..., \; be distinct eigenvalues. Let v; be an eigenvector associated to A;. By
Proposition [16.10} {v,..., v} is linearly independent. Proposition |10.13(iii) proves k£ < dim(V').
O

Corollary 16.10.2. Let V be finite dimensional, and suppose that 7' € £(V') has dim(V") distinct
eigenvalues. Then T is diagonalizable.
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Proof. Let n = dim(V') and Ay, ..., A, be the distinct eigenvalues of T'. Let v; be an eigenvector
associated to A;. Then S = {vy,...,v,} is a linearly independent set in V. Since n = dim(V), S
is a basis for V' by Proposition [10.13[(ii). Thus V has a basis consisting of eigenvectors of T' so T
is diagonalizable by Theorem [16.4] O

Example 16.11. Let T : Pi(R) — Pi(R) be T'(p)(z) = zp'(z). An eigenvector of T would
be a polynomial for which zp/(z) is a constant multiple of p(z). By guessing, we find that the
polynomials p(x) = 1 and ¢(z) = x satisfy T(p)(x) = 0 and T'(q)(z) = z. Therefore, p is an
eigenvector of T' with eigenvalue 0 and ¢ is an eigenvector of T" with eigenvalue 1. Proposition
implies that B = {p, ¢} is linearly independent. Since dim(P;(R)) = 2, the set B is a basis
for P (R) and T is diagonalizable. We find

[T = (8 (1)) :

Note that P;(R) = R2. If we were instead looking at the vector space R?, a matrix like [T]5
would represent projection onto the line spanned by the second basis vector of B along the span of
the first basis vector of B. The linear operator T should be similar to a projection transformation
operator on R2.

Proposition 16.12. Suppose T,.S € L(V) are similar. Then T" and S have the same eigenvalues.

Proof. Let ¢ € £(V) be an isomorphism such that T'= ¢! o S o ¢. Let A € F be an eigenvalue
of S. Then S — Al is not injective. We claim that 7" — A is not injective as well. Note that

T - M =(6"0S0d)— A
=(¢7"0S80d)—AN¢ ' olog)
=¢ o (S—A)oog.
Let v € ker(S — AI) be non-zero. Define w := ¢~ '(v) € V. Since ¢! is injective, w # 0. We have
(T = A)(w) = (67" 0 (S = M) 0 §)(w)
=07 ((S = AI)(v))

~67(0)
= 0.

Since w # 0, the operator T — AI is not injective, and A is an eigenvalue of T
By a symmetric argument, if A is an eigenvalue of T', then A is also an eigenvalue of S. Therefore,
T and S have the same eigenvalues. 0

The following definition and result provide a useful equivalent condition for diagonalizability.

Definition 16.13. Let A € F be an eigenvalue of T' € L(V'). The eigenspace of \ is the subspace
of all eigenvectors associated to A, that is,

E\(T) :=ker(T — ).
The geometric multiplicity of A\, when defined, is dim(F\(T)).

Theorem 16.14. Let V' be a finite dimensional vector space. Then T' € L(V') is diagonalizable if
and only if

V= E\ ()& ® By, (T)

where A1, ..., )\, are the (distinct) eigenvalues of T'.
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Proof. (=) Suppose that T is diagonalizable. Let Aq,...,\; be the distinct eigenvalues of T.
Theorem guarantees a basis

k k
(v%,...,v}l,...,vl,...,vjk)
of V' consisting of eigenvectors of T. The eigenvectors {vi,... ,’U;Z_} correspond to the eigenvalue
Ai. We have to show that V = E, (T)) +--- + E) (T). Fix v € V. Write

U:(aivi-f—'H—i-al-Ul-)+~'-+(a’fvlf+~~-+akvl?),

J17n Jk "Ik
Thus v € E),(T) +--- 4+ E), (T).
We want to show that Ey,(T) N (Ex\(T)+---+E\,_,(T)+ Ex,, . (T)+---+ E\(T)) = {0}. Let
(S E)\Z(T) N (E/\l (T) +oe E/\i—l(T) + E)\i+1 (T) Tt EAk (T)) Then
V= ;
V=v1+ " F V1 F Vi s+
for v; € Ey,(T). We have

UiIU1+"'+’UZ;1+%+1+"‘+’U]€
O=vi 4401 — v + Vg1 + - + V.

Thus {vy, ..., v} is not linearly independent. The contrapositive to Proposition implies that
v; = 0 for some 1 < j < k. Repeated use of this argument proves that v = v; = 0.

(<) Suppose that V = E) (T) @ - -- ® Ej, (T). Let B; = (v{,...,v}) be a basis for the subspace
E\,(T) for each 1 < i < k. Note that each element of B; is an eigenvector of T with eigenvalue ;.
We claim that B := By U--- U By is a basis of V. Fix v € V. Since V.= E),(T) +--- + E,, (1),
we can write v = vy + - - - + v}, where each v; € E),. Further, v; = alvi +--- + a;'-iv;-i SO

v=(aqur oo o) o ey - ag ).

Thus Span(B) = V. By assumption, {v{,..., v} } is linearly independent.
We want to show that B is linearly independent. Let a, € F be such that

(adod ++afal) oo (oo +o ot =0
We can rearrange the equation to obtain
1,1 1,1 k=1, k—1 k=1, k—1 k, k ko k
(a1vy + - +ajv5) +-- + (al G +ajkflvjk71) = — (afvf + -+ aj ) .

The vector on the left is an element of £y, (7)) + - - -+ Ey,_,(T") while the vector on the right is an
element of Ey, (T"). Since the vectors are equal, it is an element of E,, (T)NE,, (T)+---+E\,_,(T).
By the definition of the direct sum, the vector must be the zero vector. In other words,

k, k ko k _
ajv; + - +aj v =0.

Since B; is linearly independent, a® = 0 for all 1 < m < j;. Repeat the argument for each
1 < ¢ < k to prove that afn =0foralll < /¢ < kand 1 < m < j,. Therefore, B is linearly
independent and, hence, a basis for V. We conclude that T is diagonalizable by Theorem [16.4} [

Corollary 16.14.1. Let V be a finite dimensional vector space. Then T" € L(V') is diagonalizable
if and only if the sum of the geometric multiplicities of all eigenvalues of T is dim(V"). That is,

Z dim(E),(T)) = dim(V).

Proof. Apply Proposition [10.17.1] to the result of Theorem [16.14] O
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End of lecture 20
We introduce another example to demonstrate where diagonalizability can fail.

Example 16.15. Consider the map T : R? — R? defined by T'(z,y) = (—y,z). Geometrically,
this map rotates every vector counterclockwise by 90 degree. From this description, it should be
clear that there are no eigenvalues, but we will prove this carefully. Fix A € R and consider the
operator T'— AI. Note that
(T = A)(z,y) = T(x,y) = Mz,y) = (—y — Az, z = Ay).

We claim that T'— AI is injective. Suppose (T'—AI)(z,y) = (0,0). We obtain the following system
of equations.

y+ =0

r—Ay=0
The second equation implies x = Ay. Substitute into the first equation to obtain y + A(Ay) = 0.
Factor out y so y(1 + A?) = 0. Since 1 +A? > 0, we have y = 0. Then z = Ay so x = 0. We

conclude that ker(7'— AI) = {0}, and T' — A is injective. Since T'— AI is injective for all A € R,
there are no eigenvalues of T" over R.

We should contrast Example to that of Example [16.8, In Example [I6.8] the horizontal
shear operator is not diagonalizable over any field. There is at most one eigenvalue for the operator,
and the eigenvalue produces no more than one corresponding eigenvector. However, the rotation
operator in Example[16.15] while not diagonalizable over R, is diagonalizable over C. The following
results indicate that the choice of field can matter.

Theorem 16.16. Let V' be a finite dimensional vector space over C. Let 7" € L£(V'). Then T has
an eigenvalue.

The proof is a classic argument that uses the Fundamental Theorem of Algebra below.

Theorem 16.17 (Fundamental Theorem of Algebra). Any polynomial p € P(C) can be completely
factored into linear parts.

Proof of Theorem[16.16, Let n = dim(V). Fix a non-zero vector v € V. Consider the following
list of vectors
v, T(v), T*(v),..., T"(v)

where by T% we mean T composed with itself k& times. Since the list has n + 1 vectors, either
there will be repeats among the vectors or there will be a linear dependence among the vectors by
Proposition [10.13(iii). In either case, there exist scalars ay, ..., a, € C, not all 0, such that

aogv + a,T(v) + aoT?*(v) + - - + a, T"(v) = 0

(aol + ayT + axT? + -+ +T™)(v) = 0.
By the Fundamental Theorem of Algebra, the left-hand side can be factored as
c(T—=XMI)o(T—XI)o-+-o(T—=XN1)](v)=0

where Aq, ..., \, are the (possibly repeated) complex roots of the polynomial ag+ a1z +- - -+ a,2".
Since v # 0, the operator (T'— A1) o (T — Xol)o---o (T — \,I) is not injective and, hence, not

invertible. Thus at least one of the factors, say (I" — A;I), is not invertible so \; is an eigenvalue
of T 0

Even over C, there will be linear operators that are not diagonalizable as in Example[16.8] How-
ever, working over C, as opposed to R, provides a better framework for checking diagonalizability
since every linear operator has at least one eigenvalue.
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Example 16.18. We will revisit Example [16.15| over C. Consider the map 7 : C?> — C? defined
by T'(z,y) = (—y,z). We find the eigenvalue eigenvector pairings below.

T(i,1) = (—1,i) = i(i, 1)
T(—i,1) = (=1, —i) = —i(—i,1)
We can show ((i, 1), (—i,1)) is a basis for C2. Therefore, T is diagonalizable by Theorem [16.4]

17. DETERMINANT AND THE CHARACTERISTIC POLYNOMIAL

Thus far, we have powerful results about when a linear operator is diagonalizable. However, we
do not have a simple computational method for finding eigenvalues and eigenvectors. In order to
develop such a method, we will first review some facts about the determinant. We will use the
determinant to define the characteristic polynomial, an algebraic tool for finding eigenvalues.

Proposition 17.1. There exists a map det : M, ., (F) — F called the determinant that satisfies
the following properties.

(i) det (a Z) =ad —bc
(ii) det(AB) (det A)(det B)
(iii) det(A™1) = (det A)~!

(iv) A is invertible if and only if det A # 0

Example 17.2. We might need to take determinants of larger square matrices. For this, we
can proceed by cofactor expansion. Let A be an n x n matrix. Define the minor A;; to be the
(n—1)x (n—1) matrix where the ith row and jth column of A have been removed. The determinant
of A can be computed in terms of the determinants of these minors as

det(A) = Y (=1)" Ay det(A;;).

j=1
We call the process expanding along the ¢th row since each minor was chosen by removing the ith
row. We build the computation for det(A) out of the determinants of smaller matrices. Thus the
definition of the determinant of a 2 x 2 matrix is sufficient for computing the determinant of any
n x n matrix. However, this process becomes extremely tedious for large choices of n. We will
predominantly work with 2 x 2 and 3 x 3 matrices in this course.
To practice, we will compute the determinant of

0 1 2
A=1{(2 -1 3
1 3 2

Expanding along the first row,

det(A) = (=1)"*"- 0 - det <_31 g) + (—1)"** - 1- det (? g) + (=1)"*% - 2 det (% _31>
—(2:2-3-1)+2(2-3—(=1)-1)
=—-1+14
= 13.

Since det(A) # 0, we conclude that A is an invertible matrix.

End of lecture 21
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Definition 17.3. Let V' be an n-dimensional vector space. Let "€ L£(V') and B be a basis of V.
The characteristic polynomial of T is

cr(t) == det([T)g — t1,)

Proposition 17.4. Let V be a finite dimensional vector space, and let T' € L(V).

(i) The characteristic polynomial does not depend on the choice of basis in Definition [17.3]
(ii) The eigenvalues of T are precisely the zeroes of cr(t), viewed as a polynomial over F.
Proof.

(i) Let B’ be another basis of V' with @) the change of coordinate matrix from B to B’. Then
det ([T]5 — t1,) = det (Q'[T]pQ —tQ™'1,Q)
= det (Q 7 ([T)s — t1,)Q)
= det(Q ') det([T)s — t1,)(det Q)
= (det Q)" "(det Q) det ([T — t1,,)
= det([T]g — t1,).
(ii) Note that T'—tI is invertible if and only if [T'—tI]g = [T|p —t1, is invertible. Equivalently,
the matrix is invertible if and only if
cr(t) = det([T]g — tI,) # 0.
Thus the eigenvalues of T are precisely the scalars A € F such that c¢p(\) = 0.
O

For the remainder of this section, we will assume that F = C so that every characteristic
polynomial factors completely into linear terms.

Definition 17.5. Let V be a finite dimensional vector space with 7" € L£(V'). Let A be an eigenvalue
of T. The algebraic multiplicity of ) is the largest possible & for which (t — \)* is a factor of
the characteristic polynomial c¢r(¢). In other words, the algebraic multiplicity of A is how many
times it appears as a root of the characteristic polynomial.

Proposition 17.6. Let V' be a finite dimensional vector space with 7" € L(V'). Let A be an
eigenvalue of 7" with algebraic multiplicity m. Then 1 < dim(E\(T")) < m.

Proof. Choose an ordered basis (vy,...,v,) for E5(T) and extend to an ordered basis
B = (vi,..,Up, Upt1,---,0p)

for V' by Proposition [L0.13] Therefore,

[T = ()\ép g)

where B is a p X (n — p) matrix, 0 is an (n — p) X p matrix, and C'is an (n — p) X (n — p) matrix.
We can compute the characteristic polynomial

or(t) = det([T)g — t1,)
B A—1)I, B
= det ( 0 C—tl,
= det((A —t)1,) det(C — tI,_,)
= (A—=t)Pdet(C —tl,—,).
Thus (A — ¢)? is a factor of ¢r(t), and the algebraic multiplicity of A is at least p. O
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Proposition 17.7. Let V be a finite dimensional vector space with 7" € L(V'). Then T is
diagonalizable if and only if the geometric multiplicity of each eigenvalue equals its algebraic
multiplicity.

Proof. Let n = dim(V). Let Ay, ..., A\x be the distinct eigenvalues of T" with respective algebraic
multiplicities m;. Let d; = dim(E),(T")) be the corresponding geometric multiplicities.

(=) Assume that T is diagonalizable. Let B be a basis for V' made up of eigenvectors of T'. For
each 1 <i <k, define B; := BN E,,(T). Denote by n; the number of vectors in B;. Then n; < d;
by Proposition and d; < m,; by Proposition . Since B has n vectors and the F) (T') has
trivial intersection with the sum of the other eigenspaces, Zle n; = n. The sum of the algebraic

multiplicities is the degree of the characteristic polynomial so Zle m; = n as well. We have

k k k
n:Znigz:diSZmi:n.
i=1 i=1 i=1

It follows that Zle(mi —d;) =0 and d; = m; for each 1 < i < k since 0 < m; — d;.
(<) Assume that d; = m; for each 1 < i < k. For each 1 < i < k, let B; be an ordered basis
for E,,(T) and B := By U --- U By. By a similar argument to that of Theorem [16.14} B is linearly

independent. Since d; = m; for each 1 < i < k, B contains Zle d; = Zle m; = n vectors.
Therefore, B is an ordered basis for V' consisting of eigenvectors of 7" so T' is diagonalizable. [

Example 17.8. We return to Example [16.15] Let T': C* — C? be defined by T'(z,y) = (—y, x).
Pick B to be the standard basis. The characteristic polynomial is

cr(t) = det([T)s — th)

-t —1
= det ( . t)
=t*+1.
Over C, we factor cp(t) = (t —i)(t +1i). The eigenvalues of T are £i. At this point, we have found

two distinct eigenvectors in the two-dimensional vector space C2. Corollary [16.10.2| implies that
T is diagonalizable. However, we find the corresponding eigenvectors anyway.

Let A =4. Then [T|g —il, = N :1) We find E;(T) = ker([T]s —il) = Span{(i, 1)}.

1
Let A = —i. Then [T]g +il, — (i _Z.l). We find E_(T) = ker([T]g + i) = Span{(—i, 1)}.

End of lecture 22

Example 17.9. Let T': P,(C) — P»(C) be defined by T'(p(x)) = p
T is diagonalizable. Pick the standard basis B = (1, z,z?) for P»(C).

T(1)=0-14+0-2+0-2?
T(x)=1-1+0-2+0-2?
T(x*) =0-14+2-24+0- 2

(

x). We want to figure out if
We have

SO

T]s =

o OO
o O =
o NN O
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Compute the characteristic polynomial by expanding the determinant along the first row as follows.

cr(t) = det([T)g — tis)

—t 1 0
=det| 0 —t 2
0 0 —t
1+1 t 2 142 0 2
(—=1)" (1) det ( 0 _¢) PN T det (0 T
= —1(1%)
= 3

Thus the only eigenvalue of 7" is 0 with algebraic multiplicity 3. We want to find the geometric
multiplicity of the eigenvalue 0, which is equivalent to computing the dimension of the kernel of
[T)g — 013 = [T']p. The matrix

010 010
Tls=[0 0 2] =001
00 0 000

is rank 2 so dim(ker(T")) = dim(FP2(C)) — rank(7") = 1 by Rank-Nullity Theorem. Since the
geometric multiplicity of the eigenvalue 0 does not equal its algebraic multiplicity, the operator T’
is not diagonalizable.

18. INVARIANT SUBSPACES AND CAYLEY-HAMILTON THEOREM

We are skipping Section 18 in lecture. The material will not be tested.

If v € V is an eigenvector of a linear operator 17" : V' — V', then T sends v to an element of
Span({v}). As aresult, the subspace Span({v}) of V is mapped into itself via 7. We can generalize
this notion with the following definition.

Definition 18.1. Let V be a vector space and T': V' — V a linear operator. A subspace W of V
is a T-invariant subspace of V if T(W) C W. In other words, for each w € W, T'(w) € W.

Example 18.2. We have already encountered many examples of T-invariant subspaces.

(){0}

(2) V

(3) im(T)

(4) ker(T)

(5) E, for any eigenvalue A of T

Example 18.3. Let 7' : R* — R? be the operator defined as T(x,y,2) = (x + y,y + 2,0). Let
W be the xy-plane. For any (z,y,0) € W, we have T'(z,vy,0) = (z + y,y,0) € W. Thus W is
T-invariant. Let X be the x-axis. Then for (z,0,0) € R3, we have T'(x,0,0) = (z,0,0) € X so X
is T-invariant as well. In fact, the vectors on the z-axis are eigenvectors of T corresponding to the
eigenvalue 1.

When we identify a T-invariant subspace W of a vector space V. We can restrict the linear
operator 1" to a linear operator on W. We denote Ty : W — W the function Ty (w) = T'(w) for
all w € W. Since T is a linear transformation, we can show that Ty, is a linear transformation.
As the following result illustrates, there are some properties of T' that Ty, inherits.



MATH 115A - LINEAR ALGEBRA 57

Proposition 18.4. Let V be a finite dimensional vector space with linear operator 7' : V' — V.
Let W be a T-invariant subspace of V. Then the characteristic polynomial of Ty, divides the
characteristic polynomial of 7.

Proof. Choose a basis B’ = (vq, ..., v;) for W and extend it to a basis B = (vy, ..., Uk, Uks1, - - -, Un)
for V' via Proposition [10.13| Let v; € B'. Since W is T-invariant, T'(v;) = Tw (v;) € Span(B’) so

[Ts = ([Tmé]gl g)

Let f(t) be the characteristic polynomial of T" and ¢(t) the characteristic polynomial of Ty,. Then

f(t) = det([T]p — tI,) = det <[TW]B(’)_ th B _f]n_k) = g(t)det(B — tI,_y).

The following example is a common type of invariant subspace.

Example 18.5. Let V' be a vector space and 1" : V' — V a linear operator. Let v € V. Then
W := Span({v,T'(v), T*(v),...}) is a T-invariant subspace of V. In fact, W is the smallest T
invariant subspace containing v. We call W the T-cyclic subspace of V' generated by v.

Example 18.6. Let T : Py(R) — P»(R) be the linear operator defined by T'(p(z)) = p'(z). The
T-cyclic subspace of P»(R) generated by z? is Span({z?, 2z,2}) = P»(R). We conclude that there
is no proper T-invariant subspace of P,(R) that contains x2.

As the next result proves, there is an easy way to produce a basis for and the characteristic
polynomial corresponding to a cyclic subspace.

Proposition 18.7. Let V be a finite dimensional vector space with linear operator 7' : V — V.
Let W be a T-cyclic subspace of V' generated by a non-zero vector v € V. Let k = dim(W).

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

(ii) If apv + a;T(v) + - - + ap_T* 1 (v) + T*(v) = 0, then the characteristic polynomial of Ty
is f(t) = (=1)*(ag + a1t + - - + ap_1tF 71 + tF).

Proof.

(i) Since v # 0, {v} is linearly independent by Example[9.6] Let j be the largest positive integer
for which B = {v,T'(v),...,T?7*(v)} is linearly independent. Such a j must exist since V' is
finite dimensional. Equivalently, BU{T”(v)} is linearly dependent. Proposition (9.9 implies
that 77(v) is a linear combination of the elements of B. Let Z = Span(B) so B is a basis
for Z. We will show that Z is T-invariant. Let z € Z. Then z = bgv + -+ + b; 1T} (v)
and, by linearity of T,

T(z) =T(bv +---+ bj_lTj_l(U)) =bT(v) + -+ + bj_lTj(U).
By above, T7(v) is a linear combination of the elements of B so T'(z) is a linear combination
of elements of B. Thus T'(z) € Z, and Z is T-invariant. Since W is the smallest T-invariant
subspace that contains v, W C Z. Clearly, Z C W so W = Z. It follows that B is a basis
for W and j = dim(W) = k.
(ii) View B from (i) as an ordered basis for W. Let ao, ..., ar_1 be scalars such that
agv + ay T (V) + - + ap_, T* 7 (v) + T (v) = 0.

Rearrange to obtain

TH(v) = —ag — ayT(v) — - -+ — ap_ T*(v).
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Then
0 0 0 —ag
10 0 —aq
[TW]B I B : :
00 ... 1 — Q1

A computation reveals that the characteristic polynomial is
f(t) = (—1)k(a0 +at+---+ Clk_ltk_l + tk)_
O

Cayley-Hamilton Theorem is an important result that links the algebra of characteristic poly-
nomials with the geometry of linear operators. Although we won’t see applications of the result in
this class, we will run into Cayley-Hamilton many times in the course of our mathematical journey.

Theorem 18.8 (Cayley-Hamilton Theorem). Let V' be a finite dimensional vector space with
linear operator T': V' — V. Let f(t) be the characteristic polynomial of 7. Then f(7') is the zero
transformation. In other words, T' “satisfies” its characteristic polynomial.

Proof. We will show that f(7')(v) = 0 for all v € V. Since the claim is clear when v = 0, we may
assume that v # 0. Let W be the T-cyclic subspace generated by v. Suppose dim(W) = k. By
Proposition M(i), there are scalars ag, . .., a;_1 for which

agv + a1 T(v) + - 4 a1 T" (v) + T*(v) = 0.
Thus Proposition [18.7](ii) implies that
g(t) = (=1)*(ag + art + - - + ap_1t* 1 + %)

is the characteristic polynomial of Tyy. As a result, g(7')(v) = 0. By Proposition [18.4] ¢(¢) divides
f(t) so f(T)(v) = 0. O

Example 18.9. Let T : R? — R? be the linear operator defined by

Choose the standard basis B = (e, e3). In order to find a matrix representation of the transfor-
mation, apply T' to the input basis elements and write the result in terms of the output basis.

T(el) = (1, —2) = €1 — 262
T(es) = (2,1) = 2e; + €9

T]s = (_12 ?) :

det([T']p — tIy) = det <1__2t 1 3 t)

=1-t)(1—-1t)+4
=t> —2t+5.

Then

The characteristic polynomial of T is
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Cayley-Hamilton Theorem implies that T2 — 27 + 51 is the zero transformation. We can verify
the claim on the matrix representation of T as follows.

- areesn= (1 1) (5 ) -2 (0 1) s (s )
(5 5) (0209
- 0)

19. INNER PRODUCTS

In an abstract vector space, there is no inherent notion of angle, length, or distance. We might
think there is in R™, but that comes from our previous bias about Euclidean space. We want to
introduce geometry into vector spaces so we define the inner product.

For now, we will consider vector spaces over either R or C. We briefly recall some notions about
complex numbers. The conjugate of a + bi € C is

a+bi:=a—bicC
and the modulus of a complex number a + bi € C is
a4 bi| == Va? + b2,
Note that if A € R is a real number, we have A = A. We can prove that if z, w € C, then
ZW=ZwWw
2z = |z
Definition 19.1. Let V be a (real or complex) vector space. An inner product is a function

(-,-) : V x V — F satisfying the following properties.
(1) (v + v, w) = (v,w) + (v, w)

(2) (Av,w) = ANw,w) for all v,v',w €V and A € F
(3) (v,w) = (w,v) for all v,w € V

(4) If v € V is non-zero, then (v,v) >0

Example 19.2. Take the vector space C". We can define an inner product as follows. Let
v=(v1,...,0,) and w = (wy,...,w,) for v;;w; € C. Then (v,w) := > 1 v;w;. We refer to this
inner product as the standard inner product on C".

For the real vector space R”, the standard inner product is (v, w) := """ | v;w; since the complex
conjugate does not affect real numbers. In multivariable calculus, we call this inner product the
dot product.

Example 19.3. We can build a non-standard inner product on R? as follows.

()=t () )

2x, +
— (22 ) (m;ﬁ)

= 21122 + Tay1 + T1Y2 + 2Y192
Check that the properties of Definition [19.1| are satisfied.
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Example 19.4. The vector space P(R) can be endowed with an inner product

(p,q) = /_ 1 p(t)q(t)dt.

1
Check that the properties of Definition [19.1| are satisfied.

Example 19.5. Take the vector space C([0,1]) of continuous C-valued continuous functions on
[0,1]. Until we define an inner product, there is no notion of angle or distance between complex-

valued continuous functions. For f,¢g € C([0,1]), define (f,g) := fo g(t)dt. Check that the
properties of Definition [19.1] are satisfied.

Definition 19.6. An inner product space is a vector space with a choice of inner product.

Proposition 19.7. Let V' be an inner product space. Then
(i) (v,w+w) = (v,w) + (v,w')

(i) (v, Aw) = XMv, w)
(iii) (v,0) = (0,v) =0
(iv) (v,v) =0 1fand only if v = 0.
Proof.
(i) Definition [19.1] (1) and (3) imply

(ii) Definition [19.1] (2) and (3) imply

(i) By (i),
2(v,0) = (v,2-0)
= (v,0).

Over R or C, (v,0) = 0. Apply Definition [19.1)(3) to obtain the result for (0,v).
(iv) (=) Assume that (v,v) = 0. The contrapositive of Definition |19.1|(4) proves the result.
(<) Assume that v = 0. Then (v,v) = 0 by (iii).

End of lecture 23

Remark 19.8. We say that an inner product is conjugate linear in the second component. When
F =R, Definition and Proposition imply that an inner product is bilinear.

We can use an inner product to check equality of two vectors.

Corollary 19.8.1. If (u,v) = (u,w) for all u € V', then v = w.
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Proof. We can rewrite the equation as (u,v — w) = 0 for all u € V. Pick u = v — w. Proposition
19.7(iv) implies that v —w =0 or v = w. O

Now we can introduce the first notions of geometry into an inner product space. Again, none of
these notions exist a priori — they are defined using an inner product.

Definition 19.9. Let V be an inner product space. The length or norm or magnitude of a
vector v € V' is ||v]| :== \/(v,v). A unit vector is a vector such that ||v|| = 1.

Here we state some basic properties of the norm associated to an inner product. These should
be familiar from multivariable calculus.

Proposition 19.10. Let V' be an inner product space with v € V and A € C.

(i) [|Av|| = |\l - ||v]| where |A] is the magnitude of a complex number
(ii) v =0 if and only if |[v|| =0
Proof.

(1) We can write [|Mv|] = /(Av, W) = /A0, \v) = /AN v, v) = \/|A[2{v,v) = |A] - ||v]|.
(ii) The statement is equivalent to Proposition [19.7](iv).
O

Definition 19.11. Let V be an inner product space. Two vectors v,w € V are orthogonal,
sometimes written v_Lw, if (v, w) = 0.

Example 19.12. Recall the inner product from Example [19.3] We can compute

() (), =0 2 (2) )

=240-2+0
= 0.

Thus (é) and _12 are orthogonal with respect to this non-standard inner product. With

respect to the standard inner product, the dot product, these vectors are not orthogonal. The
geometry of R? changes completely when we choose a different inner product.

Example 19.13. Let V' = R([0, 1]) be the continuous R-valued functions on [0, 1]. Recall the inner
product from Example [19.5 The functions f(t) = sin(2nt) and g(t) = cos(2nt) are orthogonal
with respect to the inner product since

(f,9) = /1 sin(2mt) cos(2mt)dt
0
= /1 % sin(47t)dt
0

n 0

_ {—Si cos(47rt)} 1
= 0.

The next two definitions will help define an inner product on the vector space M, x,(C).

Definition 19.14. The trace of a square matrix is the sum of the diagonal entries. For a matrix
Ain M,y (C), we write tr(A) == o | Aj.
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Definition 19.15. Let A € M,,«,(C). The conjugate transpose or adjoint of A is the n x m
matrix A* such that (A*);; = A_ﬂ foralll1 <i<mand1<j<n.

Example 19.16. We can define an inner product on the vector space M,,,(C) as follows. For
A, B € Mp,«n(C), we have

(A, B) :=tr(B*A).
The inner product is known as the Frobenius inner product.

The matrices A = ((1) _Zl> and <_1Z —02> are orthogonal with respect to the Frobenius inner

product since

(A, B) = tr(B*A)

(o) 6 )

End of lecture 24

20. CAUCHY-SCHWARZ INEQUALITY AND ANGLES

We are skipping Section 20 in lecture. The material will not be tested.

In the inner product space R"™ endowed with the dot product, we have angles and famous
inequalities with inner products and magnitudes. We will derive analogous statements for some
general inner product spaces. The next theorem is one of the most important inequalities in all of
math! There are deep interpretations of the result in physics as well.

Theorem 20.1 (Cauchy-Schwarz inequality). Let V' be an inner product space. Then for all
v,weV,
(v, w)| < [[o]]]|w]].

Furthermore, equality holds if and only if v and w are parallel.

Proof. Assume that F = R. The proof in the complex case is essentially identical, with some
annoying technical differences.

Fix v,w € V. The result is immediate if either v or w is 0 so assume v and w are non-zero.
Define a function f: R — R as follows. For ¢t € R,

f(t) = (v +tw,v+tw).
Note that f(t) = ||v + tw|| > 0. On the other hand, note that
f(t) = (v+tw,v + tw)
= (v,v) + (tw,v) + (v, tw) + (tw, tw)
= ||v]|* 4 2(v, w)t + ||w]||**.
We are viewing f(t) as a quadratic polynomial expression

F&) = (Iwll?) £ + (2(v,w)) t + [Jv]|*.
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If the discriminant of f(t) is positive, there would be two distinct real roots of f(t). In that case,
f(t) would have to be negative for some values of ¢, contradicting the construction f(¢) > 0. Thus

(2(v,w))* = 4 (|lw]?) [[o]* < 0.
Rearranging the inequality gives
[ (v, w)| < [Jvl[l|wl].
We will now prove (v, w) = ||v||||w]| if and only if v and w are parallel. (=) Assume that
|{(v,w)| = ||v]|||w]|. Follow the argument above with the substitution |(v,w)| = ||v||||w|| to obtain
f(@) = (JJwl||t + [|v]|)*> If |Jw|| = 0, then w = 0 by Proposition so v and w are parallel.

Assume ||w]|| # 0. The repeated root of f(t) is —H;’)l“‘. In other words,

L N T
|[w]] ||w]] ||w]]

By Proposition [19.7(iv), u — %w =0oru= %w.
(<) Assume that v and w are parallel. Then w = cv for some ¢ € F. We have
(v, w)| = (v, ev)| = [e(v,v)] = || - [Jo]]* = [Jv][[]wl]|
since [[w]| = [[ev]] = |e] - [Jv]]. m

The triangle inequality, one of the most important results in analysis, follows easily from Cauchy-
Schwarz inequality.

Corollary 20.1.1 (Triangle inequality). Let V' be an inner product space with v,w € V. Then
v+ wl| < [lvf] + [|wl].

Proof. Again, we prove the triangle inequality in the real case. The complex version is similar with
technical differences.
Fix v,w € V. Note that

[lv+w|]* = (v +w,v +w)
= (0,0) + {v,w) + (w, v) + (1w, w)
= [[v]]* + 2(v, w) + [Jw]]*.
By the Cauchy-Schwarz inequality, (v, w) < ||v||||w||. Thus,
o+ wl]* < [Jo]|* + 2[[ol[[[w]] + [[w]]?
2
= (l[v[l + Hwl])™
Taking square roots of both sides gives
v+ wl| < [lvf] + [|wl].
O

Now, we can discuss the notion of angle in an abstract inner product space. The notion of angle
and orthogonality is defined via the inner product. It wasn’t already there. Note that when we
define angle, we have to specialize to an inner product space over the real numbers.

Definition 20.2. Let v,w € V be vectors in a real inner product space. The angle between v
and w is
By := arccos (M> .
[[o]|[|w]]

Note that the domain of arccosx is [—1, 1] so 0, is well-defined because of Cauchy-Schwarz!
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Proposition 20.3. For v,w € V in an inner product space, (v,w) = |[v||||w]||cos(0y). The
formulas surrounding angles are reminiscent of those used in Math 33A.

Remark 20.4. We aren’t typically interested in angles. We recommend avoiding the use of angles
in proofs. It’s solely interesting that we can define the notion of angle in more generality!
21. ORTHONORMAL BASES AND ORTHOGONAL COMPLEMENTS

Suppose that V' is a finite dimensional inner product space. We can look for a particularly useful
kind of basis called an orthonormal basis.

Definition 21.1. Let V' be an inner product space. A set of vectors S C V is orthonormal if
llv|]] = 1 for each v € S and (v,w) = 0 for v,w € S and v # w. An orthonormal basis is an
ordered basis of V' that is orthonormal.

Example 21.2. Consider R? with the standard inner product (the dot product). Then the stan-
dard basis is an example of an orthonormal bases.

1 0
0/\1
If we want to find the standard coordinates of a vector e; + 2e5, we can write

e1 + 2e5 = (e1 + 2eq, e1)e1 + (e + 2e3, €3).

The following is not an orthonormal basis even though v; and vy are orthogonal.

(=)= ()

The same technique to write e; 4+ 2e5 as a linear combination of v; and vy will not work since

er+ 2ex 7 {e1 + 2ep, v1)v1 + (€1 + 2ea,v2)v2 =3 G) - (—11) - (Z) '

Divide each of v; by its magnitude and divide vy by its magnitude to obtain the following or-
thonormal basis for R? with respect to the dot product.

(%) (%)

The original technique we used with the standard basis will once again work for the new orthonor-
mal basis since

e1 + 2e2 = (e1 + 2e2, ur)uy + (e1 + 2e2, us)us = % (% G)) — % (% (_11)> = G) .

The following result describes a method of constructing an orthonormal basis from any basis.
Further, in order to find the coefficients of a linear combination of an orthonormal basis, we need
only compute inner products of elements. Before, we had to solve a system of linear equations.

Theorem 21.3. Let V' be a finite dimensional inner product space.

(i) There is an orthonormal basis of V.
(i) If (uq,...,u,) is an orthonormal basis of V', then for all v € V,

v = Z(v,uj> u;.
j=1
Proof.
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(i) Pick a basis (v1, ..., v,) for V. We build an orthonormal basis B := (u1, ..., u,) recursively.
Let u; = Hv_llnvl‘ Given {uy,...,u}, define
k
Wi+1 1= Vk41 — E (Vk41, us)
i=1
1
U1 = T Wh1-
[weal|

Let v; = w; for ease of notation. We want to prove that B is orthonormal inductively.
Each vector in B is a unit vector via

1 1 1 |w;||?
(ui,u;) = <—w', —w-> = ———(w;,w;) = =1
o T I e T N A
As a result, {u;} is orthonormal, and the base case holds. Assume that {u,...,u} is
orthonormal. We want to show that {ui,...,ugs1} is orthonormal. By the inductive
hypothesis,
()= (e )
Upt1, Uj) = ( T Wkt1, U;
k+1 y ‘|wk+1‘| k+1 ]
(i1, )
= ——(Wkt1, U,
[ ||
1 k
=\ Ykl — Z(WH, Ui) Ui, Uj>
el <
1 k
= (Okrsuz) = D (kg w) (ui, uj)
||wk+1||< i) = 2 o s g
1
= ||wk:+1|| ((Uk+17uj> - <Uk+17uj><uj7uj>)
1
= Mo all ((Ver1, u5) = (Ung, )
=0.

Thus w41 is orthogonal to each u; for 1 < j <k, and B is orthonormal.
We need to show that B is a basis of V. By construction,

7j—1 J—1
v =wi+ Y (g, = |[wyllug + Y (05, ui)us.
in1 i=1

Thus v; € Span(B) for each 1 < j < n. By Corollary [8.6.1}
V = Span({vy,...,v,}) C Span(B) C V
so B spans V. There are n vectors in B so B is a basis by Proposition [10.13(i).

(ii) Let v € V. Since (uq,...,u,) is a basis, we can write

n
v = E ajuj
Jj=1
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for some constants a; € F. Since {uy, ..., u,} is orthonormal,
n
(v, u;) = E aju;, u;
i=1

n

= ajuj,u)
=1
n

- Z a(uj, u;)
=1

= a; (Ui, u;)
= Q;.
Therefore, v = >""" (v, u;)u,;.
OJ
Remark 21.4. The proof of Theorem 21.3)i) is the Gram-Schmidt orthonormalization process.
Given any linearly independent set of a vector space, the Gram-Schmidt process will output an

orthonormal set. We usually use Gram-Schmidt on a basis for the vector space in which case the
process outputs an orthonormal basis for the vector space.

Definition 21.5. Let S be an orthonormal subset of an inner product space V. Let v € V. Then
the Fourier coefficients of v relative to S are the scalars (v, u;) for u; € S.

Example 21.6. Let R* be endowed with the standard inner product, the dot product. Let W
be the subspace of R* with basis ((1,0,1,0), (1,1,1,1),(0,1,2,1)). We will apply Gram-Schmidt
process to find an orthonormal basis for W. Denote

U1 = (1, O, ]., 0)

ve = (1,1,1,1)

v3 = (0,1,2,1).

Then ||v1]> = (v1,v1) = 2. We have u; = v, 1,0,1,0). Next,

_ 1
_75(

with |[wg][? = (wa, wy) = 2. Thus uy = rwy = \%(O, 1,0,1). Finally,

(w2
W3 = U3 — <03, u1>u1 - <U37 U2>U2
= (_1707170)

with ||ws||> = (w3, ws) = 2. Therefore, uz = ng, = \%(—1,0, 1,0). The ordered basis

1 1 1
(ﬁ(l’o’ 1,0), E(O, 1,0,1), ﬁ(—l,O, 1,0)>

is an orthonormal basis for W.
We can find the orthogonal projection of any vector v € V onto W as follows.

projyy (v) = (v, ur)us + (v, uz)us + (v, uz)us

The vector projy, (v) is the vector closest to v that lies in the subspace W where distance is
determined by the inner product.
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End of lecture 25

Example 21.7. Take the vector space P»(R) with inner product

(p,q) = /_1 p(t)q(t)dt

1

for p,q € P(R) as in Example [19.4] Let B = (1, z,2?) be the standard basis for P,(R). We will
find a corresponding orthonormal basis using Gram-Schmidt.

We have v; = 1 so ||v1]]? = (vy,v1) = f_ll dt = 2. Then u; = LZ
We have vy = x so

S

Wy = Vg — <02,U1>U1

=5 (/)

Find the norm of ws,

We can then make wy a unit vector via

Finally, v3 = 22 so

W3 = U3 — <U3, U1>U1 - <U37U2>U2

1 /! 3 [t
= - / t2dt — —x/ 3dt
7]_ 2 71

1.1 3 11,1°
-l

Wl N~ N
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Find the norm of ws,

lws|] = (w3, w3)
1 1\ 2
JACHE
1 3

1
2, 1
th— 24 =
[(#=3+3)

+

I
IL\D\

O =~

&l oo
© o

We can then make ws a unit vector via
1
= —w3
||ws]]

5
= /=(32% - 1).
(32>~ 1)
An orthonormal basis for P»(R) with respect to the given inner product is (uq, ug, us).
End of lecture 26
End of final material

us

Definition 21.8. Let W C V be a subspace of an inner product space. The orthogonal com-
plement of W is the set

WH:={veV: (v,w) =0 foralweW}.

Proposition 21.9. Let W C V be a subspace of an inner product space V. Then W+ is a
subspace of V.
Proof.
(1) By Proposition [19.7(iii), (0,w) = 0 for all w € W so 0 € W*.
(2) Let u,v € Wt. Then (u+v,w) = (u,w) + (v,w) =0+0 =0 for allw € W sou+v € W.
(3) Let v € W+ and ¢ € F. Then (cv,w) = c{v,w) =0 for all w € W so cv € W+,
0

The next result proves that it is sufficient to check elements of the orthogonal complement on a
spanning set.

Lemma 21.10. Let W C V be a subspace of an inner product space. If v € V' is orthogonal to
each element of a spanning set S of W, then v € W+,

Proof. Let w € W. Then w = Zf L a;w; for w; € S and a; € F. We have

(v,w) = <U,Zaiwi> = Zaﬁ(v,w,} = 0.

Thus v € W+. O

Example 21.11. In the vector space C? under the standard inner product, take the subspace W =
Span({ey, es}). We want to find W+. Let v € C3 be a vector such that (v,e;) = 0 and (v, e5) = 0.
By Lemma [21.10| this is sufficient to say that v € W+. We can write v = aie; + ases + ases. The
assumptions imply that a; = ay = 0. Therefore, W+ = Span({e3}). Using careless language, the
orthogonal complement to the zy-plane is the z-axis.
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Proposition 21.12. Let W C V be a subspace of a finite dimensional inner product space. Then
V=waoWw

Proof. Let B = (w, ..., wy) be an orthonormal basis for W, which exists by Theorem [21.3|i). Let

v € V. Define an element of W as w := Zf:1<v, w;)w;. Since B is orthonormal,

<U - wij) = <U7wj> - <w’wj>

= (v,w;) — <Z<U,wi>wi,wj>

i=1

Lemma[21.10/implies v —w is in W+ and v = w+ (v—w) € W+W=. In other words, V = W+W+=.
Let v € WN W, Then (v,v) =0 so v =0 by Proposition [19.10, Thus W N W+ = {0}. O

Remark 21.13. In the proof of Proposition the definition of w = Zf:1<v,wi>wi is the
projection of v onto the subspace W. We can prove that w is the vector in W that minimizes
||lv — wl|. In other words, w is the vector closest to v that lies in W. The main takeaway from the
section is that orthonormal bases make finding linear combinations and projections onto subspaces

easy.

The projection technique works whenever we have an orthonormal basis for a subspace. However,
if we try to project onto a subspace without first finding an orthonormal basis, we might get a
completely wrong result as the next result illustrates.

Example 21.14. Find the projection of v = (1,2, —1) onto the subspace W = Span({e; + ez, e2}).
Note that {e;+ea, €2} is a basis for W that is not orthonormal. We observe that W = Span({ey, e2})
so we expect the projection of v onto W to be (1,2,0). However,
<U,€1+62> =14+2=3
(v,e9) =2
so, if we misuse the formula from the proof of Proposition [21.12, the projection of v onto W is

3(er + e2) + 2e2 = (3,5,0) # (1,2,0). The simple projection formula requires first finding an
orthonormal basis for the subspace.

Corollary 21.14.1. Let W C V be a subspace of a finite dimensional inner product space. Then
dim(V) = dim(W) + dim(W).
Proof. Apply Corollary [10.17.1] to the result of Proposition [21.12] O

22. ADJOINTS

For a matrix, we introduced the conjugate transpose in Definition [19.15] In the presence of an
inner product, we can often generalize this notion to adjoints of linear operators. However, an
adjoint to a linear operator does not always exist. We will prove that adjoints exist and are unique
in a finite dimensional vector space. Pairing an operator with an adjoint is a common technique
in algebra. Information about one can provide information about the other.
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Lemma 22.1. Let V be a finite dimensional inner product space over F with g : V' — F linear.
Then there exists a unique w € V' such that g(v) = (v, w) for all v € V.

Proof. Let B = (ui,...,u,) be an orthonormal basis for V, which exists by Theorem 21.3(i). Let
w =" g(u;)u;. Define the linear function h : V'— F by h(v) = (v,w). For 1 < j <mn,

h(u;) = <u]-, ZM%>

= Zg(uz’)Wj» u;)

= g(v;).
Since g and h agree on B, linearity proves that g and h agree on any linear combination of B.

Every vector v € V' is an element of Span(B) so g = h.
In order to show that w is unique, suppose that g(v) = (v, w’) for allv € V. Then (v, w') = (v, w)

for all v € V' so Corollary [19.8.1] implies w' = w. O

Proposition 22.2. Let V be a finite dimensional inner product space with 7' € L£(V'). Then
there exists a unique function 7% : V. — V such that (T'(v),w) = (v, T*(w)) for all v,w € V.
Furthermore, T is linear.

Proof. Let w € V. Define g : V. — F as g(v) = (T'(v),w) for all v € V. We first show that g is
linear. Let v1,v, € V and ¢ € F. Then

g(vr +v2) = (T

=c(T
= cg(vy).

Lemma provides a unique w’ such that g(v
(T'(v), w) = (v, T"(w)).
Next we prove linearity of T*. Let w,w’ € V and ¢ € F. Then, for all v € V,

(0, T*(w~+w")) =(T(v),w + w')

= (v,w’) for all v € V. Define T*(w) = w’ so

{
Corollary [19.8.1| implies T*(w 4+ w') = T*(w) + T*(w') and T*(cw) = c¢T*(w).
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We finally prove uniqueness. Assume that there is another map S : V' — V such that
(T(v), w) = (v, 5(w))

for all v,w € V. Then (v, S(w)) = (v, T*(w)) for all v,w € V. By Corollary [19.8.1} S(w) = T*(w)
for all w € V. Thus S =T", and T™ is unique. O

Definition 22.3. Let V' be an inner product space with 7" € £(V). The adjoint of T', when it
exists, is the unique, linear map 7% : V' — V such that

(T'(v), w) = (v, T"(w))
for all v,w € V.

Remark 22.4. Adjoints do not always exist for operators on infinite dimensional vector spaces.
When an adjoint does exist the proof of Proposition shows that it is unique and linear.

Whenever we state a proposition or problem involving an adjoint, we will assume implicitly that
we are working with a transformation 7" for which the adjoint exists.

Example 22.5. Take the inner product space R? with the dot product. Let T": R? — R? be

r() =0 %) 6= (")

We claim that the adjoint 7% : R? — R? is defined by
m()-6 )66t
Let <x1> , (a:2> € R2. Then
Y1 Y2
A ———
() (-

Since the two dot products coincide for any choice of vectors in R?, we have defined T* correctly.

Example 22.6. Let C? be an inner product space with the standard inner product. Define

T:C?—> C?as
(%) 2t 3 x\ 2z + 3y
y) \1 —-1)J\y) \z—y )’

We claim that the adjoint 7™ : R? — R? is defined by
7 (T) -2t 1 r\ _ [(—2ix+y
y) \3 —=1)\y) \ 3z—y )’
Let <x1> , <$2> € C?. Then
Y1 Y2
() (F2)N = (P T3 (72)N 95035 + 370w + 0475 — T
ui ) \ s T — "\ g, 122 21 1Y2 — Y1Y2
xy « (T2 xy —21x9 + Yo — o —
() ()= ) (00 s i -

= 20x1T3 + 11y + 3T2Y1 — Y1Y2.

Since the two inner products coincide for any choice of vectors in C?, we have defined T* correctly.
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Examples and capture the motivation for the adjoint. The adjoint is an abstraction
of the conjugate-transpose operation (which for real vector spaces is the transpose operation).
Proposition [22.8] makes this precise and explains why the conjugate transpose of Definition [19.15
is often called the matrix adjoint. First, however, we need some useful properties of the adjoint

Proposition 22.7. Let V be an inner product space with linear operators S : V. — V and
T :V — V for which adjoints exist.
(i) S+ T has an adjoint, and (S +T)* = S* + T*.
(ii) ¢T has an adjoint, and (¢T')* = ¢I™* for any ¢ € F.
(iii) S oT has an adjoint, and (S oT)* =T" o S*.
)
)

1
(iv) T* has an adjoint, and (77*)* =T.

(v) The identity operator is its own adjoint.

Proof. Let v,w € V and c € F.
(i)
(5+T)(v),w) = (S(v) + T(v), w) = (5(v), w) + (T'(v), w) = (v, " (w)) + (v, T"(w))
= (0,5 (w) + T"(w)) = (v, (5" + T7)(w))

((€T)(v), w) = {cT'(v), w) = (T'(v),w) = c{v, T"(w)) = (v, eI (w))

((SoT)(v),w) = (S(T(v)), w) = (T(v), 5" (w)) = (v, T"(5"(w))) = (v, (T" 0 5*)(w))

(T"(v), w) = (w, T*(v)) = (T(w),v) = (v, T(w))
(v) Let I : V — V be the identity operator.

(I(v), w) = (v, w) = (v, [(w))

U
Proposition 22.8. Let V be a finite dimensional inner product space with 7" € L(V). Let
B = (uy,...,u,) be an orthonormal basis of V. Then
[T7]5 = [T15-

Proof. Let A = [T]p and B = [T*]p. Since B is orthonormal, Theorem [21.3(ii) shows
T (uz) = (T (u), unyun =+ - -+ + (T (u;), un) .
Thus B;; = (I (u;),u;) and A;; = (T'(u;), u;). Note that by Proposition [22.7(iv),
Aji = (T(us), uj) = (uy, T(ug)) = (T*(uy), ui) = Bij.
Since Aj; = By it follows that B = AT. O

Example 22.9. Recall from Example the vector space R*™ of sequences of real numbers with
finitely many non-zero entries. Since only finitely many terms in each sequence are non-zero, an
inner product (-,-) : V- x V — F can be defined like the usual dot product. Recall the right shift
operator S : R*® — R* that satisfies

S(ao,al,ag, .. ) == (0,@0,(11, e )
Define the “left-shift” operator T : R* — R* as

T(ao,al,a2, .. ) = (al,ag,a;;, ce )
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Let (ag,ay,as,...),(by,b1,bs,...) € R>® be two suitable sequences. Then

(S(ao,a1,az,...), (bo, b1, b2, ...)) = ZaibiJrl
i=0

<(a0a ai, Gz, . .. )7T(b07 b17 b?v s )> = Zaibi-i—l'
i=0
Therefore, T' = 5*.

23. NORMAL OPERATORS, SELF-ADJOINT OPERATORS, AND THE SPECTRAL THEOREM

Lemma 23.1. Let T': V — V be a linear operator on a finite dimensional inner product space
V. If T has an eigenvector, then so does T™.

Proof. Suppose that v is an eigenvector of 7" with corresponding eigenvalue A\. Then for any w € V/,
0= (0,w) = (T = AI)(v),w) = (v, (T = AI)*(w)) = (v, (T" = M) (w)).

Thus v is orthogonal to the image of T* — A so T* — X is not surjective. By Proposition [16.7]
T* has eigenvalue \. O

Theorem 23.2 (Schur’s Theorem). Let T' be a linear operator on a finite dimensional inner
product space V. Suppose that the characteristic polynomial of T factors into linear polynomials.
Then there exists an orthonormal basis D for V' such that the matrix [T]p is upper triangular.

Proof. We will first find an ordered basis C for which [T¢ is upper triangular. Since the char-
acteristic polynomial of T factors into linear polynomials, T" always has at least one eigenvalue
A with corresponding eigenvector v;. Then {v;} can be extended to an ordered basis C of V' by

Proposition [10.13| for which
¢~ \o C

where Ais1x1,0is (n—1)x1,Bislx(n—1),and C'is (n —1) x (n —1).

Assume that there exists an ordered basis B = (vy, ..., v,) for which
A B
where A is k x k upper triangular, 0 is (n — k) x k, Bis k x (n — k), and C'is (n — k) x (n — k).
Note that W = Span({vy,...,v}) is T-invariant. As a result, we can define the linear operator

Tw : W — W by Tw(w) = T(w) for all w € W. The characteristic polynomial of [Tz is the
product of the characteristic polynomials of A and C. Since the characteristic polynomial of
T factors into linear terms, we can find an eigenvalue p of the matrix C' over F. Let w be a

corresponding eigenvector. Then
()= (22) - ()
T = = .
w Cw pw

By Proposition |10.13] the linearly independent set C' = {v,..., v, w} can be extended to an
ordered basis C for which
A B
[T]C - (0 C/>
where A" is (k+1) x (k+1) upper triangular, 0is (n—(k+1)) x (k+1), B"is (k+1) x (n— (k+1)),

and C"is (n — (k+1)) x (n — (k + 1)) We have proven recursively that there is an ordered basis
C ={v1,...,v,} for which [T|¢ is upper triangular.
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Apply Gram-Schmidt to C to obtain an ordered orthonormal basis D = (uq,...,u,). We let
Sy = {uy,...,ux} and S;, = {v1,...,vr}. Then Span(Sy) = Span(S},) for all 1 < k < n. Further,
T(ug) € Span(Sk) and T'(vg) € Span(S;) for all 1 < k < n. We conclude [T]p remains upper
triangular. 0

Definition 23.3. Let V be an inner product space with linear operator 7' : V' — V for which the
adjoint exists. Then T is normal if T7T* = T*T.

Proposition 23.4. Let V' be an inner product space with normal linear operator 7' : V' — V.

(i) [|T'(v)|| = ||T*(v)]| for all v € V.
(ii) T'— ¢l is normal for all ¢ € F.
(iii) If v € V is an eigenvector of T" with corresponding eigenvalue A € F, then v is an eigenvector
of T* with corresponding eigenvalue \.
(iv) If A\, A2 € F are distinct eigenvalues of T" with corresponding eigenvectors vy, vy € V| then

vy and vy are orthogonal.
Proof.

(i) For all v € V, we have
IT()]]> = (T(v), T(v)) = (T"T(v),v) = (TT"(v),v) = (T"(v), T"(v)) = ||T"(v)|[*.
(ii) By Proposition and the normality of T,
(T —c) (T —cl)* = (T —cI)(T* —¢l) =TT* —¢T — cT* + ||c|[*’T = T*T — el — cT* + |c|*1
=T*—ec)(T—cl)=(T—cl) (T —cl).
(iii) Suppose that T'(v) = Av for some v € V. Let U =T — Al so U(v) = 0 and U is normal by
(ii). Thus (i) and Proposition imply
0= [[U)]| = [U*()I| = [(T* = AD)(v)]] = [|T*(v) = M.
By Proposition [19.10{ii), 7%(v) = v.
(iv) Let A\; and Ay be distinct eigenvalues of T" with corresponding eigenvectors v; and vy
respectively. By (iii),
A {vr, v2) = (Ao, v2) = (T(v1), v2) = (v1, T (v2)) = <7Jl,)\_2v2> = Ao (v1, v2).
Since A1 # Ao, (v1,v9) = 0.
O
Theorem 23.5 (Spectral Theorem for Normal Operators). Let V' be a finite dimensional complex

inner product space with 7' : V' — V a linear operator. Then T is normal if and only if there exists
an orthonormal basis for V' consisting of eigenvectors of T

Proof. (=) Suppose that T is normal. By the Fundamental Theorem of Algebra, the characteristic
polynomial of T factors into linear terms. Apply Schur’s Theorem to obtain an orthonormal basis
B = (uy,...,uy) for V such that [Tz is upper triangular.

We will prove that each wu; is an eigenvector of T' via induction. Note that u; is an eigenvector
of T' by construction. Assume that uq,...,ux_1 are eigenvectors of 1. We will show that wu, is
also an eigenvector of T'. For j < k, let A\; € F be the eigenvalue corresponding to u;. Since
[T is upper triangular, T'(uy) = Zle Ajru;. By Theorem M(ii), Proposition M(iii), and the
orthonormality of B,

A = (T'(ug), wi) = (up, T"(u;)) = <uk7/\_zul> = Ai(ug, uz) = 0.
for 1 <i <k —1. Thus T'(ux) = Appug, and vy is an eigenvector of T
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(<) Assume that there exists an orthonormal basis B for V' consisting of eigenvectors of 7.
Then [T]5 is diagonal. By Proposition 22.8] [T*] = [T]}; is the conjugate transpose of a diagonal
matrix. Thus [Tz is also diagonal. We conclude that 7" and 7™ commute. U

Definition 23.6. Let V be an inner product space with linear operator 7' : V' — V for which the
adjoint exists. Then T is self-adjoint if T'= T".

Remark 23.7. A self-adjoint linear operator T' is automatically normal since TT* = T? = T*T.

Lemma 23.8. Let V' be a finite dimensional inner product space with self-adjoint linear operator
T:V—=V.

(i) Every eigenvalue of T is real.
(ii) Suppose V is a real inner product space. Then the characteristic polynomial of T" factors
into linear terms.
Proof.

(i) Suppose that T'(v) = Av for non-zero v € V and A € C. Since T is normal, Proposition

23.4)(iii)
M =T(v)=T*v) = .

Thus A = X and A is real.

(ii) Let n = dim(V') with B an orthonormal basis for V. Denote A = [T], which is a real
symmetric matrix. Define Ty : C" — C" by T4 (v) = Av for v € C". Since T} is represented
by a real symmetric matrix, T4 is self-adjoint over the complex inner product space C".
Let f(t) be the characteristic polynomial of T4. By the Fundamental Theorem of Algebra,
f(t) factors as a product of terms of the form (¢ — A). Each A is a root of f and, thus,
an eigenvalue of Ts. By (i), A is real. Therefore, f(t) factors as a product of linear terms
over the real numbers. The characteristic polynomial of T' is the same as the characteristic
polynomial of T)y.

O

Theorem 23.9 (Spectral Theorem for Self-Adjoint Operators). Let V' be a finite dimensional real
inner product space with linear operator 7' : V' — V. Then T is self-adjoint if and only if there
exists an orthonormal basis for V' consisting of eigenvectors of 7T'.

Proof. (=) Suppose T is self-adjoint. By Lemma[23.§[(ii), the characteristic polynomial of T" factors
into linear terms. Apply Schur’s Theorem to obtain an orthonormal basis B for V' such that [Tz
is upper triangular. We have [T|; = [T*]g = [T]|s so [T]|z and [T]; are upper triangular. Since
[T]5 is the conjugate transpose of [T']z, we conclude that [Tz is diagonal. Therefore, each vector
in the basis B is an eigenvector.

(<) Assume there exists an orthonormal basis B = (u, ..., u,) for V consisting of eigenvectors
of T. Let \; be the eigenvalue corresponding to the eigenvector u;. Then [T is a diagonal matrix
with \; in the ith diagonal position. By Proposition 2.8, [T*]s = [T];. The entry in the ith
diagonal of [T*]s is A; by Proposition M(iii). However, \; is real so [T™|z = [T]|p. We conclude
that T'=T", and T is self-adjoint. 0
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