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Lecture 1: R™ and Abstract Addition and Scalar Multiplication

1 R” and Abstract Addition and Scalar Multiplication

1.1 Introduction

The lecturer is Zhiwei Yun. The notes are taken by Jack Liu and the note-taking is supervised by Ashay
Athalye. The text used in this class is the 3rd edition of Linear Algebra Done Right, by Sheldon Axler.

This class is different from a linear algebra class you might have taken in the past. Most linear algebra classes
emphasize matrices and solving linear equations. However, this class will focus on proofs and the theoretical
side of linear algebra.

A typical problem in linear algebra involves solving a system of linear equations:

20+ 3y =1
r— y=2.

We can also interpret these equations as lines on a plane, with the solution being the intersection of the two
lines.

Thus, we can describe linear algebra both algebraically (by solving linear equations) and geometrically (by
finding the intersection of two "flat" shapes or finding the distance from a point to a "flat" shape).!

The central objects of this course are vector spaces. We will spend the first several lectures investigating many
aspects of vector spaces. Afterwards, we will study linear maps, which will relate vector spaces to each other.
Vector spaces and linear maps are examples of abstract objects. The opposite of abstract objects are concrete
objects, such as a vector (z1, 22, x3) or the matrix

2 0 4
0 7 8
1 01

These objects are concrete in the sense that they can be represented by numbers, while abstract objects cannot.
Throughout this course, we will develop a bridge between abstract objects and concrete objects, and show how
these objects actually represent the same idea in mathematics. While we will touch on both types of objects,
we will mostly focus on the abstract objects of vector spaces and linear maps.

Finally, a large part of this class is understanding and writing proofs. Each lecture will present at least one
proof, and the homework and exams will have multiple proofs for you to derive.

1.2 R”

Now, we will introduce the two most basic examples of a vector space.

Definition 1.1 (R")
R™ is the set of all lists of length n of elements of R:

R" ={(x1,...,2n) |z; €Rfori=1,...,n}.

The curly braces around the definition of R™ signify that R™ is a set. The (z1,...,xz,) gives the general form of
an element of R™ as a list of length n, while the z; € R denotes that each element of the list is a real number.

In addition, here is a quick review on set notation.

1The term "flat" is not well-defined, but it comes from the fact that the equations for these shapes must be linear. Thus, lines
and planes are "flat" shapes, while circles and ellipses are not.
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Example 1.2
Suppose S is a set.

e q € 5: ais an element of S
e SC S’ Sisasubset of S
e V: for all

e J: there exists

e d!: there exists a unique.

For instance, the notation
JdrxeRst. 20=1

means "there exists a unique element x in R such that 2z = 1."

R™ is a relatively simple example of a vector space. First, let’s investigate some operations on R™.

Definition 1.3 (Operations on R™)
Suppose (z1,...,Zn), (N1,-..,Yn) € R and a € R. The, we define the following definitions:

1. addition: (21,...,2Zn) + (Y1, Yn) = (T1 + Y1, -+, T + Yn)
2. multiplication: (x1,...,2n) (Y1, ---,Yn) = (T1Y15- -+, Tnln)

3. scalar multiplication: a - (z1,...,z,) = (az1,...,axy,).

Note that these are not the only operations that could be defined on R™ (for instance, one could easily define
subtraction).

Student Question. What is the geometric interpretation of the multiplication of two elements of R™?

Answer. In fact, there is no natural geometric interpretation of multiplication. Thus, for most of this course,
we will completely forget about multiplication, and only focus on addition and scalar multiplication.?

On the other hand, addition and scalar multiplication both have natural geometric meanings.

Example 1.4
Suppose (z1,Z2), (y1,y2) € R2. Then, (1 + y1, 22 +y2) represents the fourth vertex of a parallelogram with
vertices (x1,y1), (x2,y2), and the origin:

(z1,72)

addition: (x1 +y1, 22 + y2)

(yl, Y2)

Additionally, scalar multiplication represents a scaling the length of a vector by some factor:

scalar multiplication:

Student Question. Do the geometrical meaning of addition and scalar multiplication extend to higher dimen-
sions of R™?

Answer. Yes! For instance, the addition of three vectors in R® forms a parallelepiped, analogous to the
parallelogram in R2.

2We will see some operations that look like multiplication when we cover inner product spaces, which will be much later in this
course.
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There also exists a special vector in R™, known as the zero vector.

Definition 1.5 (6)
Let 0 denote the element in R™ defined by

For all z = (x1,...,2,) € R, 0 satisfies

Thus, 0 is an additive identity for R™.

The following result gives more properties of addition.

Theorem 1.6 (Properties of addition in R™)
Suppose z,y, z € R™. Addition satisfies the following properties:

e commutativity: x+y=y+=x
e associativity: (z+y)+z=2+4 (y+ 2)

e additive inverse: —x = (—x1,..., —Ty).

In particular, we can think of the additive inverse of = in two ways. Using scalar multiplication, we can express
—z = (-1)z.

Using addition, we can express
x+ (—z)=0.

The final property of R™ that we will discuss in this section is as follows.

Theorem 1.7 (distributive property)
Suppose z,y € R"™ and a,b € R. Then,
a(x +y) = ax + ay

and
(a+b)x = az + bx.

In summary, R" is a set with two operations: addition and scalar multiplication. While many of these properties
of R™ may seem quite basic, we will carry over many of these properties in general vector spaces.

1.3 Examples of Vector Spaces

Our discussion of R™ in the previous section gives us some intuition on what a vector space is. As a rough
definition, a vector space V is a set with two operations, abstract addition and abstract scalar multiplication,
that satisfies a list of properties. Thus, when we define a vector space, we have to give three pieces of structure:
a set of vectors, abstract addition, and abstract scalar multiplication.

Let us consider more examples of vector spaces. Although we have not fully defined vector spaces yet, we can
verify later that all of these examples are indeed vector spaces.
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Example 1.8
Consider the set of complex numbers C. We can express any complex number as a + bi for a,b € R. Thus,
(a,b) € R?, so the set of elements C is essentially equivalent to the set of elements R2.

Addition in C also works analogously to R?, since addition works by combining the real parts and imaginary
parts separately:
(a+bi)+ (c+di) = (a+c)+ (b+d)i.

However, multiplication in C is more complicated. We know that R? has scalar multiplication defined by
t(a,b) = (ta,td)
for t € R. However, multiplication in C is defined by
(a + bi)(c+ di) = (ac — bd) + (ad + bc)i.
It follows that multiplication in C is more general than scalar multiplication in R. Setting a + bi =t € R

(i.e. b=0) gives
(t+ 0i)(c + di) = tc + tdi,

which is analogous to scalar multiplication in R2.

Student Question. For scalar multiplication, must is a scalar a in R or C?

Answer. In R", we are working with scalars in R. Later, we will be working with both R and C. In particular,
when we introduce vector spaces, we will have to state whether V is a real vector space or a complex vector
space, which will determine whether a is in R or C. Therefore, we actually have to specify four things to define
a vector space: a field F (R or C), a set of vectors, addition, and scalar multiplication.

In the example above, we saw that C and R? have the same structure in terms of the set of vectors, addition,
and scalar multiplication if you restrict the scalars to be real. Thus, C is a real vector space.

Example 1.9
Suppose S is an arbitrary set and F = R. Let

V={f:95—-R}L

We wish to define abstract addition and scalar multiplication to make V into a vector space.

For abstract addition, suppose f,g € V. We define

(f +9)(x) = f(z) + g(z)
for all z € S.

For abstract scalar multiplication, suppose f € V and a € R. Suppose that we define

(af)(z) = f(az)

for all z € S. However, note that S is an arbitrary set, so it could be possible that ax is not well-defined.
For instance, S could be a set consisting of apples, so it would not make sense to multiply an apple by some
scalar a. Instead, we define

(af)(x) =a- f(z).
Note that f(z) € R, so it always possible to multiply a - f(z). Thus, this definition makes sense.




Lecture 1: R™ and Abstract Addition and Scalar Multiplication

Example 1.10
Suppose F = R and
V ={f:]0,1] — R, continuous functions}.

Define abstract addition and scalar multiplication as they are defined in Example 1.9.

Note that this example is a special case of Example 1.9, where S = [0, 1] and we are restricting f to by
continuous.

In the above two examples, we specified the four pieces of structure that make up a vector space (field, set of
vectors, addition, and scalar multiplication). However, we did not check any properties of V, so we cannot say
yet whether V is a vector space or not. Once we fully define vector spaces, we will be able to come back and
verify that V' is indeed a vector space in both examples.

Student Question. Is it possible for two vector spaces to have the same F and V, but have different definitions
of abstract addition and scalar multiplication?

Answer. Yes! Suppose F =R and V = R. Define abstract addition as the usual addition in R. Now, we will
accept the following fact.

Fact 1.11
R has a lot of automorphisms.

An automorphism is a bijection ¢ : R — R which preserves the arithmetic operations

p(r+y) = o)+ ¢(y)
and
o(ry) = o(x)e(y)-

It is impossible to explicitly write down any such ¢ (besides the identity). However, in an abstract sense,
there exist an uncountably infinite such ¢.

Then, define abstract scalar multiplication as
a-z=pa)x.

It turns out that this "weird" definition of V is indeed a vector space. Another example is F = C, V = R,
addition is the usual addition, and scalar multiplication is defined by a - x = ax.

This shows that for any given field and set of vectors, there can still be several different definitions of abstract
addition and scalar multiplication to form a vector space.
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Example 1.12
Suppose F = R and

V = {f : R — R, differentiable functions | f'(z) + 2 f(z) = 0}.

Define abstract addition and scalar multiplication as as they are defined in Example 1.9. For any f,g € V,
let us verify that h = f + ¢ satisfies b’ + 22h = 0. It is clear that

W4a®h=(f+g)+2°(f+9)=(f +2°f) + (¢ +2°9) =0,

so h € V. Furthermore, we can similarly verify that h = af satisfies b’ + 22h = 0 for any a € R. Therefore,
addition and scalar multiplication are well-defined.

However, suppose
V = {f : R — R, differentiable functions | f'(z) + 2*f(z) = 1}.
Then, for f,g € V, we can compute that h = f + g satisfies
B +2?h=2#1.

Thus, this definition of abstract addition does not define an operation on V.

Note that the set V = {f | f' + 22f = 1} is a subset of the set {f | R — R}, which we gave vector space
structure in Example 1.9 (set S = R). To show that V' is a vector space with the same definition of abstract
addition and scalar multiplication, we must show that the result of abstract addition or scalar multiplication of
any elements of V is still in V, which turns out not to be the case in this example. This will lead to the notion
of subspace, which we will discuss in a later lecture.
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2 Vector Spaces and Subspaces

2.1 Review

Last time, we introduced one of the simplest vector spaces, R™, and discussed some of its properties. We
also used the properties of R™ to motivate some other examples of vector spaces and gave a very rudimentary
definition of what a vector space is.

2.2 Definition of Vector Space
Now, we will finally fully define vector spaces. Recall that F =R or C.

Definition 2.1 (vector space)
A F-vector space (also called a vector space over F) is a set V along with two operations

e addition, which maps each pair of elements u,v € V' to an element u 4+ v € V,
e scalar multiplication, which maps each a € F and each u € V' to an element av € V'
satisfying the following properties:

e commutativity:
u+v=v+u for all u,v € V;

e associativity:
(u+v)+w=u+ (v+w) for all u,v,w eV
(ab)v = a(bv) for all a,b € F, v € V;
o additive identity:

there exists an element 0 € V such that 0+ v = v for all v € V;

e additive inverse:
for every v € V, there exists w € V such that v + w = 0;

e multiplicative identity:
lv=wforallveV;

e distributive properties:

alut+v)=au+av foralla e F,u,v eV
(a+bv=av+bvforalabelF, veV.

Student Question. Since we mentioned commutativity of addition, does there also exists commutativity of
scalar multiplication, i.e. are av and va for a € F and v € V?

Answer. We always denote scalar multiplication by putting the scalar in front of the vector, i.e. av. We will
never write va.

Remark. We will soon prove that if w is the additive inverse of v, then w is unique. In fact, w = (—1)v. Since
w is unique, we will denote w by —wv.

Now, consider the following example of a vector space, known as the function space.

10
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Example 2.2

Suppose S is a set and
V={f:5—-C}L

For f,g € V, define addition as
(f +9)(@) = f(z) +g(z)

for all x € S. This defines a new function f+g¢g:5 — C.

For a € C and f € V, define scalar multiplication as

(af)(x) =a- f(z)
for all x € S. Similarly, this defines a new function af : S — C.
Let us verify that V has an additive identity. Note that V' must contain the zero function:
0(z) =0

for all z € S. For any, f €V, . .
(f +0)(z) = f(z) +0(z) = f(x)

for all z € S. Therefore, f 4+ 0 = f, so 0 is the additive identity in V. The verification that V satisfies all
other properties in Definition 2.1 is left as an exercise.

The following example will introduce C™, which is analogous to R™ over complex numbers.

Example 2.3
Define
C"={(z1,.-.,xn) |2, €C,i=1,...,n}.

Furthermore, define V' as in Example 2.2 with S = {1,...,}. Then, there exists a bijection from V to C"
by setting f(i) = x; for all i = 1,...,n. Thus, C™ is a vector space.

2.3 Properties of Vector Spaces

Now, we will discuss some consequences of the 6 basic properties in Definition 2.1.

Theorem 2.4
Suppose V is a vector space. Then, the additive identity in V' is unique.

Proof. Suppose 0 and 0" are both additive identities in V. We wish to show that 0 = (0. We know that 0+ v = v
and 0’ +v = v for all v € V. Then,

-,

0=040=04+0=0,
as desired. O

The next result will show another uniqueness property.

Theorem 2.5
Suppose V' is a vector space. Then, any element in V' has a unique additive inverse.

Proof. Let v € V. Suppose w and w’ are both additive inverses of v. We know that v +w =v +w' = 0. Then,
w=0+w=wW+v)+w=w+@W+w)=w +0=uw,
as desired. O

Thus, since additive inverse is unique, we can wrote —v to denote the additive inverse of v.

11
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Theorem 2.6
Suppose V is a vector space u,v,w € V. If u+ w = v + w, then u = v.

Proof. Adding —w to both sides gives the desired result.

Theorem 2.7
Suppose V is a vector space. Let a € F and v € V. Then,

1. a0 =0
2. 0v=0
3. (-1l)v = —v.

Proof. To prove (1), we have
a0 = a(0 +0) = a0 + a0.
Adding —(a0) to both sides gives a0 = 0.
To prove (2), we have

O0v = (04 0)v = Ov + Ow.
Adding —(0v) to both sides gives Ov = 0.

To prove (3), we have

|
o
S

|
=t

v+ (-lv=1v+ (-1)v =1+ (-1))v

so (—1)v is the additive inverse of v.

2.4 Subspaces

In this section, we will introduce the notion of subspaces.

Definition 2.8
Suppose V is a vector space. A subset U C V is called a subspace of V is it satisfies:

1.0eU
2. U is closed under addition (i.e. ui,us € U implies u; 4+ ug € U)

3. U is closed under scalar multiplication (i.e. a € F, u € U implies au € U).

Consider the following example of a subspace.

12
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Example 2.9
Suppose V = C? = {(z1,22) | 21,72 € C}. Let

Uy = {(21,0) | z1 € C}.
It is clear that (0,0) € U;. Furthermore, for (z1,0), (y1,0) € Uy, we have
(1,0) + (y1,0) = (z1 +v1,0) € Uy,
so Uj is closed under addition. Similarly, for a € C and (z1,0) € Uy, we have
a(x1,0) = (ax1,0) € Uy,

so U is closed under scalar multiplication. Thus, U; is a subspace of V.

Additionally, let Uy = {(0,0)} and Us = V. It is clear that both Us and Us include the zero vector, are
closed under addition, and are closed under scalar multiplication. Thus, U; and U; are both subspaces of V.

Finally, let
Uy = {(331,1‘2) S C? | 2r1 + x9 = k}

For what values of k is Uy a subspace? For k # 0, it follows that the zero vector is not in Uy, so it cannot
be a subspace. For k = 0, the verification that Uy is closed under addition and scalar multiplication is left
as an exercise. Thus, Uy is a subspace only if k = 0.

The next result gives an important property of subspaces.

Proposition 2.10
Suppose V is a vector space over F and U C V is a subspace of V. Then, U is a vector space over F under
the same addition and scalar multiplication of V.

Proof. To show that U is a vector space, we must show that it satisfies the six properties in Definition 2.1.
The condition that 0 € U ensures that the additive identity of V' is in U. The closure of addition and scalar
multiplication on U ensure that those two operations make sense over U.

Since U is closed under scalar multiplication, then (—1)v = —v € U for any v € U. Thus, there exists an additive
inverse for every vector in U. Finally, all other properties of a vector space are automatically satisfied in U
because they hold in V. Thus, U is a vector space. [

2.5 Sum of Subspaces

This section will introduce the notion of the sum of subspaces.

Definition 2.11 (sum of subspaces)
Suppose V' is a vector space over F and Uy, Uy C V are subspaces of V. The sum of U; and Us is defined as

U+ Us={veV]|v=us+ us for some u; € Uy,us € Us.}

From this definition, it is clear that U; 4+ Us is a subset of V.

Proposition 2.12
Suppose V is a vector space over F and Uy, Us C V are subspaces of V. Then,

1. Uy 4+ U, is a subspace of V
2. Uy + Us is the smallest subspace of V' that contains both U; and Us.

Proof. To prove (1), we must verify that U; + U, satisfies the three conditions in Definition 2.8. We know that

13
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6€U1,U2,SO oL
0=04+0€eU; +Us.

Now, suppose v, w € Uy + Us. We can express v = uj + uz and w = v} + ub for uy,u) € Uy and ug,uh € Us.
Because U is a subspace, it is closed under addition, so uy + ) € U;. Similarly, us + u} € Us. Then,

v+w = (u +uz) + (ug +uh) = (ug +uy) + (uz + ub) € Uy + Us,

so Uy + U, is closed under addition. Similarly, suppose v = u; + us € Uy + Us and a € F. Because U, is a
subspace, it is closed under scalar multiplication, so au; € U;. Similarly, aus € Us. Therefore,

av = a(uy + ug) = auy + aug € Uy + Us,

so Uy + Us is closed under scalar multiplication. Thus, U; + Us is a subspace.

To prove (2), for all uy € Uy, it follows that u; + 0 = uy € Uy + Us, so Uy is contained in Uy + Us. Similarly,
U, is contained in Uy + Us. Conversely, any subspace of V' containing U; and U must contain Uy 4+ Us because
subspaces are closed under addition, so they must contain the sums of their elements. Therefore, Uy + U, is the
smallest subspace of V' that contains both U; and Us. O]

Finally, we can extend this notion to the sum of an arbitrary number of subspaces Uy + - - - 4+ U,,, for which
Proposition 2.12 still holds.
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3 Direct Sum, Span, and Linear Independence
3.1 Review

Last time, we introduced the notion of vectors and subspaces. We also introduced sums of subspaces.

3.2 Sum of Subspaces (continued)

Consider the following example of sum of subspaces.

Example 3.1
Suppose V = C? and we define U; and U, as

Uy = {(z1,23,23) € C* | 21 + x5 + 23 = 0}, (1)
U, ={(0,2,0) € C* | z € C}. 2)

Then, U; and Us are subspaces (as an exercise, verify that this is the case). By the definition of sum of
subspaces, any v € Uy + Us is of the form

v = (21,22, 23) + (0,2,0) = (1,22 + =, x3)

such that 21 + z9 + 23 = 0. To determine which vectors are in Uy + Us, let v = (a,b,¢) = (z1, 22 + =, x3).
Then, we have the system of equations

a =T
b=a2x+z
C =3

x1 + 29+ 23 =0.

We can easily solve this system to get

ry =a
Ty =—a—cC
I3 = C
r=a+b+c

Because there exists a solution (x1, s, x3,2) for any (a,b,c) € C3. it follows that any vector in C? is also
in Uy + Us. In particular,

(a,b,¢) = (a,—a —¢,¢) + (0,a+ b+ ¢,0) € Uy + Uy,

since (a,—a — ¢,c) € Uy and (0,a + b+ ¢,0) € U,. Therefore, Uy + Uy = C3 = V.

Student Question. What if Uy had a condition similar to Uy? For instance, define U} as
Ub = {(z1, 22, 23) € C* | 221 + 25 — 325 = 0}

What is Uy + U5?

Answer. We use a similar process as the above example. Suppose uy = (x1,x2,x3) € Uy and uhy = (y1,Yy2,Yy3) €
Uj}. Then, v=€ Uy + Uy if
v = (a7 b7 C) = (xlv Z2, 1['3) + (yl» Y2, y3)

such that x1 + 2 + x3 = 0 and 2y; + yo — 3y2. We can set up another system of equations including a, b, c to
determine Uy + Us.

As a bit of an aside, consider the following example.
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Example 3.2
Suppose V = C? and define U; and U, the same as in Example 3.1. We wish to find U; N U,. By the
definitions of U; and Us, we know that v = (a, b,c) € C? satisfies

e a+b+c=0,
e a=0,c=0.

It is clear that the only solution is (a, b, ¢) = (0,0,0), so Uy N Uy = {0}. Thus, U; N U, is a subspace in this
example.

In fact, any the intersection of any two subspaces of V is itself a subspace of V. The proof is left as an exercise.

3.3 Direct Sum

In this section, we will introduce the notion of direct sums.

Definition 3.3 (direct sum)
Suppose Uy, ..., U, are subspaces of V. We call Uy +- - - + U, a direct sum if every vector in Uy +---+U,,
can be written as uy + - - - + u,, in only one way, where each u; € U;.

In other words, if Uy + - - - 4+ U, is a direct sum and
U:u1+...+um:w1+...+wm

for u;, w; € U;, then each u; = w;.

In terms of notation, if U; + - - - + U, is a direct sum, then Uy & - - - ® U,,, denotes Uy + - - - + U,,, with the ®
notation indicating that it is a direct sum. Additionally, we can use ¥ notation to denote the sum of subspaces:

S U= Us 44 U
=1

To denote a direct sum, we can use

Pui=the - aU,.
=1

Now, consider the following example.

Example 3.4
Suppose V = C3 and define U; and U, the same as in Example 3.1. Is U; + Us a direct sum?

We wish to determine for any v = (a,b,c) € Uy + Uy = C3 whether or not we can write v = uy + us in
more than one way, where u; € Uy and uy € Us. In Example 3.1, we found that the only way to express
Vv =uy + uy is

v =(a,b,c) =(a,—a—c,c)+ (0,a+b+c,0).

Thus, U; + Us is a direct sum.

Student Question. After Example 3.1, we defined
Uj = {(x1, 29, 23) € C* | 221 + 29 — 323 = 0}.

Is Uy + U} a direct sum?

Answer. If we let v = (a,b,c) € Uy + U}, uy = (1,22, 23) € Uy, us = (y1,y2,y3) € Ua, and set up a system of
equations to describe v = uy + ug, we would get a system of 5 homogeneous equations in 6 variables, which has
infinitely many solutions. Thus, there is more than one way to express v = uj + ug, so Uy + Uy is not a direct
sum. The details of this argument are left to the reader.

The next result gives another condition to tell if a sum of subspaces is a direct sum.
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Lemma 3.5
Suppose Uy, Us are subspaces of V. Then, Uy 4+ Us is a direct sum if and only if Uy N U = {6}

This is the first "if and only if"3 statement in this course. To prove an "if and only if" statement, we must show
that the statement holds in both directions.

Proof. First, we wish to prove that if U; 4+ U; is a direct sum, then Uy N Uy = {6}.4 Suppose v € Uy NU;. We
know that
v=0v4+0

where v € U; and 0e Us. Similarly, we know .
v=04wv

where 0 € Ui and v € Us. Since Uy + Us is a direct sum, these two expressions must be the same, so v = 0.
Thus, U; NU; = {0}.

Now, we wish to prove that if Uy NUs = {(_)'}7 then Uy + Us is a direct sum. Let v € Uy U Us. Suppose we write
v in two ways
UV =u; + U = wi + ws
where uy,ws € Uy and ug,ws € Us. It remains to show that vy = w; and us = ws. We can rearrange the
equation uy + ue = w1 + ws to get
Uy — W1 = W2 — UQ.

Since U; is a subspace, it is closed under addition, so uy; — wy € Uy. Similarly, wy — ug € Us. It follows that
up —wy = wg — ug € Uy NUs, S0 u1 — w1 = wy — us = 0. Therefore, u; = wy and us = woy, as desired. O

Example 3.6
Let us apply Lemma 3.5 to Example 3.4. By Example 3.2, we know that U; N Uy = {0}. Therefore, Uy 4 U
is a direct sum.

A natural question is whether or not this result can be generalized for more than two subspaces; that is, if
U1, Us, Us are subspaces of V, then does the condition

UlﬂUQZUgﬂngUlﬂng{G}
imply that Uy + Us + Us is a direct sum? To answer this question, consider the following subspaces of R? :

U.
3 U,

Uy

More precisely, we can define

U= {(SC,O) | T R}a
Uz ={(0,y) | z € R},
Us ={(z,y) | z € R}.
It is clear that the intersection of any two of these subspaces is the (0,0). However, note that
(1,1) = (1,0) + (0,0) + (0, 1)
3The term "if and only if" also can be denoted by "iff" or with the double headed arrow ” <= .”

4This is known as the forward direction of the proof, denoted by = . The converse of this statement is the backwards direction,
denoted by <« .
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where (1,0) € Uy, (0,0) € Us, and (0,1) € Us and
(1,1) = (0,0) + (1,1) + (0,0)

where (0,0) € Uy, (1,1) € Us, and (0,0) € Us. Thus, Uy + Us + Us is not a direct sum.

Student Question. We have just shown that the condition Uy NUy; = UsNUs = U NU3 = {6} is not sufficient
to prove that Uy + Uy + Us is a direct sum. However, is the condition Uy N Uy = Uy N Uz = Uy NU3 = {0}
necessary to prove that Uy + Uz + Us is a direct sum?

Answer. Yes! Without loss of generality, assume Uy NUy # {6} By Lemma 3.5, Uy + Uy is not a direct sum,
so Uy + Uy + Us is also not a direct sum.

Student Question. Is Uy + Uy + Us not a direct sum in this example because there are three subspaces but
V = R? is only two-dimensional?

Answer. We will introduce the notion of dimension in the next lecture, which will illuminate more properties
about direct sums. In general, we will be able to show that three lines in R? will never be a direct sum because
the dimensions of the subspaces (lines) add up to more than the dimension of R2.

We will now state the following result without proof.

Lemma 3.7
Suppose Uy, ..., U,, are subspaces of V. Then, U; + - - - 4+ U, is a direct sum if and only if 0 can be written
as up + - + Uy (u; € U;) in only one way, which is by taking all u; = 0.

By Definition 3.3, if Uy 4+ -+ - + Uy, is a direct sum, then any v € Uy + --- 4+ U, can be written uniquely as
u1 + - -+ + Uy, where u; € U;. The above results tells us that if we can verify that if only the zero vector can be
written uniquely in this way, then all vectors in Uy + - - - 4+ U, can be written uniquely in this way.

3.4 Span

Now, we will shift our discussion to linear combinations and span.

Definition 3.8 (linear combination and span)
Suppose vy, ..., v, are vectors in V. Then,

e a linear combination of vq,...,v,, is a vector in V of the form
ai1v qPooe AmUm

foray,...,am €F,

e the span of vy, ..., v, denoted span(vy,...,v,,) is the set of all linear combinations of vy, ..., V.

Since all linear combinations of vy, ..., v, are vectors in V, it follows that span(vi,...,v,,) is a subset of V.

18



Lecture 3: Direct Sum, Span, and Linear Independence

Example 3.9
Suppose V = C? and
U1 = (L *1’0)7 V2 = (Oa Il *1)7 U3 = (,170’ 1)~

Then, any v € span(vy, ve,v3) must be of the form

v=ay(1,—-1,0) 4 a2(0,1,—1) 4+ az(—1,0,1)

= (a1 — ag, —a1 + ag, —az + as)

for a1, as,as € C. To determine span(vi,v2,vs), we need to find all such v that can be expressed in this
form. In particular, we notice that

(a1 = a3) + (—a1 + 0,2) —|— (—ag + ag) = 0,
so the coordinates of any v € span(vy, vy, v3) must add to 0. In fact, it is that case that
span(vi, vz, v3) = {(r1,22,23) € c? | 1 + 22 + 23 = 0}.

The verification of the above statement is left as an exercise.

Let use clarify the span of an empty list of vectors.

Definition 3.10 (span())
The span of the empty list is {0}.

Consider the following simple examples of span.

Example 3.11
These bases cases of span are useful to know:

o span(0) = {0},

e span(v,v,...,v) =span(v) = {av | a € F}.

3.5 Linear Independence

We can make an analogy between the span of vectors span(vy, ..., v,,) and the sum of subspaces Uy + - - - 4+ U,,.
In particular, we have the notion of direct sum Uy @ - - - ® U,,,. Now, we will develop an analog of direct sum for
vectors, with the notion of linear independence.

Definition 3.12 (linearly independent)
Suppose v1,...,v, € V. The list of vectors vy, ...,v,, is linearly independent if the equation

a1v1 + -+ amvym =0

has the unique solution a; = --- = a,, = 0.

Note the similarity between the above definition to Lemma 3.7; both have a condition requiring a sum to be 0
where the only solution is when all variables are equal to 0.

Student Question. I thought that the definition of linear independence is when vectors are not scalar multiples
of each other. Is this correct?

Answer. This definition works to see if two vectors are linearly independent, but does not work for lists of more
than two vectors.

Consider the follow examples of linear independence.

19



Lecture 3: Direct Sum, Span, and Linear Independence

Example 3.13
Suppose V = C? and
U1 = (13 7170)7 V2 = (Oa 17 71)7 U3 = (71703 1)

Is vy, vg, v3 linearly independent?

By observation, we have
v1 +ve +v3 = 0.

Therefore, v, v2, v is not linearly independent, also known as linearly dependent.

Example 3.14
Suppose v1 = 0 and vy # 0. Is v, v linearly independent?

Note that
V1 + 0122 = 0,

which is different from Ovy 4+ Ovy = 0. Thus, vy, ve is linearly dependent. In general, any list of vectors that
contains 0 is linearly dependent.

Example 3.15
Suppose V = C? and
U1 = (17273)7 U2 = (27374)7 U3 = (37475)

Is vy, vg, v3 linearly independent?
It is easy to see by observation that
vy —vp =v3 —ve = (1,1,1).

This implies that
2’02—1}1 — V3 :0,

SO V1, Vs, vs is linearly dependent.
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4 Basis and Dimension

4.1 Review

Last time, we introduced the definition

span(vy, ..., Uy ) = {linear combinations of vy, ..., v}
where a linear combination of vq,...,v,, is a vector of the form ajvy + --- + a,v,, for a; € F. Note that
span(v, ..., V) is a subspace of the original vector space V.
Furthermore, we defined a list vq,...,v,, to be linearly independent if ayv1 + - - - + @y, v = 0 implies a; = -+ =

am = 0.

4.2 Span and Linear Independence (continued)

Suppose we choose enough vectors vy, ..., v, such that span(vy,...,v,) is the entire vector space V.

Definition 4.1 (spans, spanning list)
If span(vy,...,v,) = V, we say that v1,...,v,, spans V or vy,...,v,, is a spanning list of V.

Intuitively, if we want to span a three-dimensional space, we need a list of at least 3 vectors to span the entire
space. Soon, we will introduce the notion of dimension, and we will see that an n-dimensional vector space
needs a list of at least n vectors to span the entire vector space.

Furthermore, we will see that a list of too many vectors cannot be linearly independent. In particular, a list
of more than n vectors in an n-dimensional vector space cannot be linearly independent. For instance, the
following three vectors in R?

RQ

is linearly dependent.

4.3 Bases

Before we introduce bases, we will introduce a key definition in linear algebra.

Definition 4.2 (finite-dimensional vector space)
A vector space V is finite-dimensional if there exists a finite list of vectors vy, ..., v,, that span V.

Note that this is just a qualitative definition, in the way that it doesn’t actually tell you what the dimension of
V is. For most of this course, we will assume that V is finite-dimensional.

Now, we will introduce another important definition.

Definition 4.3 (basis)
A basis of V is a list of vectors vy, ..., v, that both spans V and is linearly independent.

The spanning requirement makes sure the list of vectors is not too small, while the linearly independent
requirement makes sure that the list is not too big. Eventually, we will show that the length of any basis of V'
is equal to the dimension of V.
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Thus, the cardinality of a basis® is an invariant of V. In other words, if v1,...,v, and wi,...,w, are both
bases of V, then m = n.

Consider the following example of a basis, known as the standard basis of R™.

Example 4.4
Recall R™ = {(z1,...,2,) | z; € R}. Let

es = (0,1,0,...,0),

en=(0,...,0,1).

To check if eq,..., e, is a basis, we need to check:
e ¢1,...,e, span R™,
® ¢1,...,e, are linearly independent.
To show that eq,...,e, spans, we wish to find aq,...,a, € F such that
(z1,...,2n) = are1 + -+ + aney,
for any (z1,...,x,) € R™. It is clear that this can be done by setting a; = z;. To prove linear independence,

note that a1eq + - -+ + ane, = (a1,...,a,). Thus, if

arer + -+ ape, = (a1,...,a,) =0,
thena; =---=a, =0, so e1,...,e, is linearly independent.
Therefore, €1, ..., e, is a basis of R".

Consider a more abstract example of a basis.

Example 4.5
Suppose v1, vy is a basis of V. We wish to show that v, v; — vs is also a basis of V.

First, we will show that vy, v; — v9 spans V. Since we know that vy, vy spans V| then showing that v; and vy
are linear combinations of vq, v1 —v9 is sufficient to prove that vy, v1 —vg spans V. Because vq = vy + (v1 —v2)
and vo = vy, it follows that ve, vy — vo spans V.

The verification that vy, v; — vy is linearly independent is left as an exercise.

The above example shows us that if we are given a basis, we can make modifications to it (e.g. combinations,
permutations) to make a new basis.

Student Question. Shouldn’t there be another condition in Definition 4.3, which is that the cardinality of any
basis of V is invariant?

Answer. The two conditions in Definition 4.3 actually are enough to imply that the cardinality of any basis of
V' is invariant, which is a result we will prove later in this lecture.

Now, we will introduce a technique that is very useful to proving the above statement.

5 Cardinality denotes the number of elements. Thus, the cardinality of a basis is the number of vectors in the basis.
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Algorithm 4.6 (Vector Deletion Algorithm)
The Vector Deletion Algorithm takes in a list of vectors vy, ..., v, and outputs a sublist v;,,...,v;, (1 <
i1 < --+ <i; <m) such that

e span(vi,,...,v;) = span(vi, ..., vy),

® v;,...,v; is linearly independent.

The algorithm consists of scanning each vector exactly once:
e Step 1: If v; = 0, delete v1, Otherwise, keep v .

o Step j: If v; € span(vy,...,vj_1), delete v;. Otherwise, keep v;.

Note that the condition v; € span(v1,...,v,-1) can be simplified to
v; € span(current sublist of vy,...,v;_1),
where the current sublist of vy, ...,v;_1 represents all vectors remaining in the list after Step j —1 of the Vector

Deletion Algorithm.
Student Question. As an example, what if vo is in span(vs, vg)?

Answer. We don’t care! At each step, we only look at the span of the previous vectors. In a later step, the
algorithm would remove vs or vg (or both) from the list.

Student Question. What if we perform the Vector Deletion Algorithm on 6, ceey 0?

Answer. We would delete vy since v, = 0. Additionally, 0 is in the span of any list of vectors (even the empty
list), so we remove all vectors. Thus, the output would be the empty list.

Consider the following example of the Vector Deletion Algorithm.

Example 4.7
Suppose V = R%. We wish to perform the Vector Deletion Algorithm on

—

0,e1,e1 +e2,e1 — e

where e, e5 is the standard basis of R2.

The algorithm deletes v; = 0, keeps vo = €1 and v3 = €1 + e, and deletes vy = €1 — e5 = 2e1 — (e1 +e2) =
2v9 — v3. Thus, the output is ey, e; + es.

Now, we will use the Vector Deletion Algorithm to prove some results.

Proposition 4.8
Suppose v1, ..., v, span V. Then, there exists a sublist of vq,..., v, that is a basis of V.

Proof. Apply VDA to vy,...,vn. The output will be a sublist v;,,...,v; such that span(vi,,...,v;) =
span(vy,...,vy) =V and v;,,...,v;, is linearly independent. Therefore, v;,,...,v;, is a basis of V. O]

Note that while we claimed that the output of the Vector Deletion Algorithm is always linearly independent,
we haven’t rigorously proved it yet. Thus, we will prove it now.

Lemma 4.9
The output of the Vector Deletion Algorithm is linearly independent.

Proof. We will prove this by contradiction. Suppose the output v;,, ..., v;, is linearly dependent. It follows that
a1v;, + -+ + aqv;, = 0 for scalars aq,...,a; € F that are not all zero. Let a, be the last nonzero coefficient in
ai,...,a;. Since the later coefficients are all zero, it follows that

a1v;, + -+ apv;, = 0.

23



Lecture 4: Basis and Dimension

We can solve for v; . to get
1

vi, = ——(a1v;, + -+ ar_1vi, )
T
From the above equation, it is clear that v; € span(v;,,...,v;._,). However, this implies that v; should have
been deleted by VDA, which is a contradiction. Therefore, v;,,...,v;, is linearly independent. O
Another property of the Vector Deletion Algorithm is that if vy, ..., v, are linearly independent, then the output
of VDA also starts with v1, ..., v.. In other words, no vector among vy, ..., v, is deleted by the VDA. This can
be seen by the fact that if v1,...,v; is linearly independent, then v; ¢ span(vs,...,v,;_1).

We will use the above property to prove the following result.

Proposition 4.10
Suppose vy, . . ., Uy, is linearly independent. Then, there exists vy, 41, ..., v, suchthat v, ..., U, Vmit1,-- -, Un
is a basis of V.

Proof. Since V is finite-dimensional,® there exists vectors wy, ..., wy that span V. Then, the list
Viyeo oy Um, W1,y ..., WE

spans V. Therefore, applying VDA to this list gives an output that spans V and is linearly independent, so
the output is a basis of V. Since vy, ...,v,, is linearly independent, it follows that the output of VDA must
also contain vy, ..., v,,. Finally, renaming the remaining vectors in the output to v,,41,...,v, gives the desired
result. O

Note the similarities between Proposition 4.8 and Proposition 4.10. In particular, Proposition 4.8 states that if
we have a spanning list (possibly too many vectors for a basis), then we can delete some vectors to form a basis
of V. On the other hand, Proposition 4.10 stats that if we have a linearly independent list of vectors (possibly
too few vectors), then we can add some vectors to form a basis of V.

4.4 Dimension

Now, we are ready to prove that the number of vectors in a basis is invariant.

Theorem 4.11
Suppose v1, ..., v, and w1, ...,w, are both bases of V. Then, m = n.

Proof. Let By = (v1,...,vm). Add w; to this list to form B = (wy,v1,...,v,,). Then, By spans V, but B} is
not linearly independent because v1, ..., v, already spans V, so w; can be expressed as a linear combination
of v1,...,vm. Apply VDA to B; to obtain output B;. By Proposition 4.8, B is a basis. Also, since w; # 0,
B; must contain w;. Finally, since B} is not linearly independent, VDA must delete at least one vector, so
|B1| S m.7

Now, add ws to this list to form By = (ws, By). By similar logic, B; spans V' and is linearly dependent. Thus,
applying VDA to B;r gives output By that is a basis and starts with ws, w;, because all the w;’s are linearly
independent. Once again, VDA must delete at least one vector, so |By| < |B1| < m.

Repeating this process n times, we find that B, is a basis starting with w,,...,w;. However, w,,...,w; is
already a basis, so B,, contains no other vectors. Furthermore, |B,| < m, son < m.

Finally, reversing the roles of vq,...,v,, and wy,...,w, (by letting By = (wh, ..., w,) and adding v;’s) shows
that m < n. Therefore, m = n. O

Now, we have a well-defined definition of dimension.

6Unless stated otherwise, we will assume V is finite-dimensional for all results in this course.
"The notation | B1| represents the number of elements in Bj.
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Definition 4.12 (dimension)
The dimension of V| denoted dim V/ is n if there exists a basis of V' consisting of n vectors.

We can also use the notation dimp V' to emphasize the dimension over field F, where F = R or C.

4.5 Polynomials

While we ran out of time in the lecture, the following concepts on polynomials will show up often in the course.

Definition 4.13 (polynomial)
A function p: F — F is called a polynomial if there exist scalars aq, ..., a,, € F such that

p(2) = ap+ a1z + ap2® + - + 2™

for all z € F.

P(F) is the set of all polynomials with coefficients in F.

Definition 4.14 (degree of a polynomial)
A polynomial p € P(F) has degree m, denoted deg m = p, if there exist scalars ay, . . ., am, € F with a,, # 0
such that

p(2) = ap+ a1z + a2® + -+ + 2™

for all z € IF.

The zero polynomial is defined to have degree —oo

Definition 4.15 (P,,(F))
For nonnegative integer m, P,,(F) denotes the set of all polynomials with coefficients in F and degree at
most m.

Example 4.16
P (F) is a finite-dimensional vector space for any nonnegative integer m.
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5 Dimension (continued), Linear Maps, and Matrices

5.1 Review

Last time, we introduced the notion of a basis. In particular, a list of vectors v1,...,v, is a basis of V if
e span(vy,...,v,) =V,
® v1,...,V, is linearly independent.

Additionally, we showed that the number of vectors in a basis is an invariant of V. Thus, we defined the dimension
of V' as the number of vectors in any basis of V.

5.2 Dimension (continued)

Consider the following basic examples of dimension.

Example 5.1
Consider F". We have dim F™ = n with one basis being the standard basis of F".

Recall the standard basis is the list of vectors ey, ..., e,, where ¢; has 1 at the ith place and 0’s elsewhere.

Example 5.2
Recall
Pm(F) ={ao + a1z + -+ anz™ | a; € F}.

In other words, P,,(F) is the set of all polynomials with degree at most m.

We claim that 1,2,22%,...,2™ is a basis of Py (F). It is clear that 1, 2,22 ..., 2™ span by the definition of
P (F). To prove linear independence, we need to show that ag + a1z + - - - + a,,, 2™ = 0 implies ag = a; =

- = a, = 0. It is a known fact in algebra that a polynomial of degree m can have at most m distinct
roots, so it cannot vanish for all values of z. Therefore, ag = a1 =--- = a,, = 0.

Thus, 1,2,2%,...,2™ forms a basis, so dim P,,(F) = m + 1.

Now, consider the following result relating dimension to spanning lists and linear independence.

Proposition 5.3

Suppose v1,...,v, is a list of vectors in V. Then,
1. If v1,...,v, is linearly independent, then n < dim V. Moreover, if n = dim V, then vy,...,v, is a
basis.
2. If vy,...,v, span V, then n > dim V. Moreover, if n = dim V, then vq,...,v, is a basis.
Proof. To prove (1), recall by Proposition 4.10 that vy, ..., v, can be extended to a basis v1, ..., Vn, Unt1s.- ., Um
of V. It follows that dim V' = m > n. Furthermore, if m = n, then vy,...,v, is already a basis of V.

To prove (2), recall by Proposition 4.8 that there exists a sublist v;,, ..., v;, that is a basis of V. It follows that
dim V = r < n. Furthermore, if r = n, then vy, ..., v, is already a basis of V. O

This result is very useful because it asserts that we only need to verify one of the two conditions of a basis (linear
independence and span) given that a list of vectors is the right length. The next example will demonstrate this.
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Example 5.4
Consider the polynomials 1, z, z(z — 1), z(z — 1)(z2 — 2),..., z2(z — 1) --- (2 — (m — 1)). Is this a basis of
P (F)?

First, we can consider some simple cases.
e For m = 1, we have the list 1, z, which is a basis.

e For m = 2, we have 1, z, 2(z — 1). To prove linear independence, suppose
a+bz+cz(z—1)=0

for scalars a, b, ¢ € F. Expanding, we get cz? + (b — ¢)z +a = 0, which has only solution a = b = ¢ = 0.
Therefore, 1, z, z(z — 1) is linearly independent. Additionally, we can show that

a+bz+cz(z—1) =ag+ a1z + a2’

has solution (a, b, ¢) = (ag, a1 + ag, as2), so 1,2z, z(z — 1) spans V. Therefore, this list is a basis.

Now, we will return to the general case. We claim that 1, z, z(z — 1), 2(z = 1)(z = 2),..., 2(z = 1) --- (2 —
(m — 1)) is linearly independent. For the sake of contradiction, suppose

ap+arz+agz(z—1)+--+anz(z—1)---(z—(m—-1)) =0

for scalars ag,aq,...,an, € IF that are not all zero. Let a; be the last nonzero coeflicient of ag,ay,...,an.
It follows that

ap+aiz+---+ajz(z—1)---(z—(j —1)) =0.
By observation, we see that the coefficient of the 27 term is a;. However, since a; # 0 it follows that the

left-hand side is nonzero, which is a contradiction. Therefore, 1, z, 2(z — 1), z(z — 1)(z — 2),..., z(z —
1)---(z = (m — 1)) is linearly independent.

Finally, since the number of vectors in 1, z, z(z — 1), z(z 1)(2 2)7 2(z—1)---(z—(m—1)) is equal
to dim P, (IF), it follows that 1, z, z(z — 1), z(z —1)(z — 2),.. (z - 1) -(z — (m — 1)) is a basis by
Proposition 5.3.

Now, we will look at the dimension of a sum of subspaces.

Proposition 5.5
Suppose U;, Uy are subspaces of V. Then,

lel(Ul + Ug) =dimU; + dim Uy — d1m(U1 N Ug)

Proof. Suppose u1,...,u, is a basis of U; N Us. Since this list is linearly independent, we can extend this list
to a basis uq, ..., up,v1,..., vy of U;. Similarly, we can extend this list to a basis uq, ..., un,ws,...,w of Us.
Now, we claim that wi,...,U,,V1,...,Vm,W1,..., Wk is a basis of U; + Uy. This will give us

dim(Uy +Uz) =n+m+k
=n+m)+(n+k)—n
= dim Uy 4+ dim Uy — dim(U; N Uy),

which will complete the proof.

It is clear that span(uy, ..., Un, V1, .., Um, W1, ..., wy) contains both U; and Uy, and thus also contains Uy + Us.
To prove linear independence, suppose

a1uy + -+ aptn +bvr + -+ b +crwr + -+ cpw =0
where all a;’s, b;’s, and ¢;’s are scalars. Rearranging, we get

cwy + - F CRWE = —a1U — ¢ — Aply — b1y — -0 — DU,
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All the w;’s are in Us, so c;wy+- - -+ cpwy € Us. Furthermore, all u;’s and v;’s are in Uy, so cywy +- - - +cpwy € Uy
as well. It follows that cywy + -+ - + cpwy € Uy N Us. Since uq, ..., u, is a basis of Uy N Us, we can write

awy + - A cgwy = diug + - A dntn

for scalars dy,...,d,. However, uy,...,u,, w1, ..., wy is linearly independent because it forms a basis, so all
¢;’s and d;’s must be equal to 0. In particular, all ¢;’s are equal to 0, so we have

a1uy + -+ apty + b1vr + - + b vy = 0.
However, uy,...,un,v1,...,v, is also linearly independent because it forms a basis, so all a;’s and b;’s are 0.

Therefore, uy, ..., Uy, V1,...,Um, W, ..., ws is linearly independent and thus is a basis of Uy + U, as desired. [

This result is analogous to the inclusion-exclusion principle in discrete math, which states that |X; U X5| =
| X1 | + | X2] — [ X1 N Xy for sets X7, Xo. Furthermore, note that we cannot use Proposition 5.3 for the above
proof because dim(U; + Uz) is unknown.

A special case of the above result is when Uy + U, forms a direct sum, Uy @ Us. This implies that Uy NUy = {6},
which has dimension 0.% Thus, dim(Uy @ Us) = dim Uy + dim Us.

Student Question. Does Proposition 5.5 generalize to the sum of n vector spaces, Uy + - -+ + U,?

Answer. Yes, the formula actually takes the same form as the inclusion-exclusion principle. You can read
about the inclusion-exclusion principle more here: https: //en. wikipedia. org/wikt/ Inclusion/ E2/ 807
93exclusion_ principle.

5.3 Linear Maps

So far, we have focused on vector spaces. Now, we will discuss how we can relate two different vector spaces,
using linear maps.

Definition 5.6 (linear map)
Suppose V, W are vector spaces over F. A map T : V — W is called a linear map if it satisfies:
o additivity:
T(v1 +v2) =T (v1) + T(vg) for all vy, vy € V;

e homogeneity:
T(cv)=c-T(v) for all c € Fand all v € V.

Note that the equation T'(vy 4+ v2) = T'(v1) + T'(v2) uses two different additions; the left-hand side uses abstract
addition in V while the right-hand side uses abstract addition in W. Similarly, the left-hand side of T'(cv) = ¢-T'(v)
uses abstract scalar multiplication in V' while the right-hand side uses abstract scalar multiplication in W.

Example 5.7
Suppose T : R2 — R3 is defined by

T(IIZ,y) = (3(E -y =+ y751’ - y)
Then, T is a linear map, the verification of which is left as an exercise. On the other hand, suppose
T(.’L’,y) = (3(1)—:{]— 1795"‘%537—2!)

While 3z — y — 1 may be considered a linear function in calculus, T' is actually not a linear map.

To show that T(x,y) = (3¢ —y — 1,2 + y, 5z — y) is not a linear map, consider the following result.

Lemma 5.8
Suppose T': V — W is a linear map. Then, T(6) =0.

8The zero vector space {6} has the empty set as a basis, which is why dim{@} =0.
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Proof. Suppose v € V. Then,

as desired. 0

We see that T'(0,0) = (—1,0,0). Thus, by the above result, T is not a linear map.

Now, we will investigate more examples of linear maps.

Example 5.9
Consider the following simple examples of linear maps:

1. The zero map 0: V — W defined by 0(v) = 0 for all v € V is a linear map.

2. The identity map idy : V' — V defined by idy (v) = v for all v € V is a linear map.
3. For ¢ € F, the map T : V — V defined by T'(v) = cv for all v € V is a linear map.
4. The map T : Py, (F) — Prua1(F) defined by T'(p(2)) = 2p(z). We can verify that

T(p(2) + q(2)) = 2(p(2) + q(2)) = 2p(2) + 2q(2) = T(p(2)) + T'(q(2))

and
T(c-p(2)) = z-c-p(z) = c(zp(2)) = c- T(p(2)),
so T is linear.

5. The map T : Py (F) — Prt1(F) defined by T'(p(z)) = p'(z). We can verify that

Tlp+q)=p+q) =p+d =T(p) +T(q)

and
T(cp) = (cp)' = cp' = c-T(p),
so T is linear.

6. The map T : P, (F) — F defined by T(p(z)) = p(1). We can verify that

Tp+q) =@+ 1) =p1)+q(1) =T(p) + T(q)

and
T(cp) = (ep)(1) = c-p(1) = c-T(p),

so T is linear.

5.4 Matrices
Consider the linear map from Example 5.7:
T(x,y) = Bz —y,z+y,bx—y).

We wish to represent this linear map using a matrix, which we do by taking the coefficients on the right-hand
side and putting them into each of the rows:

3 -1
1 1
5 —1

Thus, we represent a linear map 7" : R? — R3 with a 3x2 matrix.

Now, let’s construct this matrix in a different way. Let us calculate where T maps each of the basis vectors
e1,es of R?:

Tey =T(1,0) = (3,1,5)
Tey =T(0,1) = (—1,1,-1).
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Then, putting these vectors into the columns gives the same 3 x2 matrix

3 -1
1 1
5 —1

In general, the latter method allows us to find the matrix representation of any linear map with abstract vector
spaces T : V — W. In particular, the matrix will be of size dim W x dim V.

First, we will consider a simpler case where V, W are not completely generalized.

Example 5.10
Suppose T : F™ — F™ is a linear map. The matrix representation of T is

T(er) -+ T(en)|,
where e, ..., e, is the standard basis of F” and T'(e1),...,T(e,) are written as column vectors of length
m. Thus, this matrix has size m xn.
In the general case where T': V' — W is a linear map, choose a basis v1,...,v, of V and a basis wy,...,w,, of

W. Then, T'(v;) € W, so it can be expressed as a linear combination of w;’s:

T(v1) = ar1wr + a21wa + - - + Am1Wp,y

T(v2) = 12wy + agowz + - -+ + Ao,

T(v2) = a1nwi + G2pW2 + - -+ + G Wy,

Then, a matrix representation of T', denoted M (T), is

air Qa2 - Qin
a1 Q22 - Q2
M(T) =
am1 am2 - Amn
Thus, the general rule to express T'(v;) as a linear combination of wx, ..., w,, and put the coordinates of T'(v;)

as the i*® column of M(T).
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Example 5.11
Suppose T : P3(F) — Po(F) defined by T'(p(z)) = p’(z). By Example 5.9, T is a linear map. We wish to
find M(T).

We choose 1, z, 22, 2% as a basis of P3(F) and 1, z, 22 as a basis of P3(F). Then, we calculate T applied to
each of the basis vectors of Ps(F) :

T(1)=0=0-1+0z+0z?

T(z) =2 =1=1-1+0z+02°
T(z%) = (2%) =22 =014 2z + 022
T(z*) = (23) =322 =0-1+ 02+ 322

Putting the coefficients of the 1, z, 22 terms into the columns of a matrix, we find that
01 00
MT)=(0 0 2 0
0 0 0 3

with respect to the chosen bases. However, note that M(T') is dependent on choice of basis. For instance,
suppose we choose 1, z, 2(z — 1) as a basis of P(F). Then,

T(1) =0-1+ 0z +0z?
T(z) =1-1+0z+ 02°
T(z>)=0-1+22+022
T(z*) =01+ 32+ 322

Thus, we find that the matrix representation of 1" with respect to this basis is

1
0
0

<
~
NE
I
coco
oo
ww o
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6 Matrices (continued) and Matrix Multiplication

6.1 Review

Last time, we introduced he notion of linear maps and related them with matrices. Suppose T : V — W is a
linear map. Then, T satisfies

o T(v1 4+ v2) =T(v1) + T(v2),
o T(\v)=AT(v) for A € F.

Also, an m xn matrix takes the form

Al,l A1,2 e Al,n

A2,1 A2,2 coe A2,n
A= ) . . 3

Am 1 Am,2 T Am,n

)

where m is the number of rows and n is the number of columns.?

We can turn a linear map into a matrix by the following steps:
1. Choose a basis vy,...,v, of V and a basis wyq,...,w,, of W.
2. Express T'(v;) as a linear combination of w;’s.

3. Put these coefficients into the columns of a matrix:

M(T) = |T(er) -+ Tlen)].

6.2 Matrices Under Different Bases

Recall that the matrix of a linear map T : V' — W depends on the chosen bases of V' and W. In this section, we
will investigate matrices representing the same linear map under different bases.

In all of the following examples, suppose we have the matrix of a linear map 7' : V — W with respect to bases
v1,...,0, of V and wy,...,wy, of W.

Example 6.1
Suppose we wish to find the matrix of T" using ws, wy, ws, ..., w,, as a basis of W. We have

T(v1) = c1v1 + cowa + - - - crwy,

= CaU2 + CiwW1 + - CrLWy,.
Thus, we can express the first column of M(T') with respect to ws,wy,ws, ..., w,, as
C2
C1
C3
Cn
Extending this logic to all T'(v;), we see that

M(T, (wa, wy,ws, ..., Wy)) =swap first two rows of M(T, (w1, ..., wn)).

9Note that a 1xn matrix is often called a row vector and a nx 1 matrix is often called a column vector.
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Example 6.2
Similarly, suppose we wish to find the matrix of T with respect to the basis vo, vy, v3, ..., v, of V. By similar
logic, we can show that

M(T, (v2,v1,v3,...,0,)) = swap first two rows of M(T, (v1,...,v,)).

Example 6.3
Suppose we wish to find the matrix of T" using wy + ws, wo, ws, . .., w,, as a basis of W. We have
T(v1) = crwy + cowa + -+ + Wi,
=ciwy + (ca —¢1)ca + -+ + .

It follows that the first column of M(T') with respect to w; + wa, wa, w3, ..., Wy, is

C1

Cy — C1

cs

Cn
The same logic follows for all columns, so

M(T, (w1 + wg, wa, ws, . .., wy,)) = subtract 1°° column from 2"¢ column of M(T, (w1, ..., wy)).

There is no need to remember the results from any of these examples; instead, these examples are meant to give
intuition on how to express matrices with respect different bases.

6.3 Matrices and Linear Maps

In terms of notation, we write F™™ to denote the set of all mxn matrices with entries in F. We also write
L(V, W) to represent the set of all linear operators from V to W.

We have spent the last few sections showing how we can express any linear map T € L(V,W) as a matrix
M(T) € F™". If we fix bases (v;) and (w;) of V and W, respectively, this creates a map £(V, W) — Fmn 10

Guiding Question
Suppose T' € L(V,W) has matrix representation M(T) € F™". What are m and n in terms of the
dimensions of V' and W7

Answer. The columns of M(T) is the coordinates of vectors in W. Thus, the number of rows should be
m = dim W and the number of columns should be n = dim V. This question should hopefully be review.

Now, we will prove an important result relating £(V, W) and F"™™.

Proposition 6.4
The map that sends a linear operator T' € L(V, W) to its matrix representation M(T') € F™" is a bijection.

Proof. To prove that this map is a bijection, it is sufficient to construct an inverse map. Thus, for any matrix
A € F™™ we wish to construct a map that sends A to a linear operator Ty € L(V, W) such that M(T4) = A.
Suppose vy, ...,v, and wy,...,w,, are bases of V and W, respectively. Note that the condition M(T4) = A

10To emphasize the bases of V and W when writing the matrix of an operator, we write M(T), (v;), (w;)) to denote the matrix
of T € L(V, W) with respect to bases (v;) and (w;) of V' and W, respectively.
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implies that

Ta(v1) = Apywy + -+ - AW,
Ta(v2) = Arowy + -+ - Ao,

TA(vn) - Alnwl + - Amnwm

The right-hand side of each equation is some arbitrary vector in W, which we can denote u1,...,u, :

Ta(vy) =u1, Ta(va) =wu2, ..., Ta(vn)=uy.
Now, we will show that T4 exists. Since v1,...,v, is a basis, we can express any v € V as v = a1v1 + -+ anvp
for scalars ay,...,a,. Since T4 is linear, we have

Ta(v) = Talarvy + -+ + apvy)
= Cl,lT(Ul) + -+ anT(vn)
=a1uy + -+ apln.

Since a1, ..., a, are uniquely determined, it follows that T4 maps any v € V' to exactly one vector in W, so Ty
exists. !

Now, we will show that the map that sends A to T4 is an inverse of T. To do this, we need to show:
o Ty=Tfor T— M(T)=A— Ty,
L4 M(TA) =Afor A>Ty — M(TA)

We will only prove the first point above; the second follows similarly and is left as an exercise for the reader.
We know that
TA(UZ‘) = Aliw1 + - Amlwm

However, we also know that the 5" column of A is the coordinates of T'(v;) with respect to w1, ..., w,,. In other
words,
T(’Ui) = Aliwl + s Amiwm.

Since vy, ...,v, is a basis, it follows that Ty = T, as desired. O

The above result shows that the abstract set of linear maps L£(V, W) can be concretely identified by mxn
matrices.

Note that F"™" is simply a rectangular grid of mn numbers. Thus, we can view F"™" as a vector space with
dimension mn, with addition defined as element-wise addition and scalar multiplication defined as element-wise
scalar multiplication. To put it more rigorously, addition is defined as (A + B);; = A;; + B;; and scalar
multiplication is defined as (cA);; = cA;j.

Now, since L(V, W) and F"™™ are bijective by Proposition 6.4, we can also view L(V, W) as a vector space, so
we define addition and scalar multiplication in £(V, W). Suppose S,T € L(V,W), so S,T are linear maps from
V to W. We can define addition as

(S+T)v) =Sw) +T(v).

Note that the + symbol on left-hand side represents abstract addition in £(V, W), while the + symbol on the
right-hand side represents abstract addition in W. Similarly, for ¢ € F, we define scalar multiplication as

(cT)(v) = ¢ - T(v).

Once again, note that the left-hand side uses scalar multiplication in £(V, W), while the right-hand side uses
scalar multiplication in W. The verification that £(V, W) is a vector space with respect to these definitions of
addition and scalar multiplication is left as an exercise to the reader.

This gives the following result.

11As an exercise, prove rigorously that T4 is linear.
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Theorem 6.5
L(V,W) is a vector space.

Additionally, we can show that the map M : L(V, W) — F™" that sends T to M(T) is a linear map. To do
this, for S, T € L(V,W) and ¢ € F, we need to show

e M(S+T)=M(S)+ M(T),
o M(cT) =c- M(T).

The details of the proof are left as an exercise to the reader.

6.4 Matrix Multiplication

Before we define matrix multiplication, we will first discuss composition of linear maps. Suppose U, V, W are
vector spaces and S, T are linear maps such that S € L(U,V) and T € L(V,W). Then, the composition of S
and T is the map T'S € L(U, W) :

S T
U v w
TS

The verification that T'S is linear is left as an exercise.

Guiding Question
How do we express the composed map T'S as a matrix?

Suppose U1, ..., Uk, U1,...,V,, and wy,...,w,, are bases of U, V, and W respectively. Then, denote M(S) as
the nxk matrix A and M(T') as the mxn matrix B.

Now, we will compute M(T'S). For brevity, denote M(T'S) = C. First, we will find the first column of C. We
have

(TS)(u1) =T (S(u1))
=T(Ajv1 + -+ Apivy)
=AnT(v1)+ -+ AT (vn)
= An(Buiwr + - + Bpawm) + -+ + Ap1(Binwi + - - + Bpiwy,)
= (AuBii+- +AuBi)wi + -+ (A11Bmi + - + A1 Big ) Wi

= Z <Z Ai,lBj,i> wy.
j=1

i=1
It follows that N
Cir=Y_ Ai1Bj,.
i=1

Generalizing to the k™ column of C, we find that
Cir =Y _ AixBj..
i=1

Thus, we now have defined matrix multiplication. In the next lecture, we will show the usefulness of this
definition.
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7 Matrix Multiplication (continued), Null Space, and Range
7.1 Review

Last time, we ended with the notion of composition of linear maps:

S T
U V w
TS

Note the order of the linear maps: applying T'S is equivalent to first applying S, then T. Then, we computed
the matrix of T'S in terms of the matrices of S and T. Recall from the end of last lecture that for M(S) =
A, M(T) = B, and M(TS) = C, we have

Cjk = Z Ai,kBj,i~
=1

7.2 Matrix Multiplication (continued)

The above formula motivates the following definition.

Definition 7.1 (matrix multiplication)
Suppose B is an m xn matrix and A is an nx k matrix. The product BA is the matrix with entries

k
(BA)ij = _ BirAn;.

r=1

Note that this is the same formula as in Section 7.1 with variables rearranged. To visualize this formula, we
can interpret matrix B as consisting of m rows and matrix A consisting of k£ columns:

B (m rows) A (k columns)

The product is only defined if the length of each column of B matches the length of each column of A. To find
a specific entry in the product BA, we take the dot product of the i column of B and the j* row of A. For
example, taking the dot product of the two highlighted lines in the above diagram gives (BA)s3 2.

Our previous calculations give us the following result.

Theorem 7.2
Suppose S € L(U,V) and T € L(V,W). Then, M(TS) = M(T)M(S).

Note that the left-hand side uses the notion of composition of linear maps while the right-hand side uses matrix
multiplication. In fact, our definition of matrix multiplication was constructed such that the above result
holds. While you have likely seen the formula for matrix multiplication previously, here we have presented the
motivation for defining matrix multiplication the way it is.

7.3 Properties of Matrix Multiplication

Whenever we have a property of composition of linear maps, there is an analogous property for matrix multipli-
cation.
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Fact 7.3 (Associativity)
Suppose U, V, W, and X are vector spaces and R € L(U,V),S € L(V,W), and T € L(W, X). The following

picture
(TS)R
TS
R85 T~
U v W X
SR
T(SR)

shows that T'(SR) = (T'S)R, so composition is associative.

Consequently, this result shows that matrix multiplication is associative. In particular, suppose A, B, and
C' are matrices such that BA and CB are defined.* Then, C'(BA) = (CB)A.

®Recall that the product BA is defined when the number of columns in B is the same as the number of rows in A. The
same requirement holds for CB.

Remark. Suppose A and B are matrices. In general, matriz multiplication is not commutative (e.q. AB # BA).
The following two reasons contribute to this fact:

e First, AB and BA may not both be defined or have different size. Suppose A is size nxk and B is size
mxn. Then, product BA is defined, but AB is only defined when k = m. Even if both products are defined
(e.g. k=m), then AB is size nxn and BA is size mXm, so the products will have different size unless
m = n.

e Suppose AB and BA are both defined and have the same size, which implies that both A and B are nxn
matrices. Then, it is still true in general that AB # BA. For instance, consider

0 1 0 0
A_<O 0>’B_(1 O>'
10 0 0
() 04 (0 9 =rn
Fact 7.4 (Distributivity)

Suppose U, V, and W are vector spaces. Let S € L(U,V) and T1,To € L(W) :

We calculate

S T
U Vv w
1>

Then, (T + 13)S = T1S + T»S. Now, let S1,52 € L(U,V) and T € L(WV) :

S T
U Vv w
51

Then, T(S1 + S2) = T'S1 + T'S5. Thus, composition of linear maps is distributive, which implies that matrix
multiplication is also distributive.

Consider the following special case. Let V' be a vector space and consider the set of all linear maps from V to
itself L(V, V), also denoted as £(V'). Then, composition is a binary operation on L£(V'), since for S,T € L(V),
it follows that T'S € L(V'). By Fact 7.3 and Fact 7.4, composition is associative and distributive. Additionally,
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L(V) has an identity element idy, which satisfies idy (v) = v for all v € V and S = idy S = Sidy for all
S e L(V).

This shows that £(V) is a ring, which is an algebraic structure equipped with addition and multiplication.
Addition in £(V) is defined by the addition of linear maps, and multiplication is defined by the composition of
linear maps.

Additionally, by choosing any basis of V| we can form a bijection between £(V') and F™"™. Thus, it follows that
F™™ is also a ring, where multiplication is defined by matrix multiplication.

Remark. When working with matrices, it is important to differentiate scalar multiplication and matrix mul-
tiplication. Scalar multiplication is when you multiply a matriz by a number c, resulting in a matrix of the
same size. Matrixz multiplication involves multiplying two matrices BA and the product has the same number of
columns as A and the same number of rows as B.

However, scalar multiplication is actually a special case of matriz multiplication. For any ¢ € F, suppose we

wish to find
1 2 3\ (¢ 2 3c\ (7 7\(1 2 3
‘A4 5 6) " \4e 5¢ 6¢) " \7 2)\4 5 6)
Let A be the matriz on the left-hand side. We can see that A is the matriz of a linear map from F3 to F2. Then,

to multiply by the scalar ¢, we must apply c - idgz2, which gives us the composition

AR

2 c~idF2

F3 F2.

Thus, the matriz on the right-hand side should be M(c - idgz), so
C123_02030_00123
4 5 6) \dc 5¢ 6¢)  \0 ¢)\4 5 6/
For this reason, we denote scalar matrices as matrices of the form

c 0
0 c
for any ¢ € F, and these matrices are equivalent to M(c-idy ) for any vector space V.

Lastly, there is another way to interpret scalar multiplication as a special case of matriz multiplication, which
will be left as an exercise to figure out (Hint: in the above example, we found a matrixz to left-multiply with A;
what if we try to find a matriz to right-multiply with A?).

7.4 Meaning of Ad

Suppose A is a mxn matrix and d is a nx1 column vector. Thus, the product Ad is a mx1 column vector.
Now, we will explain the meaning of Ad in terms of linear maps.

Let A = M(T) for some linear map T' € L(V, W) with respect to bases vy,...,v, of V and wy, ..., w,, of W.
Let d; denote the i entry of d. Define v = dyvy + - - - + d,,v,,. We wish to write T'(v) as a linear combination of
w1, ..., W, First, we can express this as

T(v) =diT(v1) + -+ dnT(vy) = Y diT(vy).
i=1
Also, since A = M(T'), we know that

m
T(v;) = Ajyun + - - + Apiwy, = Z Ajw;.
i=1
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Then, we have

=1

3

m

=2 _d ZAazwy
=1
(i Ajid; > wj.

Thus, we have expressed T'(v) as a linear combination of wy, ..., Wy,.

3

Jj=1

Now, let (Ad); denote the j®® entry of Ad. By the formula for matrix multiplication,

(Ad)J = Z Ajidia

which is the same expression that we got for the coefficient of the w; term in T'(v). Therefore, Ad tells us the
"coordinates" of T'(v) with respect to the basis wy, ..., wy,.

What is the meaning of multiplying a row vector with a matrix? For instance, suppose r is a 1 xm row vector
and A is a mxn matrix. Then, A is a 1 xn row vector. The meaning of rA is not as straightforward, but we
will come back to the meaning of this row vector later in this course.

7.5 Null Space

Now, we will shift our attention away from matrices and back towards linear maps, starting with null spaces.

Definition 7.5 (null space)
Suppose T' € L(V, W). The null space of T, denoted Null(T), is defined as

Null(T) = {v € V| T(v) = 0}.

We call it the "null space" because it is actually a subspace.

Proposition 7.6
Suppose T' € L(V, W). Then, Null(T) is a subspace of V.

-,

Proof. Because T is a linear map, T'(0) = 0,s00 € Null(T"). Suppose v1,v2 € Null(T"). Then,
T(vy +wv9) = T(v1) + T(v2) =0+0=0,
so v1 + ve € Null(T). Thus, Null(T") is closed under addition. Now, suppose v € Null(T') and ¢ € F. Then,
T(cv) = eT'(v) = 0 =0,
so cv € Null(T'). Thus, Null(T') is closed under scalar multiplication. Therefore, Null(7T') is a subspace. O

Additionally, we call dim Null(T) the nullity of T.

Definition 7.7 (injective)
A map T :V — W is injective if Tu = Tv implies u = v.

If T is injective, we could rephrase the above definition as u # v implies Tu # Twv. In other words, if T is
injective, T" maps distinct inputs to distinct outputs.

The above definition is related to null spaces by the following result.
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Theorem 7.8
Suppose T' € £(V,W). Then, Null(T) = {0} if and only if T is injective.

Proof. First, we will prove the forward direction. Suppose Null(T') = {0} and vy, vy € V such that T'(v1) = T(vy).
Then,
T(vy —wvg) =T(v1) — T(v2) =0,
so v1 — v2 € Null(T'). This implies that v; — vy = 0, so v; = vy. Therefore, T is injective.
Now, we will prove the backwards direction. Suppose T is injective. Since T is a linear map, we know that

T(ﬁ) =0,s00¢€ Null(T"). Because T is injective, it follows that no other vectors in V' can map to 0. Therefore,
Null(T") = {0}. O

The above result is quite interesting; the statement Null(T) = {0} says that only the zero vector in V can

map to the zero vector in W. From this, we can deduce that for any vy,vy € V with vy # ve, it follows that
T’Ul ?é T’UQ.

7.6 Range

Now, we will discuss the range of a linear map, which has many parallels to the null space.

Definition 7.9 (range)
Suppose T' € L(V,W). The range of T, denoted Range(T), is defined as

Range(T) = {T'(v) |v € V}.

The range of T is also sometimes called the image of T. Note that while Null(T") is a subset of V, Range(T) is
a subset of W.

Proposition 7.10
Suppose T' € L(V,W). Then, Range(T') is a subspace of W.

Proof. The proof is similar to the proof of Proposition 7.6 and is left as an exercise to the reader. O

Additionally, we call dim Range(T") the rank of T.

Definition 7.11 (surjective)
A map T : V — W is surjective if its range equals W.

From the above definition, it is clear that Range(T) = W if and only if T is surjective.

Example 7.12
Suppose T € L(V,W). Consider the special case where Range(T) = {0}. This implies that Tv = 0 for any
v € V, so T is the zero map.

Now, consider the special case where Null(7') = V. This also implies that Tv = 0 for any v € V, so T is the
Zero map.
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Example 7.13
Consider the linear map D : P,,,(F) — P, (F) defined by Dp = p’ for all polynomials p € P,,(F). Then,

Null(D) = {constant polynomials} = Py(F),

so the nullity of D is dim Py(F) = 1.

Now, to find Range(D), note that Range(D) C P,,—1(F). Also, note that D(H%xi“) =z’ s0l,z,22,..., 2™
Range(D). Therefore, span(1,z,z?,...,2™ 1) = P,,_1(F) C Range(D), so Range(D) = P,,_1(F). It fol-

lows that the rank of D is dim P,,_1(F) = m.
Example 7.14
Suppose T € L(F3,F3) such that M(T) is
1 3 1
A=12 6 1
0 0 2

Then, Range(T") is the span of the columns of A, which we can calculate to be

1 1
Range(T) =span [ | 2], (1
0 2
Thus, the rank of T is 2.
To find Null(T), we must solve the system of equations
1 3 1 45 0
2 6 1 y| =10
0 0 2 z 0
In this example, we can calculate
2
Null(T) = span | [ —1 )
0

so the nullity of T is 1.
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8 Rank-Nullity Theorem, Isomorphisms, Product Space, and Dual
Space

8.1 Review

Last time, we introduced the null space and range of a linear map (Definitions 7.5 and 7.9). For £L(V, W), recall
that Null(T) is a subset of V' and contains all vectors that T" sends to 0, while Range(T") is a subset of W and
contains all vectors in the image of T’

8.2 Rank-Nullity Theorem

The next result is one of the most important theorems in linear algebra.

Theorem 8.1 (Rank-Nullity theorem)
Suppose V is finite-dimensional and T' € L(V, W). Then,

dim Null(T) + dim Range(T") = dim V.

Proof. Let V1, ..., v be a basis of Null(T). Since this list is linearly independent, it can be extended to a basis
v1,...,0, of V. This implies that dim Null(T') = k and dim V' = n.

Now, we will show that T'(vg+1),...,T(vy,) is a basis of Range(T). First, we will show that this list is linearly
independent. Suppose cgi1, ...,y € F such that ¢pi1T (vg41) + - -+ + ¢ T(v,) = 0. It follows that

T(chs1Vks1 + - + cavy) =0,
SO Cp+1Vk+1 + - -+ cpvpn € Null(T). Because vy, ..., v is a basis of Null(T'), there exist ¢q, ..., cx € F such that
C1U1 + -+ - + CkVk = Ck4+1Vk+1 + - - - + CpUn-

Thus, c1v1 4+ -+ + CkUE — Ct1Vpt1 — =+ — CpUp. Since v1, ..., v, is a basis, it follows that c¢q,..., ¢, are all 0.
In particular, ¢gx41,...,¢, are all 0, so T'(vg+1), ..., T (vy) is linearly independent.

To show that T'(vg41), ..., T (v,) span Range(T), let w € Range(T). This implies that w = T'(v) for some v € V.
Since vy, ..., v, is a basis, we can write v = c;vy + - -+ 4+ ¢,v,. Then,
w=T(v)

=T(crv1 + -+ + cpvn)

=c1T(v1)+ -+ T (vp) + cor1T(vpr1) + -+ enT(vy)

= i1 T (Vg+1) + -+ enT(vn)
because v, . .., vp € Null(T), so ¢;T(v1) + - - - + exT(vg) = 0. Thus, T(vgs1), ..., T(vn) span Range(T).
Therefore, T(vg41), ..., T (vy,) is a basis of Range(T). It follows that dim Range(T) = n — k, so

dim Null(T') + dim Range(T) = k4 (n — k) =n =dimV,
as desired. O

The above result is very useful: given that we know dim V, we only need to compute one of dim Null(T") or
dim Range(T'), and Theorem 8.1 will tell us the other. For instance, suppose T € L(V, W) and consider the
following cases:

e T is surjective: it follows that Range(T") = W, so dim Null(7') = dim V' — dim W.
e Tis injective: it follows that Null(T') = {0}, so dim Range(T") = dim V.
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8.3 Invertible Linear Maps

We will begin this section by defining invertible linear maps.

Definition 8.2 (invertible, inverse)
A linear map T' € L(V, W) is called invertible if there exists a linear map S € L(W, V) such that ST = idy
and TS = idw .

Additionally, S is unique and called the inverse of T, denoted 7~ *.

While the above definition is quite complicated, we often think of invertible linear maps in a simpler way.

Definition 8.3 (isomorphism)
A linear map T € L(V, W) is an isomorphism if it is both injective and surjective.

The next result relates the two definitions.

Theorem 8.4
Suppose T' € L(V,W). Then, T is invertible if and only if it is an isomorphism.

Proof. First, suppose T is invertible. We wish to show that 7 is an isomorphism. To show that T is injective,
let v € V such that T'(v) = 0. Let S be an inverse of T It follows that

ST(v) = S(0) =0.

However, we know that ST = idy, so ST(v) = v. Thus, v = 0, so Null(T') = {0} and T is injective. To show
that T is surjective, let w € W. Since T'S = idy, it follows that T'(S(w)) = w. Thus, w € Range(T'), which
implies that Range(T) = W, so T is surjective. Therefore, T is an isomorphism.

Now, suppose 7T is an isomorphism. We wish to show that T is invertible. To do this, we will construct an
inverse S € L(W,V). Let wy,...,w, be a basis of W. Since T injective and surjective, there exists a unique
v; € V such that T(v;) = w;. Define S(w;) = v; for i = 1,...,n. Because wy,...,w, is a basis, this uniquely
determines the linear map S. It is clear that

T(S(wi)) = T(vi) = ws,
so T'S = idw . To prove that ST = idy, note that
T(ST)=(TS)T =idwT =T.

This implies that T'(ST(v)) = T'(v) for any v € V, so ST(v) = v because T is injective. Thus, ST = idy.
Therefore, S is an inverse of T, so T is invertible. O

We have shown that invertible linear maps and isomorphisms are equivalent, so we will use the two terms
interchangeably from now on.

In Definition 8.2, we claimed that invertible linear maps have a unique inverse. The proof of this statement is
left as an exercise.

8.4 Isomorphic Vector Spaces

The next definition is closely related to the concepts in the previous section.

Definition 8.5 (isomorphic)
Two vector spaces V and W are called isomorphic if there exists an isomorphism 7" € L(V, W).

The notation V=2 W or V ~ W are sometimes used to denote isomorphic vector spaces. Additionally, note
that it is possible for V' and W to be isomorphic by multiple different isomorphisms. For instance, T € L(R,R)
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defined by T'(v) = cv is an isomorphism for any nonzero scalar c¢. Of course, this example is showing that R is
isomorphic to itself, which is not very noteworthy.

Consider the following examples of isomorphisms and isomorphic vector spaces.

Example 8.6
L(F™ F") and F™" are isomorphic. We proved in a previous lecture that the linear map between L(F™ F™)
and F™™ is both injective and surjective, which is precisely the definition of an isomorphism.

Example 8.7
Suppose V is a vector space. Let vy,...,v, be a basis of V and let T' € L(F", V) defined by

T((Cb coo ,Cn)) = ZCivi.

We can see that T is injective if and only if vq, ..., v, is linearly independent. Similarly, T is surjective if
and only if vq,...,v, span V. Since vy, ..., v, is a basis, it follows that T is both injective and surjective,
so F™ and V are isomorphic. This example shows that for any vector space V, there exists an isomorphism
from FdimV to V.

The next result gives an easy way to tell if two vector spaces are isomorphic.

Proposition 8.8
Two finite-dimensional vector spaces V and W are isomorphic if and only if dim V' = dim W.

Proof. First, suppose V and W are isomorphic. Then, there exists an isomorphism 7' € L(V,W). Let vy,...,v,
be a basis of V. We will show that T'(vy),...,T(v,) is a basis of W. Because T is injective, it can be shown that
T(v1),...,T(vy,) is linearly independent. Similarly, because T is surjective, it can be shown that T'(vy),...,T(v,)
spans W. Thus, T'(v1),...,T(vy,) is a basis of W, so dimV =n = dim W.

Now, suppose dim V' = dim W. Let vy, ..., v, and wy, . .., w, be bases of V and W, respectively. Let T' € L(V, W)
be defined by T'(v;) = w; for i = 1,...,n. It can be shown that T is an isomorphism (the details of the proof
are left as an exercise), so V and W are isomorphic. O

For instance, we showed that L(F™,F"™) and F™™ are isomorphic in Example 8.6. The vector space L(F™ F")

is quite abstract, so we may not be able to figure out the dimension directly. However, we know dim F™"™ = mn,
which implies that dim £(F™,F™) = mn by Proposition 8.8.

8.5 Product Space

The product of vector spaces introduces the notion of combining smaller vector spaces to create a larger vector
space.
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Definition 8.9 (product of vector spaces)
Suppose V; and V; are vector spaces over F.

e The product V; x V5 is defined by

Vi x Vo = {(v1,v2) | v1 € V1,09 € Va}.

e Addition on Vj x V5 is defined by

(u1,uz) 4 (v1,v2) = (ug 4 v1,uz + v2).

e Scalar multiplication on V; x V5 is defined by

c(v1,v2) = (cv1, cva).

The next result shows that the product of vector spaces is a vector space.

Proposition 8.10
Suppose Vi and V5, are vector spaces over F. Then, V] x V5 is a vector space over F.

Proof. The proof is left as an exercise to the reader. O
The product of vector spaces can be similarly defined for any finite number of vector spaces Vi, ..., V,,, defined
by

Vixo o x Vi ={(v1,...,0m) |v1 €Vi,...,0m € Vi }.
It can be similarly shown that V3 x --- x V,, is a vector space.

Recall the definition of a direct sum (Definition 3.3). We will show how the product of vector spaces is related to
direct sum. Suppose Uy, ..., U, are subspaces of vector space V. Consider the map T : Uy x-xU,,, — U1+ --+U,,
defined by

T((ur,. . um)) =up + -+ Up,.

It is easy to show that T is linear. Now, it follows that if Uy @ - - - @ U,, is a direct sum, then 7 is an isomorphism.
To prove this, note that by the definition of direct sum, each vector in Uy + - - - + U,,, can be expressed uniquely
as a sum uj + - - - + Uy, which implies that 7' is injective and surjective.

Thus, Uy X - x Uy, and Uy @ - - - @ Uy, are isomorphic. This fact gives intution to the following result, which we
will not prove.

Proposition 8.11
Suppose Uy, ..., U,, are subspaces of V. Then, Uy + - - - + U,, is a direct sum if and only if

The above result relies on the fact that
dim(Uy x -+ x Up,) =dim Uy + - -+ + dim Uy,.
To gain some intuition on why this holds, consider F”* xF™. The linear map that sends ((z1, ..., 2m), (Y1,---,Yn)) €

F"XF" t0 (21, -+ s Tms Y1, - - -, Yn) € F™ T is clearly an isomorphism, so F™ xF"* = F™+"_ Thus, dim(F™ xF") =
dimF™ " = m +n = dimF™ + dim F™.

8.6 Dual Space

The dual space introduces a new vector space closely related to the original vector space.
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Definition 8.12 (dual space)
Suppose V is a vector space. The dual space of V, denoted V', is defined as L(V,F).

A linear map from V to F is called a linear functional on V. Thus, the dual space can also be defined as the set
of all linear functionals on V.

Remark. As a sidenote, consider the geometric meaning of a linear functional. We are projecting a high-
dimensional vector space V' onto a one-dimensional vector space and measuring its length. In other words, we
are measuring the "shadow" of V' in a certain direction.

Consider the following example of linear functionals.

Example 8.13
Suppose ¢ : P, (F) — F. All of the following are linear functionals:

e o(p) =p(1)
e o(p) =p'(2) +2p"(3)
o o(p) = [ p(x)da.

To better understand the dual space, consider the dual space of F" as an example. We have

(F")' = L(F",F) = F"".
Note that F™* and F''™ both have dimension n, but the elements of F” are typically column vectors while the
elements of F1'™ are row vectors.

More concretely, suppose ¢ : F* — F is a linear functional. Let ey, ..., e, be the standard basis of F". Then, ¢
is uniquely determined by the n numbers ¢(eq),...,p(e,). This gives a bijection from L(F",F) to F™ defined
by sending ¢ € L(F'F) to (¢(e1),...,p(en)) € F™. Intuitively, this makes sense because we showed earlier that
F™ and L(F™, F) are both n-element vectors, only differing in being column or row vectors.
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9 Dual Maps and Gaussian Elimination

9.1 Review

Last time, we introduced the notion of dual space. Recall that if V' is a vector space over F, the dual space of
V is defined as V' = L(V,F).

9.2 Dual Basis

We will continue our discussion of the dual space by introducing the notion of a dual basis. The idea of a dual
basis is prompted by the following question.

Guiding Question
Given a basis v1,...,v, of V, how do we construct a basis of V'?

Note that a basis of V' would be made up of linear functionals ¢; : V — F. We define p; € V' by

oy {1 =
U5 ) = .
P T N0 i £

The list of linear functionals 1, ..., v, is called the dual basis of V.

Lemma 9.1
The dual basis is a basis of V.

Proof. First, we will show that the dual basis is linearly independent. Suppose there exists scalars cq,...,c,
such that c1p1 4+ -+ + ¢ = 0. We compute that

(11 + -+ cnion) () = c10(vj) + -+ + cnp(v;) = ¢
for all 7 =1,...,n. However, we also compute
(01%01 + -+ Cn@n)(vj) = O(Uj) =0,

socy =---=cy, =0. Thus, ¢1,...,p, is linearly independent.

Now, we will show that the dual basis spans V’. Suppose ¢ € V' and v1,...,v, is a basis of V. Define
¢i = p(v;) for all i = 1,...,n. We will show that ¢ = ¢19; + -+ + ¢nn. To prove this, we will show that
o(vj) = (c1p1 + -+ + cnpn)(v)) for all j =1,...,n. We compute

(c11 4 -+ cnn) (v5) = c10(v) + - + cap(v)) = ¢,

which is equal to ¢(v;) by definition. Since ¢ was an arbitrary element in V', it follows that o1, ..., ¢, span V',

Therefore, the dual basis is a basis of V. O

Note that the definition of the dual basis follows relatively intuitively from the given basis vi,...,v, of V.
Furthermore, an important consequence of Lemma 9.1 is that dim V = dim V.

9.3 Dual Map

Now, we will connect the notion of dual spaces with linear maps. The idea of a dual map is prompted by the
following question.

Guiding Question
Suppose T is a linear map from V to W. How would you construct a "dualized" version of T" between the
dual spaces V' and W'?

First, recall that an element ¢ € V' is a linear functional from V to F :

47



Lecture 9: Dual Maps and Gaussian Elimination

w

Vv

e
e

F

We wish to construct a map from W to F, which would be an element of W’'. Given the two maps T and ¢, it
is not possible to construct such a map.!?

On the other hand, suppose we are given a linear functional ¢ € W’ :

2

v — W — F

This time, we wish to construct a map from V to IF, which would be an element of V’. This can be done by the
composition T € V'. This procedure creates the dual map of T, denoted T’, where T" € L(W', V') is defined
by T'(p) = ¢T for p € W'.13

Example 9.2
Suppose T' € L(F,F3) defined by T(1) = (6,5,4). We wish to find the dual map of 7.

Note that 77 € L((F3)’, (F)’). For brevity, let V = F and W = F?. First, we must find the dual spaces of V
and W Let e and (e, eg, e3) be the standard bases of V' and W, respectively, and let ¢ and (¢1, @2, ©3) be
the dual bases of V/ and W', respectively.

Now, we can write the matrix of T’ with respect to the dual bases. To do this, we must compute
T (1), T (p2), and T’ (p3). We calculate

(T'(p1))(e) = p1T(e) = p1((6e1 + ez + des)) = 6 = 6i(e),
which implies that 77(¢1) = 6¢. Similarly, we can calculate T"(p2) = 5¢ and T'(¢3) = 4¢. Thus, the matrix
of T is
MT)=(6 5 4).

We can also compute

6
MT) =15/,
4

so M(T") is the transpose of M(T).

The observation we made M(T') = (M(T))! in the above example is actually a general phenomenon.!?

Rigorously, suppose T' € L(V, W) and M(T) is the matrix of T with respect to bases vy, ..., v, and wy, ..., Wy,
of V and W, respectively. Let M(T”) be the matrix of 7' with respect to the dual bases ¢1,...,¢, and
Uiy, U of V! and W', respectively, Then, it follows that M(T) and M(T") are transposes of each other.
We will not give a rigorous proof, but Example 9.2 gives much of the intuition needed.

Additionally, a symmetric matriz is a square matrix A whose entries are determined by A; ; = A; ;. These
conditions imply that A® = A. Thus, if T is a linear map such that M(T) is symmetric, it follows that
M(T) = M(T").

Thus, we now have shown how to "dualize" vector spaces, bases, and linear maps.

9.4 Applications of (Gaussian Elimination

At its core, linear algebra is about solving linear equations. In this section, we will discuss Gaussian elimination,
a computational tool to help us achieve this goal.

12Note that if T' is an isomorphism, we could construct ¢T~! as a linear map from W to F, but this does not work for general 7.

13An important observation is that for T € £L(V, W), the dual map T’ € L(W’,V’) has the order of V and W reversed.

Recall that the transpose of a matrix A, denoted A?, is the matrix obtained from A by interchanging the rows and columns.
In other words, if A is a mxn matrix, A* is the nxm matrix whose entries are given by (A!); ; = A, ;.
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Consider the system of equations

r1 + 2x9 + 5x3 =0
—x1—2m2—2x320
1+ a2 = 0.

This is an example a system of homogeneous linear equations because the right-hand sides are all 0. If any of
the right-hand sides were not 0, these would be inhomogeneous linear equations. For homogeneous equations,
there is always a trivial solution in which all variables are set to 0, so our goal is to find all nontrivial solutions,
if any. For inhomogeneous equations, our goal is to find if any solutions exist at all, and if they do, find all
solutions.

We can also rewrite system of equations in terms of matrices, which we will use to define homogeneous and
inhomogeneous linear equations more concretely. First, we will discuss homogeneous equations.

Definition 9.3 (homogeneous)
A system of m homogeneous linear equations in variables x1,...,x, can be written as
=
Az =0
where (z1,...,2,) is written as a column vector and A is an m xn matrix.

For instance, the system of equations at the start of this section can be rewritten in matrix form as

1 2 5\ [= 0
1 =2 2| [z]|=10],
1 1 0/ \as 0

which is of the form Az = 0. The importance of writing this in matrix is form is that A can be viewed as the
matrix form of a linear map T' € £(F3, F?). Multiplying the product Az is equivalent to applying T to the vector
x € F3 Thus, solving Az = 0 is equivalent to finding all  such that Tz = 0, which occurs when z € Null(T).
Therefore, finding solutions to a homogeneous system of equations is no more than finding the null space of a
linear map. Gaussian elimination will help us find a basis of Null(T), which corresponds to the fundamental
solutions of homogeneous linear equations.'®

Now, let us consider inhomogeneous linear equations.

Definition 9.4 (inhomogeneous)
A system of m inhomogeneous linear equations in variables x1, ..., x, can be written as
Ax =0
where (z1,...,2,) is written as a column vector, A is an mxn matrix, and b € F™ is a column vector.

For now, we will only consider whether Az = b has a solution or not. Since A is the matrix form of a linear
map T, the system of equations Az = b having a solution is equivalent to b € Range(T'). Once again, Gaussian
elimination will help us determine whether or not a solution exists.

9.5 Reduced Row Echelon Form

Now that we understand the usefulness of Gaussian elimination, will describe how it works. Gaussian elimination
is an algorithm that starts with an m xn matrix A and performs a series of elementary row operations, outputting
a matrix of the same size in reduced row echelon form. In this section, we will define reduced row echelon form
and demonstrate why it is important.

Informally, a matrix is in reduced row echelon form if it looks like:

1 %« * 0 *= 0 * =
00 0 1 x 0 =«
0O 0 0 0 0 1

15A general solution can be written uniquely as a linear combination of fundamental solutions.
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Lecture 9: Dual Maps and Gaussian Elimination

where the entries marked by x are arbitrary (can be zero or nonzero).

Remark. Note that it is not necessary for a matriz in reduced row echelon form to have a 1 in the first column.
Also, it is possible for it to have rows consisting of only zeroes at the bottom. For instance, the matriz

0 1
0 0
0 0

S O *

0
1
0

1s in reduced row echelon form.

The entries containing leading 1’s are called the pivots; in other words, the pivot in i*" row is the first nonzero

entry in the row. Additionally, if a matrix has r pivots, then the pivots must lie in the topmost r rows.
Furthermore, each pivot must lie to the right of the pivot in the row above.

A matrix is in reduced row echelon form is it satisfies:
1. All entries to the left of a pivot are 0.
2. All pivots are 1.
3. All entries above a pivot are 0.
4. All rows below the pivot rows must consist only of zeros.

Formally, suppose F is an mxn matrix with pivots as the (1,71),...,(r,j,) entries. Then, 0 < r < m and
1<j1 < - <jr <n, and the matrix is in reduced row echelon form if it satisfies:

1. Fori=1,...,rand j <j;, E;; =0.
2. Fori=1,...,nm, B;;, = 1.

3. Fori=1,...,rand k <1, Ey j;, = 0.
4. For i > r and any j, &; ; = 0.

There is also the notion of row echelon form, which are matrices that look like

® * *x 0 x 0 x =%
0 00 ®» % 0
0O 00 0 0 ®

where the entries marked by ® are nonzero, and thus the pivots. A matrix is in row echelon form if it satisfies
1. Fori=1,...,r and j < j;, E; ; = 0 (all entries to the left of a pivot are 0).
2. Fori=1,...,r, E, ;, # 0 (all pivots are nonzero).
3. For ¢ > r and any j, E; ; = 0 (all rows below the pivot rows must consist only of zeros).

Now, we will discuss why matrices in reduced row echelon form are easier to work with. For instance, consider
finding the null space of a linear map 7. Suppose the matrix of T, denoted E, is in reduced row echelon form
and has entries

120 3 O
E=10 01 -1 O
0 00 0 1

To find Null(T"), we wish to find solutions to Fxz = 0, which is equivalent to

1

1 20 3 0\ |

001 -1 0]]as|=0

000 0 1) |z
x5

We can write this as the system of equations

1+ 2x9+ 324 =0
.’L‘3—$4:0

1’5:0.

50



Lecture 9: Dual Maps and Gaussian Elimination

To solve these equations, we can let x5 and x4 take on arbitrary values, which would uniquely determine the
values of x1, x3, and x5. The variables zo, x4 are called free variables because they can be freely assigned to any
value. The other variables x1, x3, x5 are called pivot variables, which correspond to the pivots of the matrix E.
While the above example use homogeneous linear equations, the same analysis applies to inhomogeneous linear
equations as well (which can be used to find Range(T)).

Note that the last equation of the above system of equations has the least number of variables (only x5) while
the first equation has the highest number of variables. In general, the goal of Gaussian elimination is to create
a simplified system of linear equations and first solve the equations with the fewest variables, assigning values
to free and pivot variables along the way, until the system is solved. We will dive into the specifics of Gaussian
elimination in the next lecture.
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10 Gaussian Elimination (continued)

10.1 Review

Last time, we introduced Gaussian elimination, which is an algorithm that starts with an mxn matrix A

converts it into a matrix in reduced row echelon form. Recall that a matrix is in reduced row echelon form if it
looks like:

o O OO
OO O
O O O %
o o = O
O R OO
O %k *x ¥

where the leading 1s are called pivots.

10.2 Elementary Row Operations

As mentioned in the previous lecture, Gaussian elimination converts a matrix into reduced row echelon form by
performing elementary row operations.

Definition 10.1 (elementary row operations)
The following are elementary row operations:

1. M(i,c): Multiply the i** row by a nonzero number c € F.
2. A(i % j): Add c times the ith row to the j* row.
3. S(i,4): Swap the i** and j*® rows.

Example 10.2
Consider the matrix

0 1 2
1 2 5
2 1 0
The following are examples of elementary row operations on this matrix.

1. Multiplying the second row by %:

01 2 L [0 12
1 2 5| M), 3 1 3
2 1 0 2 1 0

2. Adding —1 times the third row to the first row:
001 2\ o (20 2
12 5|28 (1 2 5
2 10 2 1 0

3. Swapping the first and third rows:

0 1 2 o 2 1 0
12 5|28 (1 2 5
2 10 0 1 2

Gaussian elimination consists of performing a series of these three elementary row operations until we get our
desired result.

10.3 Performing Gaussian Elimination

Finally, we will show how to actually perform Gaussian elimination. We will present the algorithm in two parts.
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Algorithm 10.3 (Gaussian elimination)
Suppose A is a matrix. First, perform the following steps:

1. Find a leftmost entry in A (may not be unique) and let it be a = A; ;. Apply M (i;a~!) to make the
pivot equal to 1 and S(i,1) to make it the first row. Let j; = j, so (1, 1) is the first pivot.
A7l
2. Look down from the first pivot. For each nonzero entry A, ;, for i > 2, apply A(1 — i to make
that entry equal to 0. Then, all entries below the first pivot are equal to 0.

3. Delete the first row and repeat the above steps.
The output of the above steps is a matrix in row echelon form with all pivots equal to 1.
Then, perform the following steps:
1. Start with the last pivot (r,j,) and look above it. For each nonzero entry A, ; for s < r, apply
A(r i) s to make that entry equal to 0. Then, all entries above the last pivot are equal to 0.
2. Repeat the above step for pivots (r — 1,7,-1),...,(1,71), in order.

The output of the entire algorithm is a matrix in reduced row echelon form.

As an in-depth example, we will perform the first part of Gaussian elimination on the matrix
1 2 3
2 1 0
2 2 1

We will take the first row to be our first pivot. Then, we perform the elementary row operations

123A1i>2 2 ,417—2>3123
2 1 0| 202 (o —3 —6| 2% [0 -3 —¢
2 2 1 2 2 1 0 -2 -5

to make all entries below the pivot equal to 0. Now, we ignore the first row and repeat the steps on the second
and third rows. We take the second row as our pivot and apply

12 3\ L, (12 3
0 -3 6| —=5(o 1 2
0 -2 -5 0 -2 -5

to make the pivot entry equal to 1. Next, we apply

1 2 3 A 1 2 3
001 2|28 (o1 2
0 -2 -5 00 -1
To make the entry below the pivot equal to 0. Finally, we apply
12 3\ (123
01 2| MDD g 1 2
0 0 -1 0 0 1

to make the last pivot equal to 1, and we are finished with the first part of Gaussian elimination. Note that the
matrix is in row echelon form with all pivots equal to 1.

Now, we will perform the second part of Gaussian elimination, which is much more straightforward. Starting
from the last pivot, we apply
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to make all entries above the pivot equal to 0. Then, we look at the second pivot and apply

12 0\ 2 (100
01 0] =% 010
00 1 00 1

Now, the matrix is in reduced row echelon form and we have finished Gaussian elimination.'®

Now that you understand the logic behind performing Gaussian elimination, consider the next example, which
is how we will show performing Gaussian elimination from now on.

Example 10.4
Perform Gaussian elimination:
0 0 0 2 o 01 2 4
012 4|2%% [0 0 0 2
0 3 6 9 0 3 6 9
_3 01 2 4 N 01 2 4
A g 0 0 2 | X2 g 0 0 1
0 0 0 -3 0 0 0 -3
A(233) U1 2 4 A2_—4)1) U1 20
AT g 0 0 1) 22 [0 0 0 1
00 0 O 00 0 O
We could have performed Gaussian elimination like this:
0 0 0 2 M@G:1) 0 0 0 2
01 2 4] —> 10 1 2 4
0 3 6 9 01 2 3
S5 01 2 3 P 01 2 3
S g 1 2 4| A0 0 0 1
0 0 0 2 0 0 0 2
A@2—23 UL 29 A@2—351 oL a0
——— 10 0 0 1 0 0 01
00 0 O 0 0 0 O

In Example 10.4, we had a choice to make at the start of Gaussian elimination; we could either take the second
row or the third row as the first pivot. This begs the question: is the output of Gaussian elimination unique?
In other words, is it possible to perform Gaussian elimination on the same matrix in two different ways and get
two different outputs? Clearly, both our methods in Example 10.4 produced the same output. However, we
leave the question on whether or not this is true in general as a thinking point for the reader.

10.4 Null Space and Range Using Reduced Row Echelon Form

After performing Gaussian elimination, we are left with a matrix in reduced row echelon form. In this section,
we will show how to use matrices in reduced row echelon form to compute the null space and range.

Suppose A is an m xn matrix and R is the output of performing Gaussian elimination. Let R be in reduced

row echelon form with pivot entries (1, j1),..., (7, j). As a concrete example, say
01 = 0 0 =
0 001 0 =
R= 00 0 0 1 =«
00 0 0 0 O
We say that free indices are indices 1 < i < n that do not appear in ji,...,j..!” In other words, free indices

are the indices 1 < i < n such that the i*" column does not contain a pivot.

16Note that in the second part of Gaussian elimination, we don’t actually need to write out all the elementary row operations.
Instead, we can just set all entries above the pivots equal to 0, which would give the desired output.
17The notion of free indices is related to free variables, which we mentioned at the end of last lecture.
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Lecture 10: Gaussian Elimination (continued)

Let S € L(F",F™) be a linear map defined by R = M(S). First, let’s find Range(S). Let ey, ...,e, be the
standard basis of F™. Then, S(ej,),...,S(e;,) is a basis of Range(S). This is true because only the first  rows
of R are nonzero, and the remaining rows consist only of zeroes. This implies that

Range(S) - {(xl’...7xr’0""’0) € ]Fm | TlyeooyLp S ]F} gFT
Additionally, let f1,..., fi be the standard basis of F™. By the matrix R, we see that
S(eji) =" column of R = fi

for all  =1,...,r, which proves that S(ej,),...,S(e;,.) is a basis of Range(S).

Now, we will consider the original matrix A. The next result is key to why Gaussian elimination works.

Lemma 10.5
Suppose A is an mxn matrix and T € L(F™, F™) is a linear map defined by A = M(T). Let ey, ..., e, be
the standard basis of F”. Then, T'(ej,),...,T(e;,) is a basis of Range(T).

Proof. First, we will show that each elementary row operation is equivalent to left multiplying by an invertible
matrix. We can see this by the fact that for any matrix A,

e M(i;c) is equivalent to

1
M (isc) !
A c A
1
1
e A(i 5 j) is equivalent to
1
. 1 c
A A(i—j) A
1
1
e S(i,7) is equivalent to
1
0 1
A M} Al8
1 0
1

Thus, Gaussian elimination is essentially starting with a matrix A and left multiplying it with a series of
invertible matrices until we get a matrix R in reduced row echelon form. Additionally, note that the product
of invertible matrices is also invertible, so multiplying by a series of invertible matrices can be rewritten as
multiplying by a single, which we will denote as B.

18For more information, visit https://en.wikipedia.org/wiki/Elementary_matrix.
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Lecture 10: Gaussian Elimination (continued)

Now, we have Gaussian elimination starting with a matrix A and outputting R = BA, which implies B is a
mxm matrix. Let S € L(F™,F™) be a linear map defined by B = M(S). Then, the product BA is equivalent
to the composition of linear maps ST :

A LN
We can relate Range(7T") and Range(ST) by applying S,
Range(T) 5, Range(ST)

which maps v € Range(T) to Sv. This map is well-defined because if v € Range(T), there exists w € F"
such that v = Tw, so Sv = STw € Range(ST). Additionally, because B is invertible, it follows that S is an
isomorphism.

Now, since R = BA is in reduced row echelon form, we know from our previous discussion that ST'(e;, ), ..., ST (e;,.)
is a basis of Range(ST). Because S is an isomorphism, applying S~! implies that T'(e;, ), ..., T(ej.) is a basis
of Range(T'), as desired. O

Example 10.6
Suppose A is the starting matrix in Example 10.4

A:

o O O
w = o
DN O
© = N

and T is the linear map with matrix A. After performing Gaussian elimination, we get the matrix

0
0
0

OO =
O O N
o = O

This matrix has pivots in the second and fourth columns which implies that T'(e3),T(e4) is a basis of
Range(T) by Lemma 10.5, which is equivalent to the second and fourth columns of A. Therefore,

0\ /2
1], 4
3/ \o

is a basis of Range(T).

Now, we will prove a similar lemma with the null space.

Lemma 10.7
Suppose A is an mxn matrix and T' € L(F™,F™) is a linear map defined by A = M(T). Let R be the

matrix resulting from performing Gaussian elimination on A and ST € L(F",F™) be the linear map defined
by R = M(ST). Then, Null(T') = Null(ST).

Proof. Recall from the proof of Lemma 10.5 that S is an isomorphism. Thus, for any v € F”, Tv = 0 if and
only if Sv =0, so Null(T") = Null(ST). O

Thus, finding Null(7") is equivalent to finding the null space of matrix R. However, finding the null space of R
is not as simple as finding the range. Recall that free variables are variables x; where j is a free index. As we
discussed at the end of last lecture, the free variables can be assigned to any number, which uniquely determines
the pivot variables z;,,...,x;.. We will use the next example to explain how to find Null(T") from the pivot
variables.
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Lecture 10: Gaussian Elimination (continued)

Example 10.8
Suppose we perform Gaussian elimination and get the matrix

120 3 0
001 -1 0
00 0 0 1

To get the null space, this should be a homogeneous system of equations, which is equivalent to

1+ 2x9+ 324 =0
$3—£IZ4=O

.1'5:0.

Note that the free variables are xo, 4. We can express the pivot variables in terms of the free variables:

xr1 = —2172 - 3264
T3 = T4
Iy = 0.

Thus, we can express the pivot variables only in terms of the free variables, which shows that after we
assign the free variables, the pivot variables are uniquely determined. Additionally, any assignment of the
free variables xo, x4 will correspond with a vector in Null(T").

To obtain a basis of Null(T"), we plug in the assignments (22, 2z4) = (1,0) and (22, 24) = (0,1) and find the
corresponding values of the pivot values. Computing, we find that

—2\ /-3
1 0
ol,]1
0 1
0 0

is a basis of Null(T").

We generalize the results of the above example with the following: suppose A is an arbitrary m xn matrix and
e1,...,en is the standard basis of F™. Let ji,...,j, be the pivot indices of A and let j be a free index of A. For
each free index j, define

T
’Uj = Gj - E qujeji.
=1

Then, the vectors v; for all free indices j forms a basis of Null(T').

10.5 Solving Inhomogeneous Equations

Recall that an inhomogeneous system of equations is of the form Az = b. In this section, we will show how to
use Gaussian elimination to solve equations of this form.

Suppose A is a mxn matrix and b € F™. First, form the augmented matriz
(Alb),

which is the m x (n + 1) matrix obtained by appending b to the end of A. Then, perform Gaussian elimination
on A; at each step, apply the row operation to the augmented matrix (A|b) instead of just to A. At the end, we
are left with the augmented matrix

(Rld),

where R is in reduced row echelon form and d € F™.
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Example 10.9
Suppose A is the starting matrix in Example 10.4

A=

o O O
w = o
NN O
NoREN )

and we wish to solve

Ax = bg

We form the augmented matrix (Ab) :

2| b
ba
9| bs

DN O
W~

Then, we perform Gaussian elimination on A, while applying the row operation to the entire augmented
matrix (A|b) :

00 0 2]b ) (o (012 4[b
0 1 2 4|b 2ol o0 0 2|n
0 3 6 9| by 0 3 6 9] bs
E 012 4 by /(01 2 4 by
M(2;5
AT, g 0 0 2 by MED A0 0 0 1| Lb
0 0 0 —3|—3by+bs 0 0 0 —3|—3by+bs
. 012 4 by » 0 1 2 0| —2b+by
2279 0 0 0 1 1p, A0 0 0 1 1py
0 0 0 0f2b—3by+0b3 0 0 0 0f2b—3by+0b3

Now, we will show that solving Az = b is equivalent to solving Rz = d. As we showed earlier, there exists an
invertible matrix B such that R = BA. Additionally, since we performed the same elementary row operations on
b, it follows that d = Bb. Thus, left multiplying both sides of Ax = b by B gives us Rz = d, and left multiplying
both sides of Rz = d by B~! gives Az = b, so the both equations are equivalent.

Thus, it remains to solve Rz = d. From earlier, we know that only the first  rows of R are nonzero, where

r is the number of pivots. Let eq,..., e, be the standard basis of F". Thus, a solution exists if and only

if d € span(ey,...,e,). If a solution exists, we can find a particular solution, denoted z,, by setting all free
variables equal to 0. Then, we can get the general solution by adding x( to the particular solution, where zq is
in the null space of R. This is because

R(zp + x9) = Rz, + Rrg = d+ 0 = d,

as desired.
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Example 10.10
Continuing on Example 10.9, we wish to solve Rz = d, which is equivalent to

T

0 1 2 0\ [ —2b; + by

000 L|f %= 10y

000 0 3 3by — 3by + b3
T4

Since R has two pivots, it follows that a solution exists if and only if d € span(eq, e2), which occurs when
%bl — 3by 4+ b = 0. Variables x1, x5 are free, so we can find a particular solution by setting them equal to
0, which gives
0
—2b1 + bo
T = 0
i

To find the general solution, we must calculate the null space of matrix A, which is left as an exercise to
the reader.
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11 Eigenvalues, Eigenvectors, and Invariant Subspaces

11.1 Review

Last time, we finished up our discussion of Gaussian elimination.

11.2 Eigenvalues and Eigenvectors

In this lecture, we will begin a new chapter that focuses on the properties of linear operators.

Definition 11.1 (operator)
A linear map from a vector space to itself is called an operator.

The set of all operators on V is denoted by £(V); in other words, L(V) = L(V, V).

When expressing an operator in terms of a matrix, we almost always use the same basis for the domain and the
codomain. Also, note that the matrix of an operator will be a square matrix.

Additionally, there is a special kind of matrices called diagonal matrices, which are square matrices that have
zeroes everywhere except possibly on the diagonal:

A1 0
0 An
Note that Aq,..., A\, € F can either be zero or nonzero. Diagonal matrices are particularly easy to work with.
For instance, multiplying two diagonal matrices consists of simply multiplying the corresponding entries:
)\1 0 1251 0 /\1 M1 0
0 An 0 Lhn 0 Anlin

Now, suppose T is a linear operator. What does it mean for M(T') to be diagonal? Let A1,..., A, be the
diagonal entries of M(T). It follows that

T(’Ul) = )\1’[)1

T(vn) = Apvn.

Thus, when we apply T to any basis vector v;, we get a multiple of v;. This leads us to the notion of eigenvalues
and eigenvectors.

initi .2 (eigenvector, eigenvalue)
Definition 11.2 (eigenvector, eigenvalue

Suppose T' € L(V).
1. A vector v € V is called an eigenvector of T' with eigenvalue A € F if v # 0 and T'(v) = Av.

2. A number X € F is called an eigenvalue if there is an eigenvector of T with eigenvalue A. In other
words, A is an eigenvalue of there exists v € V such that v # 0 and T'(v) = v.

One thing to note is that an eigenvalue can have more than one eigenvector corresponding to it, as seen in the
following example.

Example 11.3
Suppose T' = idy. Then, T'(v) = v for all v € V. Thus, all vectors v € V such that v # 0 is an eigenvector
of idy with eigenvalue 1.

Do there exist any other eigenvalues of idy ? If A € F is an eigenvalue, then there exists some nonzero vector
v such that T'(v) = Av. However, we know that T'(v) = v, which implies that Av = v. This is equivalent to
(1 — A)v =0, which proves that A = 1 because v # 0. Therefore, 1 is the only eigenvalue of idy .
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Now, let’s consider the following question.

Guiding Question
When is 0 an eigenvalue of T' € L£(V)?

If 0 is an eigenvalue, it follows that there exists some vector v # 0 such that T'(v) = Ov = 0. Thus, v € Null(T).
Conversely, if v € Null(T) and v # 0, then T'(v) = 0 = Ov, so v is an eigenvector of T' with eigenvalue 0. Therefore,
0 is an eigenvalue of T if and only if Null(7T") contains a nonzero vector (in other words, Null(7") # {0}).

The next result expands the above reasoning to arbitrary eigenvalues.

Lemma 11.4
Suppose T' € L(V) and A € F. Then, the following are equivalent:

1. X is an eigenvalue of T

2. T — Aidy is not injective;
3. T — Aidy is not surjective;
4. T — Aidy is not invertible;
5. rank(T — Aidy ) < dim V.

Proof. First, we will show that (1) and (2) are equivalent. Suppose A is an eigenvalue of T Then, there exists
a nonzero vector v € V' such that T'(v) = Av. Thus, we compute

(T — Xidy)(v) = T'(v) — v = 0,

so v € Null(T — Xidy). It follows that Null(T — Xidy) # {0}, so T — Xidy is not injective. Now, suppose
T — Midy is not injective. Then, there exists some nonzero vector such that v € Null(T' — Aidy ). This implies
that T'(v) = Av, so A is an eigenvalue of T.

For brevity, let S =T — Midy € L(V). Next, we will show that (2) and (5) are equivalent. Note that S being
not injective is equivalent to dim Null(S) > 0. By Theorem 8.1,

dim Null(S) + rank(S) = dim V.

Thus, dim Null(S) > 0 implies rank(S) < dim V' and vice versa.

Next, we will show that (3) and (5) are equivalent. Note that S being not surjective is equivalent to Range(S) # V.
It is clear that Range(S) # V if and only if rank(S) < dim V.

Finally, we will show that (2) and (5) are equivalent. If S is not injective, then S is not invertible. On the other
hand, if S is not invertible, then either S is not injective or .S is not surjective. If S is not injective, then we are
done. Otherwise, S is not surjective. However, we have already shown that (2) and (3) are equivalent (because
they are both equivalent to (5)), so S is not surjective if and only if S is not injective. Thus, S is not invertible
implies S is not injective.

Therefore, all statements are equivalent. O

11.3 Finding Eigenvalues

Suppose T is a linear operator and M (T) is diagonal under vy, . . ., v,,. We now know that each v; is an eigenvector
of T with Ay, where Aq,..., A, are the diagonal entries of M(T'). Thus, it is desirable to find eigenvectors of T,
so that we might be able to find a basis under which M(T') is diagonal.

To start off simple, let’s first try to find the eigenvalues and eigenvectors of an arbitrary 2 x2 matrix. Suppose
T € L(V) and M(T) = A under the basis v1, vy, where A is defined as

A:(g g).
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Then, A is an eigenvalue of T if and only if Null(T — Aidy ) # {6} by Lemma 11.4, which occurs if and only if
the matrix

. - _(a—=2X b
M(T—/\ldv)_A—/\I_< . d—>\>

has nonzero null space. To determine the null space of the above matrix, we find the rank of the matrix by
perform Gaussian elimination.

o Ifa—X#0,
a— A b A(1E>2) a— A b
c d— 2\ — 0 (af)\)(d;\)\)fbc .

Note that we did not finish Gaussian elimination because this simplification is enough for our purposes.
Since a — A # 0 by assumption, rank(A — AI) < 2 if and only if the second row is entirely zeros, which
occurs when (a — \)(d — \) — bc = 0.19

e Ifa—A=0andc#0,
0 b S(1,2) (¢ d—A
c d—X 0 b ’

Thus, rank(A — AI) < 2 if and only if b = 0.
e If a — A =0 and ¢ = 0, then rank(A — A\T) must be less than 2 because it has an entire column of zeros.

In every case, we can determine that rank(A — AI) < 2 if and only if (¢ — A)(d — A\) — bc = 0, which can be
rewritten as det(A — AI) = 0 (verify that this works for the second and third cases).

Consider the following example of a 2 x 2 matrix.

Example 11.5
Suppose V is a vector space over F and T' € £L(V') such that M(T) = A for

0 -1
A= (1 . ) |
We calculate that det(A — AI) = A2 + 1, so we wish to find solutions to the equation

AM+1=0

If F = C, then this equation has solutions A = £i, so ¢ and —¢ are eigenvalues of 7. On the other hand, if
F = R, then this equation has no solutions, so T" has no eigenvalues.

The above example shows that the eigenvalues of an operator 7' can depend on the field F that the vector
space is over. Now, the next example will demonstrate how to find eigenvectors corresponding to a particular
eigenvalue.

19You might recognize this expression as the determinant of A — A\I. The textbook for this course is notorious for not introducing
determinants until very late in the book. For our course, knowing the formula for the determinant of a 2 x 2 matrix will be sufficient.
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Example 11.6
Suppose T is defined as in Example 11.5 and F = C. If A is an eigenvalue of T, then an eigenvector v
corresponding to A must be in the null space of the matrix

|
ama= (7 ).

This is equivalent to solving the homogeneous equation

(7 3)E)-6)

We know that T has eigenvalues i and —i. First, let’s consider A\ = i. The equation

() )=

must have at least one solution, since we proved in Example 11.5 that the rank of this matrix is less than 2.
In particular, we can find that (z1,22) = (1, —i) is a solution, and thus an eigenvector of T with eigenvalue
i. Similarly, we can find that (z1,z2) = (1,7) is an eigenvector of T' with eigenvalue —i.

() ()

Is it easy to see that vy, vs is a basis of C2. Thus, based off our earlier discussion, M(T') with respect to
basis v1, vo should be the diagonal matrix

Denote the eigenvectors as

M. o) = (g %),

—1

where the diagonal entries are the corresponding eigenvalues.

At this point in our discussion, we arrive at the following two questions.

Suppose T' € L(V).
e How many eigenvalues does T" have?

e Does there exist a basis of V' consisting of eigenvectors of T'7

For the first question, note that we have seen many examples of linear operators with different numbers of
eigenvalues. For instance, the operator in Example 11.5 under C has dim V' eigenvalues, while the same operator
under R has 0 eigenvalues. Furthermore, we saw in Example 11.3 that idy has 1 eigenvalue. In general, T' can
have as few as 0 eigenvalues and as many as dim V' eigenvalues (which we will prove later).

For the second question, note that M(T) with respect to a basis of eigenvectors will be a diagonal matrix.
In Example 11.6, we saw that there exists a basis of eigenvectors for that particular 7. However, it does not
necessarily exist for all operators T, as seen in the next example.
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Example 11.7
Suppose T' € L(V) such that M(T) = A where

= D).

The determinant of A — AI is A2, so the only eigenvalue of T is 0.

Thus, if V' had a basis vy, v, of eigenvectors, it follows that both vy, v, are eigenvectors with eigenvalue 0.
However, Tvy = Tvy = 0 implies that T' = 0, which is a contradiction. Therefore, there does not exist a
basis of eigenvectors of T.

Now, we will prove the following result, which will limit the number of eigenvalues an operator can have.

Lemma 11.8
Suppose T' € L(V) and vy, . .., v, are eigenvectors of T' with distinct eigenvalues A1, ..., .. Then, vy,..., v,
are linearly independent.

Proof. Let ay,...,a, be scalars such that
aivy + -+ a,pv, :6.
If we apply T to both sides, the right-hand side becomes T' (6) = 0. The left-hand side becomes
T(avr + -+ apvy) = a1 T(v1) + -+ @, T(v) = a1 Ajvr + -+ + ap \pvse.

Thus, we get the equation agA\iv1 + -+ - + a,r v, = 0. However, we can apply T to both sides of this equation
to get a1 Afvg + -+ + a,.A2v, = 0. In general, we can apply T j times to get the equation

al)\{vl + -4 ar)\iv,« =0.

Thus, we have an infinite number of linear independence relations. For the sake of contradiction, assume there
exists a relation where aq,...,a, are not all zero and suppose a1v; + - - - + a,v, = 0 is the relation with the least
number of nonzero a;’s. We can apply T to both sides to get the relation a;Ajv1 + - + a A0, = 0. Without
loss of generality, suppose a; = 0. We multiply our original relation by \; to get

ar v+ -+ ap o, = 0.
We subtract our second relation to get
al()\l — )\1)’()1 —+ -+ ar()\l — /\T)UT = 6

Now, we will show that the coefficients of this relation a; (A — A1), -, a-(A1 — A-) has fewer nonzero coeflicients
than ay,...,a,. First, note that a;(A\; — \;) = 0 if and only if a; =0 for i = 2,...,r. However, a1(A; — A1) =0
while a; # 0, so this new relation has one less nonzero coefficient. This is a contradiction, unless as(A; — A2) =
-+« = a,(A1 — Ar) = 0. This implies that ay = --- = a,, = 0. Plugging this back into ajvy + -+ + a,v, = 0, it
follows that a; = 0, which is a contradiction. Therefore, vy, ..., v, are linearly independent. O

A consequence of this lemma is that an operator T € £(V) can have at most dim V' distinct eigenvalues. To
prove this, let Aq,..., A\, be all eigenvalues of T. For each eigenvalue \;, there exists at least one eigenvector v;
corresponding to A;. By Lemma 11.8, vy, ..., v, is linearly independent. A list of linearly independent vectors
has length at most dimV, so r < dim V.

11.4 Invariant Subspaces

We have seen how applying an operator 1" to an eigenvector sends it to a multiple of itself. What if we instead
considered a subspace, which when applying an operator T, the subspace gets sent to itself? This motivates the
notion of invariant subspaces.
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Definition 11.9 (invariant subspace)

Suppose T' € L(V'). A subspace U of V is called T-invariant if T'(u) € U for all u € U.

A simple example of invariant subspaces is as follows: let v € V' and let F-v denote the subspace of V consisting
of multiples of v. Then, F - v is T-invariant if and only if v is an eigenvector of T.

Now, suppose T' € L(V) and U is a T-invariant subspace of V. Choose a basis u1, ..., u,; of U and extend it to
a basis u1, ..., Um, Um+1,-- ., U, of V. Note that when we express

T(ul) =a1uy; + -+ QGpUpy + Am4+1Um+1 + -+ anun,

the coefficients a1, ..., a, will all be equal to 0 because T'(u1) € U by the definition of invariant subspaces.
This reasoning holds for T'(u1), ..., T (). Thus, M(T') with respect to this basis would look like

* * | % *
M(T) = 5 0T "

This is called a block upper-triangular matrix, because the blocks of the matrix look upper-triangular. The
upper-left block is the matrix of the restriction operator T|y € L(U). Additionally, the lower-right block is the
matrix of another linear operator related to T" which has to do with the quotient space. Both of these will be
explored further in the next lecture.
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12 Invariant Subspaces (continued) and Upper-triangular Matrices

12.1 Review

Last time, we introduced the notion of eigenvectors and eigenvalues and we ended with a definition of invariant
subspaces. Recall that if T is a linear operator acting on some vector space V, then subspace U C V is T-invariant
if T(u) € U for all u € U (Definition 11.9).

Furthermore, we showed that if we have a basis uq, . .., u,, of U and we extend it to a basis uy, ..., Upm, w1, ..., Wk
of V, then the matrix of 7" under this extended basis looks like the block upper-triangular matrix

Recall that dim U = m and dim V' = m+k, which follows from how we defined the bases of U and V. Furthermore,
we showed at the end of last lecture that the upper-left and bottom-right blocks are both square matrices with
dimensions m xm and k X k, respectively.

Guiding Question
Do the upper-left and bottom-right blocks represent some operator? If so, what are these operators relation
to 17

12.2 Restriction Operator
First, we will consider the upper-left block of M(T).

Definition 12.1 (restriction operator)
Suppose T' € L(V) and U is a T-invariant subspace of V. Then, the restriction operator T'|y € L(U) is
defined by

Tlo(u) = T(u)

for all uw € U.

Essentially, T'|y is identical to T except the domain and codomain of T|y is restricted to the subspace U instead
of all of V.

Thus, the upper-left block is exactly the matrix of M(T|yy) under the basis u1, ..., um,. So, in terms of matrices,
restricting your operator to a T-invariant subspace U C V is equivalent to concentrating on the upper-left corner
of M(T). We can now express M(T) as the block matrix

M(T) — M(TIU) *

0 ‘ *

12.3 Quotient Space

Now, consider the lower-right block of M(T'). Note that the lower-right block is a kx k square matrix, where
k=dimV — dim U. So, we first have to define a vector space with dimension equal to dim V' — dim U.

Definition 12.2 (quotient space)
The quotient space V/U ¢ is the set of equivalence classes in V' where two vectors v; and vy are equivalent
if and only if v, — vg € U.

2V /U is also sometimes denoted as V mod U.
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This is analogous to decomposing the integers into odd and even integers: two integers are equivalent if and
only if their difference is an even number. But, in the abstract case, instead of integers we are talking about
vectors, which are equivalent if and only if their different lies in some smaller subspace.

Thus, if two vectors in V are equivalent according the above definition, we view them as the same element in
V/U. Elements in V/U are denoted as v + U, where v + U represents the subset of V' containing the vectors
v+ u for all uw € U. Essentially, v + U can be thought of as collections of equivalent vectors, where v is simply a
representative of the equivalence class.

Example 12.3
Consider a geometric example, where V' is the 2D-plane and U is a line.

v+ U

<
o
e\
ﬁ\
+ S
-

Vv

We can start at v and add anything in U, which forms a parallel line. Namely, this parallel line is v + U. If
we pick a different v’, we get a different parallel line representing v’ + U. Thus, V/U is the set of lines in V'
parallel to U.

Now, we can define addition and scalar multiplication on V/U.

Definition 12.4 (addition and scalar multiplication on V/U)
Addition and scalar multiplication on V/U is defined by

e addition : (v +U)+ (v2 +U) = (v1 +v2) + U
e scalar multiplication : ¢(v+U) = (cv) + U

However, an issue with this definition is that the representation of any v + U is not unique: if v — v’ € U, then
v+ U =" 4+ U. So, we must show that the definitions above are well-defined.

To show that addition is well-defined, we must show that if v; + U = v} + U and vy, + U = v + U, then
(v +v2) +U = (v] +v4) + U. Since v1 + U = v} + U and vy + U = v} + U, it follows that v; — v; € U and
vh —vg € U. But, U is closed under addition because U is a subspace, so it follows that (v} —v1) + (vh — va) =
(v} + v5) — (v1 + v2) € U, which implies that (v; +vs) + U = (v} +v4) + U.

Similarly, to show that scalar multiplication are well-defined, we must show that if v + U = v’ + U, then
(cv) + U = (ev') + U. Since v' —v € U and U is closed under scalar multiplication (recall U is a subspace), it
follows that c¢(v' —v) = v’ —cv € U, so (cv) + U = (ev') + U.

Now that addition and scalar multiplication on V/U are well-defined, we can show that V/U is a vector space.
It is easy to verify that V/U under these operations satisfies the necessary axioms for a vector space.?’

Now, we will focus our attention on the dimension of V/U.

Theorem 12.5 (Dimension of a quotient space)
Suppose V is a vector space and U is a subspace of V. Then

dimV/U = dimV — dim U.

Proof. Construct a basis uq, ..., u, of Uand extend it to a basis u1, ..., un,ws, ..., w, of V. We will show that

20Note that the additive identity in V/U is 0+ U and the additive inverse is (—v) + U.
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w1+ U,wy + U, ..., wg + U is a basis of V/U.

First, we will show that wy + Uyws + U,...,w; + U span V/U. Take any v + U € V/U. We can express
v=> 1 aiu+ 25:1 bjw;. Then, v — (byw1 + - -+ + bpwy) = a1u1 + - - - AUy, € U, since ug, ..., Uy, form a
basis of U. Thus,

v+U=0b1(w1 +U) +ba(wa +U)+ -+ b(w, + U),

sowy +U,ws +U,...,w, + U span V/U.
Next, we will check linear independence. Suppose we have the linear dependence relation Z§:1 bj(w; +U) =

6V/U, where 6V/U represents the zero vector in V/U. This implies that 25:1 bjw; — 0y € U, where Oy represents

the zero vector in V, so Z?:l bjw; € U. Thus, there exist constants a; such that Z?:l bjw;, = YI", a;u;.

However, since w1, ..., Um, w1, ..., W is a basis, it follows that a; = b; = 0 for all 7, j.
Therefore, wy + U,wy + U, ..., w; + U is a basis of V/U, so dimV/U = k. We know that dimV — dimU =
(m+k)—m=k,sodimV/U =dimV — dimU. O

Example 12.6
o V/{0} =V
o V/V ={0}

Remark. Do not confuse V/U with the complement of U in V (denoted V \ U). For instance, V/{0} is the
entire vector space V, while V '\ {0} is V' with the zero vector removed.

Now, we will examine a linear map from V to V/U.

Definition 12.7 (quotient map)
Suppose U is a subspace of V. Then, the quotient map 7 : V' — V/U is the linear map defined by

m(v)=v+U

for all v € V.

Guiding Question

What are Null(7) and Range()?

Answer. For Nullw, is it clear that 7(v) =04 U if and only if v € U, so Nullw = U.

For Rangem, any element in V/U can be expressed as v + U for some v € V, so w is surjective. Thus,
Rangen = V/U.

Remark. The quotient map 7 also gives us an simpler way to prove Theorem 12.5. By the Fundamental
Theorem of Linear Maps,

dimV = dim Null 7 4+ dim Range 7 = dim U + dim V/U,
so dimV/U = dimV — dim U.?!

Now, consider the composition of linear maps

UL v v

Guiding Question
What is the linear map from U — V/U given by the composition of id and 7?

21This proof was not covered in lecture, although it is given in Axler.
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Answer. For u € U, we know that id(u) = u € U C V. Since Null(w), it follows that w(id(u)) = 0. So, the
composition of the two maps is the zero map.

This structure helps illuminate the relation of U and V/U to V. While U is a part of V| the elements of V/U
can be described as "shadows" of elements of V. For instance, consider the following diagram:

shadow

1% V/U

/

light

Imagine you have some directional light source, which shines on some arbitrary object. Then, the light points
in some direction and collapses every point in that direction to a single point in the shadow. This example is
analogous to quotient spaces, where V is analogous to the arbitrary object, U is analogous to the direction of
the light, and V/U is analogous to the shadow of the object.

12.4 Quotient Operator

Finally, we are ready to return to our Guiding Question at the start of the lecture: what operator does the
bottom-right block of M(T') represent?

Definition 12.8 (quotient operator)
Suppose T € L(V) and U is a T-invariant subspace of V. Then, the quotient operator T/U € L(V/U) is
defined by

(T/U)(v+U)=Tv+U

for all v e V.

First, we must show that the quotient operator is well-defined: that is, we need to verify that if v+ U = v’ + U,
then Tv + U = Tv' + U. This is equivalent to showing that Tv' — Tv = T'(v/ — v) € U, which is true because
v/ —v € U and U is a T-invariant subspace. So, the quotient operator is well-defined.

Now, recall that uy,...,u,, is a basis of U and wuq, ..., Up, w1, ..., wy is a basis of V. In our proof of Theorem
12.5, we showed that wy + U, ..., wg + U is a basis of V/U.

Consider M(T/U) with respect to the basis wy; + U,...,w; + U. This is exactly the lower-right block of
M(T). Thus, we now have the completed picture of M(T), which is

M(T) — M(T|U) *

0 M(T/T)

12.5 Upper-Triangular Matrices

We will now shift our discussion to the topic of upper-triangular matrices.

Definition 12.9 (Upper-triangular matrix)
A matrix is called upper-triangular if all entries below the diagonal are 0.

Note that that the notion of upper-triangular matrices only applies to square matrices.
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Example 12.10
The 5 x5 matrix

* % % % %
0 * x x %
0 0 * = =«
0 0 0 x= =«
0 0 0 0 =«

is an upper-triangular matrix. The 0’s below the diagonal are often shorthanded by a single big 0, so the
matrix above is often written as

*
EOE CHEE R
EE G

Now, we will discuss the usefulness of upper-triangular matrices in finding eigenvalues.

Proposition 12.11
Suppose T' € L(V) and M(T') is upper-triangular under some basis of V. Then, the eigenvalues of T" are
the diagonal entries of M(T).

Example 12.12
Consider the matrix A = <(1) ;) . Then,

400) =2(o) =2 () =2

so the eigenvalues of A are A = 1, 2.

So, if a basis of T exists such that M(T') with respect to that basis is upper-triangular, then the eigenvalues of
T can be easily identified.

Let Eigen(T') represent the set of eigenvalues of T. To prove Proposition 12.11, we will first need the following
lemma.

Lemma 12.13
Suppose T' € L(V) and U is a T-invariant subspace of V. Then,

Eigen(T") = Eigen(T|y) U Eigen(T'/U).

Example 12.14
Consider the same matrix A as in Example 12.12. Then, M(T|y) = (1) and M(T/U) = (2), which have
eigenvalues A = 1 and A = 2, respectively.

Proof of Lemma 12.15. Let A € F. Recall that A\ € Eigen(7) if and only if T — \idy?? is not invertible. Fur-
thermore, A € Eigen(7'|yy) U Eigen(T'/U) if and only if either T'|yy — Aidy is not invertible or T/U — Aidy is not
invertible. Now, let S =T — Aidy € L£(V). It is easy to verify that U is S-invariant.Thus, S|y = Ty — Aidy
and S/U =T/U — Aidy.

It remains to show that S is not invertible if and only if either S|y — Aidy or S/U — Aidy is not invertible. This
is equivalent to showing that S is invertible if and only if both S|y and S/U are invertible.

22Recall that idy is the identity operator in V.
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First, suppose that S is invertible. Then, there exists some R € £(V') such that SR = RS = idy. Since S is
invertible and U is S-invariant, for any v € U, there exists some v’ € U such that Sv’ = v. Then,

Rv = R(SV') =idy (v') =/,

so U is R-invariant. Now, we will show that R|y is the inverse of S|y and R/U is the inverse of S/U. For any
vel,
S|UR‘U’U =SRv = v,

so R|y is the inverse of S|y. Furthermore, for any v € V,
(S/U)R/U)v+U)=(S/U)(Rv+U)=SRv+U=v+U,

so R/U is the inverse of S/U. Therefore, both S|y and S/U are invertible.

Now, suppose that both S|y and S/U are invertible. Let wq,...,u,, be a basis of U and extend it to a basis
Uly ooy U, W1, ..., wg of V. We will show that S(uq),...,S(um), S(wi),...,S(wg) is linearly independent.

Suppose Y., aiS(ui)—&—Z?:l b;S(w;) = 0. We know that " | ;S (u;) € U, so Z§:1 bjS(w;) =—>1" a;S(u;) €
U. This implies that
k

> bi(S/U)(w; +U) =0+1U.

Jj=1

Since (S/U) is invertible, it maps a basis of V/U to another basis. Thus, (S/U)(wi +U),...,(S/U)(wx +U) is
a basis of V/U, so b; = 0 for all j. We now have

i aiS(ui) =0.
i=1

Similarly, since w;, ..., u,, is a basis of U and S|y is invertible, it follows that S(u1),...,S(un) is a basis of U.
Therefore, a; = 0 for all 7, so S(uy),...,S(wm), S(w),...,S(wg) is linearly independent.

Now, since S(u1),...,S(tm), S(w1),...,S(wg) is linearly independent and dim V' = m + k, it must be a basis
of V. Therefore, S maps a basis of V' to another basis of V, so S is an isomorphism and thus is invertible. [

Finally, we are ready to prove Proposition 12.11.

Proof of Proposition 12.11. Cousider the decomposition of M(T) into the blocks

M|k e

0 )\2 *
MT)=| . :

010 An

It is clear that Tvy = Ajv1, so A1 € Eigen(T'). Let U = span(v;), which is clearly a T-invariant subspace. Denote
the lower-right block of M(T) as M(T')’. By Equation 5,

Tly = (A1) and T/U = M(T)'".
Then, by Lemma 12.13,

Eigen(T') = Eigen(T'|yy) U Eigen(T'/U)

= {A\1} UEigen(M(T)").
Since M(T)’ is also upper-triangular, we can continue in this fashion to show that As, Ag, ..., A, are eigenvalues
of T. Therefore, the eigenvalues of T are the diagonal entries of M(T). O
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13 Existence of Eigenvalues and Diagonal Matrices

13.1 Review

Last time, we ended with the statement that if A is an upper-triangular matrix, then the eigenvalues of A are
the diagonal entries. However, we have not yet discussed the case where a linear operator T is not guaranteed
to have an eigenvalue. The following theorem will show when we are guaranteed to have an eigenvalue.

13.2 Existence of Eigenvalues (Complex Vector Spaces)

Theorem 13.1 (Operators on complex vector spaces have an eigenvalue)
Suppose V is a finite-dimensional vector space over C and T is a linear operator in £(V'). Then, T has an
eigenvalue.

Note that this theorem doesn’t tell you how to find an eigenvalue, but only asserts that there one exists.

Before we begin the proof, we must first discuss some properties of polynomials. Let p(z) be a polynomial
in P(C). We know how to evaluate a polynomial at some number a, which results in some complex number
p(a) € C. But, we can also evaluate polynomials on matrices. For instance, if A is a square matrix, then p(A)
is also a square matrix.

Similarly, for any T € L(V'), we can evaluate p(T"), which will also be in L(V).

Example 13.2
Let p(z) = $2% 4+ 1. Then,

p(A4) = 24+ 1,

1
p(T) = 5T2 +idy-.

Now, we will break up the proof of Theorem 13.1 into multiple steps:
1. There exists a nonzero polynomial p(z) € P(C) such that p(T) = 0.
2. If there exists a nonzero polynomial p(z) € P(C) such that p(T) = 0, then T has an eigenvalue.

Proof of (1). Before proving the general statement, we will look at a few special cases.

Example 13.3
Consider the special case where dim V' = 1. It follows that every operator in £(V) is scalar multiplication
by some number A € C. Thus, in this case, T is equivalent to some number .

Thus, our problem has reduced to the trivial problem finding a polynomial p(z) such that p(A) = 0. One
such polynomial is p(z) = z — A.

72



Lecture 13: Existence of Eigenvalues and Diagonal Matrices

Example 13.4
Consider the case where dim V' = 2. Then, we can convert T into its matrix form

a b
=0 9.
Let p(z) = ap + a1z + - - - + a,2™. We wish to find ag,aq,...,a, such that

L0\ e b)Y, (e B\ _(00
“wlo 1) T \¢ 4 “\ec d) “\o o)

Now, consider the polynomial p(z) = 22 — (a + d)z + (ad — be) ®. The simple calculation to show that p(z)
is a solution to the 2-dimensional case is left to the reader.

2The motivation to behind this solution will be covered near the end of the course.

Now, we will prove the general case. Consider the following list of an infinite number of operators
idy, T, T%,T3,... € L(V).

Since V is a finite-dimensional vector space, let dim V' = n. It follows that dim £(V) = n?, so £(V) is finite-
dimensional. Thus, for N > n?, it must be that the list of operators idy, T, T2, ..., TV is linearly dependent.
This implies that there exists a linear combination

a()idv + alT + CL2T2 + -+ aNTN =0

for some ag, a1, ...,axy € C which are not all zero.

Let p(z) = ag + a1z + - - + an 2. It is clear that p(z) is nonzero and p(T') = 0. O
Remark. Note that tells you a very ineffective way of finding p(z), since it requires you to calculate T, T?, ..., TN
and somehow find scalars ag,ay,...,an. This proof is mainly only useful for proving the existence of p(z), not
for finding p(2).

Before we begin the proof of (2), recall the Fundamental Theorem of Algebra states that every non-constant
polynomial p(z) € P(C) has a root in C. Let p,(z) be a polynomial of degree n. Then, it follows that p,(z) has
some root A1, so

pn(2) = (2 = A1)pn-1(2).
It is clear that this procedure can be repeated on p,—_1(2), prn—2(2),...,p1(2) to get

Pa(2) = c(z = Mi)(z = A2) -+ (2 = An),

where ¢ € C. Thus, another way of stating the Fundamental Theorem of Algebra is that any complex polynomial
p(z) can be factored into linear factors (this factorization is also unique).

Proof of (2). Consider some nonzero p(z) € P(C) such that p(T) = 0. It is clear that p(z) is a non-constant
polynomial because p(z) is nonzero and p(T') = 0. Now, we can apply the Fundamental Theorem of Algebra to
conclude that

p(2) = c(z = Mi)(z = Ag) -+ (2 = An)

for some nonzero ¢ € C. Then,
p(T) = C(T - /\Zldv)(T - )\Qidv) tee (T - /\Nidv) =0.

Since ¢ # 0, it follows that (7' — \;idy )(T' — Aeidy ) - -+ (T — Anidy) = 0. Denote S; = T — N\;idy € L(V) for
i=1,2,...,N. It follows that

5152+ Sy =0.
If all S1,5,...,SN were invertible, then their product S1.5;---Sy = 0 would also be invertible, which is a
contradiction. Thus, say S; is not invertible. It follows that S; = T — \;idy is not invertible, so \; is an
eigenvalue of T. O

Remark. If you can find some p(z) such that p(T) = 0, then an eigenvalue of T must be one of the roots of
p(2).
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Corollary 13.5
Suppose T € L(V) where V is a vector space over C. Then, there exists a basis of V' such that M(T) is
upper triangular.

Proof. We will prove this by induction on the dimension of V.

First, consider the base case dim V' = 1. Then, as shown in Example 13.3, T is equivalent to scalar multiplication
by some A € C. It follows that the matrix form of T is the 1x 1 matrix M(T') = ()\) , which is upper-triangular.

Now, let dimV = n > 1. Assume that the statement has been proved for all dim V' < n. By Theorem 13.1, T’
has an eigenvalue \;. This implies that T has an eigenvector vy such that Tw; = Av;. Let U = span(vy) C V.
Since vy is an eigenvector, it follows that U is a T-invariant subspace. Thus, T|y and T/U are well-defined. It
is clear that the matrix form of T'|y is the 1x 1 matrix (A1) .

We know that T/U € L(V/U) and dimV/U = dimV — 1 = n —1 < n. By the inductive hypothesis, there exists
a basis wq, wa, ..., wy—1 of V/U such that M(T'/U) is upper-triangular. Then, recall that V is related to V/U
by the quotient map 7 (see Definition 12.7). Since 7 is surjective, for each w; € V/U, there exists some y; € V
such that w(y;) =w; foralli=1,...,n— 1.

Now, we claim vy, y1, Y2, - --,Yn—1 is a basis of V. Since the number of vectors is equivalent to dim V, it remains
to show that vi,y1,v2,...,yn_1 is linearly independent. Let ¢y, co,...,c, be scalars such that

c1vy +coy1 + -+ cpYn—1 = 0.
Since vy € U, it follows that 7(v1) = 0. Then, applying 7 to both sides gives

m(civr + coyr + -+ CuYn—1) = Qw1 + -+ + cpwy— = 0.

Since wy,...,w,_1 is a basis, it follows that ¢ = --- = ¢, = 0. It remains that c;v; = 0, so ¢; = 0. Thus,
V1, Y1, Y2, - - -, Yn—1 1S linearly independent.
Now, consider the matrix of 7" under the basis v1,91,92,...,Yn_1. It is clear that
M | N
0
M(T) = )

. M(T/U, (wl,...,wn_l))

0
Note that w; = y; + U for all ¢ = 1,...,n — 1, which is why the lower-right block of M(T') is equivalent to
M(T/U). By the inductive hypothesis M (V/U) is upper-triangular, so M(T) is upper-triangular, as desired. [

Last lecture, we proved Proposition 12.11. Now, we will prove some sort of converse.

Corollary 13.6
Suppose A is an nxn matrix with entries in C. Then, there exists an invertible n xn matrix S such that
SAS~! is upper-triangular.

Note that matrix SAS~! represents the same operator as matrix A, but under a different basis determined by
.23 24

13.3 Existence of Eigenvalues (Real Vector Spaces)

We will continue our discussion of eigenvalues, this time over R.

23The operation SAS™! is called conjugation by S on matrix A.
24In particular, if A is the matrix of 7' under the basis v1, ..., vn, then SAS™1 is the matrix of T under the basis w1, ..., wn
where v; = Z;L:I Sjiwj fori=1,2,...,n.
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Example 13.7
Consider the 2 x2 matrix with real entries

A:((l) —01).

Suppose T' € L(IR?) is the linear operator corresponding to matrix A.

Solving for the eigenvalues of A, we get the equation
Br=0a=0) = (=) =2¢ L1l =0,

This clearly does not have any real roots, so T has no real eigenvalues.®

@Note that if T € £(C?), then T would have eigenvalues i and —i.

13.4 Eigenspaces

Now, suppose we have a matrix A with change of basis matrix S such that

2 % %
SAS™'=10 3 =«
0 0 3

By Theorem 12.11, A = 2,3 are the eigenvalues of SAS~!. However, both A and SAS~! are matrix representa-
tions of the same operator T, so A = 2,3 are also the eigenvalues of A.

This implies that any upper-triangular matrix representation of 7' must have 2 and 3 on the diagonal.

Guiding Question
Consider the same matrix A as above. It is possible to have a change of basis matrix S; such that

Sy AST =

S O N

SN ¥

W ¥ ¥
~

In general, is it possible for SAS™! and Sy AS; ! to have the same set of eigenvalues along the diagonal,
but they appear different number of times?

Answer. No! We will learn later in the course that number of times each eigenvalue appears on the diagonal
is related to the linear operator T, and thus is invariant under conjugation by S and Si.

Today, we will discuss a special case of the question above, which is when A is diagonal.

Guiding Question
Does there exist some matrix S such that

2
S

o O N

S N O

w o o
~

0 0
3 0]s57t=
0 3

To answer this question, we will first need the following definition.

Definition 13.8 (eigenspace)
Suppose T' € L(V) and A € F. Then, the eigenspace of T corresponding to eigenvalue A is defined by

E\T) ={veV|T(v) = \v}.

In other words, E(A,T) is the set of all eigenvalues of T corresponding to eigenvalue A and the 0 vector.
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Note that the 0 vector is included in the eigenspace, so E(\,T) is a subspace. This can be shown by seeing that
the condition T'(v) = Av implies that (T'— Aidy)(v) = 0, so

E(\T) =Null(T — Aidy).
Since the null space of any linear map is a subspace, it follows that E(\,T) is a subspace of V.

Now, we will use eigenspaces to answer the Guiding Question. We will reformulate the Guiding Question in
terms of linear operators instead of matrices.

Guiding Question
Suppose T' € L(F?) such that

M(T,{e1,e2,e3}) =

S O N
o w o
w o o

where {e1, ez, e3} is the standard basis of F2. Does there exist a basis v1,v2,v3 of F? such that

M(T, {’Ul, V2, 1)3}) =

S O N

0 0
2 07
0 3

We will compute E(2,T) with respect to each of the different bases. First, by the matrix form of T with respect
to the standard basis, we know that

T€1 = 261

T62 = 362

T€3 = 363
Then, it is clear that

It follows that Null(7T — 2id) is spanned by e1, so E(2,T) = span(ey). Thus, E(2,T) is a 1-dimensional subspace.

Now, by similar logic as above, the matrix form of T with respect to {v1,vs,vs} implies that FE(2,T)
span(vy, v2). However, this implies that F(2,T) is a 2-dimensional subspace, which is a contradiction. Therefore,
it is impossible to have two different bases where the eigenvalues of T' appear with different multiplicities.

In general, we can make the following statement.

Fact 13.9

Suppose
A1

M(T, {v1,...,0,}) =

Then, E(Ar) = span({v;|A; = A}).

Note that if A does not appear on the diagonal, then E (A, T') = {0}, so A is not an eigenvalue of T'. Additionally, it
is clear from this statement that dim E'(\, T') is equivalent to the number of times A appears among A1, Ag, ..., Ay.
Thus, while the order of the diagonal entries A1, ls,...,[, may vary depending on the basis, the multiplicities
of each value are always the same.

Finally, while we have only shown Fact 13.9 to be true for diagonal matrices, it can be shown this statement is
also true for upper-triangular matrices (proof covered in a later lecture).

Recall that if A, Ag,..., A\, are distinct eigenvalues, then the corresponding eigenvalues vi,vs, ..., v, are
linearly independent.
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Corollary 13.10
Let {A1,..., A} be the set of eigenvalues of T € £(V'). Then,

EM,T)+--+ EMn,T)

is a direct sum.

Proof. To prove that this is a direct sum, we must show that for v; € E(\;, T) such that v1 +ve + -+ vy, =0,
then all v; = 0. However, since A1, Ag, ..., Ay, are distinct, it follows that vy, vs, ..., v, are linearly independent,
so all v; = 0. O

13.5 Diagonalizable Operators

Consider the following example.

Example 13.11
Suppose T' € L(F?) such that

M(T) = <8 é)

Then, 0 is the only eigenvalue of T It follows that E(0,7) = Null(T") = span(e;). Thus, 0 being the only
eigenvalue of T' does not necessarily imply that E(0,T) spans the entire vector space F2.

In fact, Corollary 13.10 implies that
dim E(A\1,T) +dim E(A\, T) + - - + dim E(A,,, T) < dim V,

since E(\;, T) are all subspaces of V.

Now, we are ready to make a new definition.

Definition 13.12
An operator T' € L(V) is diagonalizable if M(T') under some basis of V' is diagonal.

Proposition 13.13
Suppose T' € L(V) and {A1, A2, ..., Ay} are the eigenvalues of T. Then, the following are equivalent:

1. T is diagonalizable;

2. V has a basis consisting of eigenvectors;

3. EMT)®EMNT)® - ®@EM:,T)=V;
4. 3" B\, T) =dim V.

Proof. First, we still show that (3) and (4) are equivalent. In the general case, we know that

Then, if >21" | E()\;,T) = dimV, it is clear that the inclusion above must become the equality E(A,T) @
EX, T)® - ® E(\p,T) = V. Similarly, in the general case,

> B\, T) < dimV.

i=1

Then, if E(\, T)DE(X, T)®---®E(Ap,, T) =V, it is clear that the inequality above must become the equality
S E(N\,T) =dimV. Thus, (3) and (4) are equivalent.
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Now, we will show that (1) implies (2). Suppose T is diagonalizable. Then, there exists a basis vy, vs, ..., v, of
V such that
a
as
M(T) =
[£2%
This implies that Tv; = a;v;, so each v; is an eigenvector with eigenvalue a;. Therefore, vy, vs, ..., v, is a basis

of of V' consisting of eigenvectors.

Now, we will show that (2) implies (3). Suppose we have a basis vy, vs,...,v, of V consisting of eigenvectors.
Then, each v; € E(\;,T) for some j. It follows that all basis vectors

V1,02,...,Un EE(AlvT)GBE()‘QaT)EBEBE(AWJT)a

so span(vy,va,...,v,) =V C E(A,T)® E(M, T) @ --- ® E(An, T). Furthermore, by the definition of sum of
subspaces, we know that E(A\,T) ® E(M\2,T) ® --- ® E(\,,,T) C V. Therefore, E(A1,T) ® E(X\, T) ® -+ ®
E\n,T)=V.

Lastly, we will show that (3) implies (1). Suppose E(A1,T)®E(A2, T)®- - -®E(Ap,T) = V. Let dim E(\;, T) = d;.
Then, choose a basis v; 1,v;.2,...,0;,4, of E(A;,T) for i =1,2,...,m. It follows that

Ul)l,vl,Q,...,'Ul)dl,UQ,l,'U272,.. ~7U2,d2;--~a~~~7vm,1yvm27-~-,vm,dm

is a basis of V. Under this basis, M(T) becomes the diagonal matrix

Al

Am

where the big \; represents the diagonal matrix of size d; x d; with all diagonal entries \; (in other words, M(T)
is the diagonal matrix where each \; appears exactly d; times). Thus, T is diagonalizable. O]
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14 Inner Product Spaces

14.1 Review

Last time, we discussed the notion of eigenspaces, where for any 7' € L(V) and A € F, the eigenspace of T
corresponding to A is defined as E(A,T) = {v € V|Tv = Av}. Furthermore, if {A\1,..., A} are all eigenvalues
of T, then E(A\1,T) ® -+ ® E(A,T) C V. This also implies that Y .-, dim E(\;,T) < dim V.

14.2 Diagonal Operators (continued)

In this section, we will wrap-up our discussion of diagonal operators from last lecture. Note that if A is an
eigenvalue of T, then dim E(\,T') > 1. So >, dim E(X;, T) > m.

Theorem 14.1
Suppose T' € L(V) and T has dim V' distinct eigenvalues. Then, T is diagonalizable.

Proof. Let n = dim V. Then,

> dimE(X;, T) > dimV,
i=1
since dim E(A;,T) > 1 for all \;. By the definition of direct sum, we know that

Y dimE(X;, T) < dim V.

i=1

It follows that Y., dim F(\;, T") = dim V, which implies that 7" is diagonaliazble by Theoream 13.13. O

Example 14.2
Suppose T' € L(V) has corresponding matrix

OO =
S N ¥
W * %

Then, T has 3 distinct eigenvalues A = 1,2, 3, so T' is diagonalizable.

14.3 Inner Product Spaces

Previously, we have been considering abstract vector spaces, which are sets of vectors with abstract addition and
scalar multiplication. Now, inner product spaces are vector spaces with one piece of extra structure: namely,
the notion of the length (also called the norm) of a vector.

Before we give a definition of an inner product, let’s look at two standard examples.

Example 14.3
Suppose V' = R™. Then, the dot product of vectors © = (x1,...,x,) and y = (y1,...,yy) is defined by

Ty =2x1Y1 + Tay2 + -+ Tnyn.

Note that x - y € R. The dot product is also known as the Euclidean product.
The norm of z (denoted as ||x||) is defined by

loll = V&3 = y/a} + 23 + -2,

From our knowledge of R™, it is clear that this definition of the norm is measuring the length of z.
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Example 14.4
Suppose V = C". Then, (x,y) for vectors x = (z1,...,2z,) and y = (y1,...,yn) is defined by

(z,9) = 2171 + 2272 + -+ + TuTn-
Note that (z,y) € C. This product is also known as the Hermitian product.

|z]] = V/{z, z).

Recall that for a complex number z = a + bi, then 2z = |z|?> = a? + b2. So,

The norm of x is similarly defined by

(@,2) = 21T+ -+ + 2T = @1 [P+ - Jza]? 2 0

Thus, (z,x) is a nonnegative real number, so ||z|| is well-defined.
Now, we will give more evidence to show that this definition of the norm is measuring the length of z. Let
c € C. Then,
(cx,cx) = |cxi|> + - - + |czn|?
= lef(Jzal* + - + |zal?)
= |e|*(x, z).

Thus, ||cz|| = \/{cz,cx) = |c|\/{z,x) = |c|||z||. Therefore, if some vector is scaled by a factor of ¢, then its
norm (or length) is scaled by a factor of |c|.

Now, we are ready to give the formal definition of the inner product. First, we will consider inner products over
real vector spaces.

Definition 14.5 (inner product over R-vector space)
Suppose V is a R-vector space. An inner product on V is a function that takes each ordered pair (z,y)
of vectors in V' to the number (z,y) € R and satisfies the following conditions:

e additivity in the first variable: (x + o', y) = (x,y) + («/, y)

e homogeneity in the first variable: (cz,y) = ¢(z,y) for all c € R
o symmetry: (x,y) = (y, )

e positivity: (x,z) >0

definiteness: (x,z) =0 if and only if z =0

Let’s verify that the dot product on R™ is an inner product.

Example 14.6
Suppose (z,y) = -y = z1y1 + - - - + T,y + n. We must verify all the necessary conditions:

e additivity in the first variable: (z +2') -y = (x1 +2))y1 + -+ (@0 + ) yn = (T1y1 + -+ + TpYn) +
@iyt +anyn) =z y+a’ -y

e homogeneity in the first variable: (cz) -y = cr1y1 + - + cXpyn = c(x - y)
e symmetry: Ty =21yY1 + -+ TpYn = Y121 + - + YnTpy - T

e positivity: z -z =2+ .-+ 22 >0

o definiteness: r- -z =23+ +22 =0 < 1= =2,=0 < =0

Thus, x - y is an inner product on R™.

We can use the notation V, (-, -) to represent a vector space V with inner product (-, ).
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By the definition of an inner product, (-,-) is additive and homogeneous in the first variable.

Guiding Question
Is (-, -) also additive and homogeneous in the second variable?

Answer. Yes! We know that

(z,y+2)=(y+2zm)
=(y,2) + (z,3)
= (z,y) + (z,2),
where the second equality follows from additivity in the first variable and the first and third inequalities follow

from symmetry. Thus, (-,-) is additive in the second variable. The proof to show that (-,-) is homogeneous in
the second variable is identical.?®

Now, we will define inner products over complex vector spaces.

Definition 14.7 (inner product over C-vector space)
Suppose V is a C-vector space. An inner product on V is a function that takes each ordered pair (z,y)
of vectors in V' to the number (z,y) € C and satisfies the following conditions:

e additivity in the first variable: (x + 2’,y) = (z,y) + (¢, y)

e homogeneity in the first variable: (cz,y) = ¢(z,y) for all c € C

e conjugate symmetry: (z,y) = (y, )

e positivity: (x,z) >0

definiteness: (x,x) =0 if and only if z =0

Note that the main difference between inner products in real and complex vector spaces is the third condition
(conjugate symmetry instead of symmetry).

Example 14.8
Let’s verify that (z,y) = 171 + - - + Ty is an inner product in C™. We know that

(,y) =211+ - + TnUn
=T11 + + Tnln

= (y,x),

so (-, ) satisfies conjugate symmetry. The verification of the rest of the conditions is analogous to Example
14.6.

Recall that real inner products are also additive and homogeneous over the second variable.

Guiding Question
Are complex vector spaces also additive and homogeneous over the second variable?

Answer. Sort of! Complex inner products are additive over the second variable, the proof of which is identical
to the real case. Howewver,

(z,cy) = (cy, x)

(y,x
¢(x,

Il
ol

~

),

25We say that (-,-) is bilinear, meaning that (,-) is linear in both variables.

<
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where the second equality follows from homogeneity over the second variable and the first and third equalities
follows from conjugate symmetry. Thus, {-,-) has conjugate homogeneity over the second variable.?

So far, we have only looked at our two standard examples of inner product spaces. Now, we will give more
examples.

Example 14.9
First, we will look at a slight variation of our standard example. Suppose V' = C™ and define

(x,9) =canfi+ -+ cnZnln
for ¢1,...,¢, € C. Under what values of ¢1,...,¢, is (-,-) an inner product space?

To answer this question, we must check the five conditions in Definition 14.7.

o Additivity and homogeneity: It is easy to verify that (-, -) satisfies additivity and homogeneity in the
first slot for any ci,...,cy.

e Conjugate symmetry: Note that
(z,y) = (y, 7)
- C1y1T1 P oo gp Cnynﬁ

=cx1Y1 + -+ CnTnYn-

So, to satisfy conjugate symmetry, ¢; = ¢; for all ¢;. In other words, all ¢; must be real.

e Positivity: Note that
(x,2) = 1|z |2+ - + cnlzn|2 > 0.

Since x is arbitrary, we can choose x to be the vector such that z; = 1 and all other entries are 0,
which implies that all ¢; > 0.

e Definiteness: If any ¢; = 0, then let & be the vector such that z; = 1 and all other entries are 0. Then
<§C,1'>:Clo++Cll++Cn0:Cz:0,
which violates definiteness. Thus, all ¢; > 0.

In conclusion, (z,y) = 12171 + - - - + ¢ TnTn is an inner product if ¢q,. .., ¢, are positive real numbers.

Example 14.10
Suppose V = R" and define
(z,9) = az1y1 + - + CaTnYn
for ¢1,...,¢, € R. By reasoning identical to the logic in Example 14.9, (-,-) is an inner product when
ci,...,Cpy are positive.

26We say that (-,-) is sesquilinear (the prefix sesqui meaning "one and a half"), meaning that (-,-) is linear in the first variable,
but only additive and conjugate homogeneous in the second variable.
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Example 14.11
Suppose V = C? and define
(,y) = 2172 + 2271
Then,
(z,2) = 2172 + 1271 = 2Re(2172),
where the last equality follows from that 175 = x2%1. Since x1, 2 are arbitrary, 173 can essentially be any
complex number, in particular a number with a negative real part, which violates positivity. For instance,
if 2 =(1,-1), then
(z,z) = (1)(=1) + (-=1)(1) = -2 <0.
Thus, (-,-) is not a valid inner product space.

Furthermore, if 2173 is purely imaginary, then (x,x) = 2Re(z1Tz) = 0 where z is not necessarily 0. Thus,
(+,-) also violates definiteness.

Before we move onto the next section, we will need the following definition. Recall that in Example 14.4, we
defined the norm of x as ||z|| = \/{(z, z). Now, we will expand this definition to the general case.

Definition 14.12 (norm)
Suppose V, (-,-) is any inner product space. Then, for « € V, the norm of z is given by

|z]] = V/{z, z).

14.4 Orthogonality

Let V, (-,-) be an inner product space.

Definition 14.13 (orthogonal)
Let vectors u,v € V. Then, u is orthogonal to v if (u,v) =0.%

“The notation ulwv is used to mean "u is orthogonal to v."

To better understand this definition, we will first show that this definition of orthogonal vectors makes sense in
R2.
Suppose V = R? and (-, ) is the dot product. Let u,v € V be nonzero vectors as seen in the diagram below.

v

u

We will show that - v = 0 if and only if the angle between u and v is 90°. To prove this, we will first need the
following lemma.

Lemma 14.14
Suppose V, (-, ) is any inner product space. If (u,v) = 0, then

[l + | = [Jul|* + [fo]*.¢

In Axler, this is referred to as the Pythagorean Theorem.
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Proof. Tt follows that

[lu+ol* = (u+v,u+0)
= (u,u+v) + (v,u+v)
= (u,u) + (u, v) + (v, u) + (v,v)
= [l + [Jo]?,
where the last equality follows from (u,v) = (v,u) = 0. O

Now, consider the triangle in the diagram below.

o]l

[Jull u

It is clear that the two legs of the triangle have lengths [|u|| and ||v]|.

Guiding Question
How can we describe the orange vector in terms of vectors v and v?

Answer. One way to find the answer is to see this is to translate the orange vector so that it begins at the
origin.

[l u

From this, it is clear that the orange vector is v — u.

Thus, the triangle has side lengths ||u||,||v||, and |[v — u||. Suppose that u - v = 0. Then, it follows that
(—u) -v=—(u-v) =0. By Lemma 14.14,

o = ul® = [Joll* + || — ull.
Finally, we know that || — u|| = ||u]|, so

o = ul|* = [[o]]* + [Jul >

Now, let the angle between u and v have degree measure 6.
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By the Law of Cosines,
2 2 ey — o ]]2
g I+ Ll = llo = ]
2[[ol[{lul|

However, we know that ||v||? + [|u||? — ||v — u||? = 0, so cos§ = 0. Therefore, § = 90°, as desired.
Thus, our definition of orthogonality in Definition 14.13 makes sense with the usual sense of orthogonality in
R2.

14.5 Cauchy-Schwarz Inequality

Now, we will introduce the Cauchy-Schwarz Inequality.

Theorem 14.15 (Cauchy-Schwarz Inequality)
Suppose V, (-,-) is an inner product space and u,v € V. Then,

[{w, 0] < [Jul|{]0]]-

We will leave the proof of this for next lecture. First, we will use the two standard examples from earlier to give
us a better understand of what the Cauchy-Schwarz Inequality is telling us.

Example 14.16
Suppose V = R"™ and (-, -) is the dot product. Let =,y € V. By the Cauchy-Schwarz Inequality,

|z -yl < [z [ly]].
Squaring both sides and expanding out the dot product gives

2

(g1 + -+ Toyn)” < (@] + -+ 2@+ 9R).

A special case of this result is given by taking y; = --- =y, = 1, which gives
(@14 + @) <nfef 4 +27).°
A familiar example of the above inequality is the n = 2 case,
(x1 + 22)* < 2(a +23).
Expanding out both sides and moving all the terms to one side gives
0 < (21— 22)%,

which is the trivial inequality.®

%This kind of inequality is frequently used in calculus or mathematical analysis in order to approximate certain quantities.
®Tt is also possible to prove the general case (z1 + -+ zn)? < n(z? + -+ 2) in a similar fashion to the n = 2 case using
the trivial inequality.
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Example 14.17
Suppose V = C" and (-,) is defined as in Example 14.4. Let =,y € V. Then, squaring both sides of the
Cauchy-Schwarz Inequality gives us

2177 + -+ @nFal® < (22 + -+ ) (9 + -+ Jyal?).
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15 Cauchy-Schwarz Inequality and Orthonormal Bases

15.1 Review

Last time, we introduced the inner product space and ended with the Cauchy-Schwarz Inequality. Recall
Theorem 14.15 for the statement of the Cauchy-Schwarz Inequality.

Before we prove the Cauchy-Schwarz inequality, we first need the notion of orthogonal decomposition.

15.2 Orthogonal Decomposition

Suppose we have two vectors u and v in the two-dimensional real plane. We wish to decompose u into the sum
of two vectors, one which is parallel to v and one which is perpendicular to v.

u

In the general case, we want to express u as
U= Ccv+w

where ¢ € F and w is orthogonal to v.
If v = 0, then the orthogonal decomposition of u is simply w, since all vectors are orthogonal to the zero vector.
Now, assume v # 0. Suppose we have the decomposition v = cv + w with w orthogonal to v. Then,

(u,v) = {cv 4+ w,v)
= ¢(v,v) + {(w,v)

= c{v,v).
It follows that ¢ = 235; and w = u — Ez:; v. We can also verify that our expression for w is indeed orthogonal
tov:
(u,v)

Theorem 15.1 (orthogonal decomposition)

Suppose u,v € V with v # 0. Let ¢ = EZ;’; and w =u —

(u,v)
(v,v)

v. Then, u can be expressed as
U=cv+w

such that w is orthogonal to v.

Now, we are ready to prove the Cauchy-Schwarz Inequality.

15.3 Cauchy-Schwarz Inequality (continued)

As a sidenote, note that the statement of the Cauchy-Schwarz Inequality does not require V to be finite-
dimensional. This is intuitive because the Cauchy-Schwarz Inequality only involves two vectors u and v, so
you can always restrict your attention to the subspace spanned by u and v. Later, we will look at examples of
infinite-dimensional inner product spaces, and Cauchy-Schwarz will still have applications there.

Now, we will prove the Cauchy-Schwarz Inequality.
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Proof of Cauchy-Schwarz Inequality (Theorem 14.15). If v =0, then both sides of the desired inequality equal
0, and we are done. Thus, assume v # 0. Consider the orthogonal decomposition

U= cv+w
as described in Theorem 15.1. Then,
(u,v) = (cv +w,v) = c(v,v) = c||[v]|*
since (w,v) = 0. Furthermore,
llull = v/ {u,u)

=/ {cv + w, cv + w)

= \/<cv, cv) + (cv, w) + (w, cv) + (w, w)

= /{ev, ) + (w, w)
= Vllev|* + [|wl?
2 [|ev]|

= |c/[[v]|-
It follows that

[[all [[v]| = fe] [[v]] [[v]]
= |e [[o][?
= |<u,v>|,

which gives the desired inequality. O

Guiding Question
When does equality hold in the Cauchy-Schwarz Inequality?

Answer. Equality holds when /||cv|]? + |[|w||? = ||ev||, so w = 0. This implies that u = cv, so u s a scalar
multiple of v.

Conversely, if u = cv for some c € C, then
(u,v) = le|(v,v) = le][[o][* = ||ul][]v]]-

Therefore, equality holds if and only if v is a scalar multiple of v. Note that this includes the case where u or v
is the zero vector.

Now, we will look at an infinite-dimensional example of the Cauchy-Schwarz Inequality.
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Example 15.2
Suppose V be the set of all continuous functions f : [-1,1] — R. Note that V contains all real-valued
polynomials, so V' must be infinite-dimensional (since P(R) is already infinite-dimensional).

Let f,g € V. Then )
(f9) = / f@)gla) da

is an inner product on V. It is clear that additivity, homogeneity, and symmetry hold. We know that

171l = <f,f>:</_11 (f(m))zd:c)é.

Thus, positivity holds because f(z)? > 0. Finally, it follows that ||f|| = 0 if and only if f = 0, so definiteness
holds.

Now, applying Cauchy-Schwarz to f, g and squaring both sides gives

( / 11 F@)g(z) dxf < ( / 11 (f<x>)2) ( / 11 (g<x>)2> .

Guiding Question
Compare the above inequality with the following inequality from Example 14.16:

(g1 + -+ Toyn)* < (2 +- -+ 2D @]+ +1h).

What is similar between these two inequalities?

Answer. Consider the area under the blue curve in the following diagram:

-1 1

The expression fil f(@)g(x)dx can be seen as taking the area using an integral, while the expression x1y1 +

-~ + Ty can be seen as taking the area using a Riemann sum. Thus, the inequality from Example 14.15 can
be seen as a discrete version of the continuous inequality from Example 15.2. Note that the discrete version of

the inequality comes from a finite-dimensional inner product space, while the continuous version comes from an
infinite-dimensional inner product space.

Now, we will discuss another important inequality, known as the Triangle Inequality. This inequality comes

from the elementary observation that the sum of any two sides of a triangle must be greater than or equal to
the third side. In other words, a + b > c.

b

If we interpret the above diagram in terms of vectors, we find that a = ||u||,b = ||[v||, and ¢ = ||u — v]|.
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Thus,
[l +[lv]] = [lu —v]|.

Since ||v|| = || — v||, we can replace v with —v in the above inequality to get the Triangle Inequality:
[lull + [[ol] = [fu+ o]

While this example only concerns the two-dimensional plane, the Triangle Inequality can be expanded to any
inner product space.

Theorem 15.3 (Triangle Inequality)
Suppose u,v € V. Then,
v+ ol| < [Jul] +[lv]].

Proof. 1t is equivalent to show that
[lu+ol[* < (lull + [lol])?.

Then,

llu+v|]? = (u+v,u+v)
= (u,u) + (u,v) + (v, u) + (v, )
= (1) + (v, 0) + (u,0) + {u,u)
= |lul® + [[v]|* + 2 Re(u, v)
<l + [Jol* + 2/(u, v)]
<l + 1ol* + 2] ul|[]v]]
= ([lull + [vl)?,

where the last inequality follows from the Cauchy-Schwarz Inequality. O

15.4 Orthonormal Bases

We will shift our discussion to the topic of orthonormal bases. First, we will need the following definition.

Definition 15.4 (orthonormal)
A list of vectors vy, vs,...,v, is orthonormal if

(vi,v;) =0 for i # j,
[lvil] =1 Vi=1,...,n.

Equivalently,
1 1=y,

(viyv5) = 035 = {0 it
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Example 15.5
In R"”, the standard basis

is an orthonormal list.

The folllowing is an important lemma.

Lemma 15.6
Any orthonormal list is linearly independent.

Proof. Suppose v1,...,v, be an orthonormal list. Let ¢y, ..., ¢, be scalars such that
c1v1 + covg + -+ -+ cpen, = 0.
Taking the inner product of the left-hand side with v;, we get

(crvr + -+ 4 cpn, 1) = (c1v1,vi) + - - + (civs, v3) + - -+ (Cn, Un, V;)

= (civi, vi)

= C;.
This has to be equivalent to (0,v;) = 0, so ¢; = 0 for all ¢ = 1,2,...,n. Therefore, vq,...,v, is linearly
independent. 0

Thus, all orthonormal lists are linearly independent. Therefore, if we have the right number of vectors in an
orthonormal list, the list must form a basis.

Definition 15.7 (orthonormal basis)
An orthonormal basis of V' is an orthonormal list that is also a basis of V.

Equivalently, an orthonormal basis is an orthonormal list of dim V' vectors.

Example 15.8
The standard basis of R™ is an orthonormal basis.

Example 15.9
Suppose V = P, (R) with inner product

(f,9) =/_1f(a:)g(x) dx.

Consider the basis 1,z,z2,...,2". Then,

1 . . 1 . . O 'f- .. dd
<fi»fj>=/1x’x]dm:/ xz-wdx:{ , if 7+ 7 is odd,

1 m lf 'L +] IS even.
Thus, it is clear that 1,z,22,...,2" is not an orthonormal basis. For instance,

() =2#1 and (o, fo) = 2 #0.

Now, we will discuss why orthonormal bases are useful.
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Theorem 15.10
Suppose ey, eg,..., e, is an orthonormal basis of V and v € V. Then,

v={(v,er)e; + (v,ea)ea + -+ + (v, en)en.

Proof. Since ey, ..., e, is a basis, there exists scalars ¢y, ..., ¢, such that

v=-cie1 +- -+ cnépn.

Then,
(v,€i) = (cre1 + -+ + cpen, €)
=ci(er,e;) + - +cilei, )+ +cplen, i)
= Gy,
as desired. 0
Note that if ey, ..., e, is not an orthonormal basis, finding coefficients ¢y, ..., ¢, would require solving a system
of n equations in n variables. Thus, finding coefficients ¢y, ..., ¢, is much easier with an orthonormal basis.

15.5 Gram-Schmidt Procedure

Now, we will show that every vector space has an orthonormal basis, as well as how to find such an orthonormal
basis.

Algorithm 15.11 (Gram-Schmidt Procedure)
Suppose v1,...,v, is a basis of V. Then, there exists an orthonormal basis e, ..., e, of V such that

e; € span(vy,...,v;)

forj=1,...,n.

We will break down the algorithm into steps:
e Step 1: Since ey € span(vy), it follows that e; = cjv; for some scalar ¢;. We want
llex]] = llerva]] = |ex|[|o1]] = 1,
o |e1] = HTllH Thus, we can let ¢; = %, so e; = vy /||v1]].27
e Step 2: We know that ey € span(v1,ve) = span(ey, v2). Let ea = c1eq + covo. We want
(e2,e1) = (c1e1 + cava, €1)
= c1{e1, e1) + caler, va)

=c1 + ca(va, €1)

S0 ¢1 = —co(vg, e1). Then, by taking ¢; = 1, it follows that
ey = va — (va, €1)€1
satisfies (e}, e1) = 0. Now, we also want (e2, e3) = 1, which we can obtain by normalizing e5. Thus,

o ey vy —(vg,e1)eq
9 = = )
lell  [lv2 — (vz, ex)en]

27This procedure is called normalizing v1 (i.e. scaling v; to have norm equal to 1).
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e Step 3: Similarly to Step 2, (e, e1) = (€%, e2) = 0. By the same logic as Step 2, it follows that
1 = —(vs,e1) and c2 = —(vs,e2),
S0 e = v3 — (v3,e1)e; — (v3, ea)ea. Thus,

on — e3 w3 — (us,er)e;r — (v3,ea)en
3 = = .
Heé\l llvs — (vs,e1)er — (vs, e2)eal|

Finally, if we repeat this procedure for a total of n steps, the result will be an orthonormal basis ey, ..., e,.

Example 15.12
Consider the inner product space P2(R) with

(f:9) 2[1 f(2)g(z) d.

Consider the basis
fo=1L A =g fa=2a"
We will use the Gram-Schmidt Procedure to find an orthonormal basis of Pa(R).

First, recall from Example 15.9 that

0 if 4 + j is odd,
<flaf]> = 2 3 ..
H1 L 1+ 7 18 even.
e Step 1: We know that (fo, fo) = WQH = 2. Thus,
Jo 1

€y = = —.
foll V2
= = (f1, fo) =0, so ¢} = f1. Thus,

e Step 2: Recall that €] = f1 — (f1, e0)eo. We know that (f1,eq) 5

ae L @ :\/51,
A1~ =2 2

14141

e Step 3: Recall that e}, = fo — (f2,e0)eq — (fo, e1)e1. We know that
(f2,€0) = %<f2,fo> = g and  (fz,e1) = \/§$<f27f1> =0,

r_ 2 _sqrt2 1 _ .2 1
So e, =2 5 3=l 3- Lhen,

SO
e

Therefore,
1 3 /45 (5, 1
Y PN Bl (P B
5 ) 2 ) 8 3 )

is an orthonormal basis of Py (R).
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16 Gram-Schmidt Procedure and Orthogonal Projection

16.1 Review

Last time, we talked about the notion of orthonormal bases (see Definition 15.7) and Gram-Schmidt Procedure
(see Algorithm 15.11).

16.2 Matrix Representation of Inner Products
Suppose V is an inner product space over C. Then, the inner product (-,-) can be represented as a matrix.

To do this, choose an arbitrary basis vy, ...,v, of V. Then, let A be the nxn matrix such that
A = (<Ui, ’Uj>)

If we know (v;,v;) for all , j, then we can compute (u,v) for all u,v € V. Let

n n
u = E a;v; and v = E b;v;.
i=1 i=1

Then, by linearity and conjugate linearity of inner products, it follows that

i,

n

(u,v) = Z aibj{vi, vj).

i,j=1
Thus, the inner product of any two vectors in V' are completely determined by the entries of A.
However, the matrix A are not arbitrary: in particular, A must satisfy some specific properties:

e By conjugate symmetry, (v;,v;) = v;,0;. Thus, A;; = Tﬁ.Qs In particular, 4;; € R.

()

satisfies the condition A;; = Tﬂ However, can matrix A be the matrix representation of some (,-)?

Guiding Question
It is clear that the 2x 2 matrix

Answer. The 0 entry in A implies that (v, ve) = 0, which occurs if and only if vo = 0. However, vy is a basis
vector, so it must be nonzero. Therefore, A does not represent an inner product.

This gives us another condition of matrix representations of inner products:

e By positivity, (v;,v;) > 0. Since v; is a basis vector, it follows that (v;,v;) > 0. So, the elements on the
diagonal of A must be positive real numbers.

However, even these two conditions are not enough to guarantee that matrix A represents an inner product!
We will come back to these conditions in a later lecture.

Note that matrix A is a concrete representation of an inner product on V. For instance, you could input matrix
A into a computer and be able to compute the inner product for any two vectors in V, without the computer
having to understand anything about abstract inner product spaces.

16.3 Gram-Schmidt Procedure (continued)

In this section, we will discuss some consequences of the Gram-Schmidt Procedure.

Theorem 16.1
Suppose V is a finite-dimensional inner product space. Then,

(a) V has an orthonormal basis,

(b) if e1,...,em is an orthonormal list, then it can be extended to an orthonormal basis.

28Matrices that satisfy this condition are known as Hermitian matrices. Note that if the entries of a matrix are all real, Hermitian
matrices are the same as symmetric matrices.
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Proof. For (a), let vq,...,v, be an arbitrary basis of V. Then, applying Gram-Schmidt gives an orthonormal
list eq, ..., e, which has length dimV, so ey, ..., e, is an orthonormal basis

For (b), extend the orthonormal list to an arbitrary basis ey, ..., €m, Um11, ..., vy of V. Then, applying Gram-
Schmidt gives an orthonormal list eq,...,€m,€m+t1,--.,en, where the first m vectors are unchanged because
they are already orthonormal. This orthonormal list has length dim V, so it is an orthonormal basis. O

Now, consider the following statement.

Theorem 16.2
Suppose e1, . .., €5, is the result of applying Gram-Schmidt on a linearly independent list of vectors vy, . .., vy,
in V. Then,

span(es, ...,e;) = span(vi,...,v;)

forall j=1,...,n.

Proof. By Algorithm 15.11, we know that e; € span(vy,...,v;), which implies that
span(er, . ..,e;) C span(vy,...,v;).
Since both of the above lists are linearly independent, both subspaces have dimension j, and thus are equal. [

Now, we will introduce a theorem which is a stronger version of Corollary 13.5.

Theorem 16.3 (Schur’s Theorem)
Suppose V is an inner product space over C and T € L(V'). Then, there exists some orthonormal basis of
V under which M(T) is upper triangular.

Proof. By Corollary 13.5, there exists some basis vy, ..., v, such that M(T) is upper-triangular. This implies
that
T(v;) € span(vy, ..., v;).

Now, applying Gram-Schmidt to vy, .. ., v, gives an orthonormal basis ey, . . . , &,,. We will show that M(T, {e1,...,en})
is also upper-triangular. It is equivalent to show that

T(e;) € span(ey, ..., €;)

foralli=1,...,n.

First, since e; € span(v1), it follows that e; = cv; for some scalar c. Also, since T'(v1) € span(vy), it follows that
span(T'(v1)) C span(span(v)) = span(vy).

Then,
T(e1) = cT'(vy) € span(T'(v1)) C span(vy) = span(eq).

For T'(es), by similar logic as above, we can show that
T(e2) € span(T'(v1),T(v2)) C span(span(vy,v2)) = span(vy, v2) = span(ey, e2),
where the last equality follows from Theorem 16.2. In the general case,
T(e;) € span(T'(v1),...,T(v;) € span(span(vy,...,v;)) = span(vy, ..., v;) = span(ey, ..., €;),

as desired. 0
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16.4 Linear Functionals on Inner Product Spaces

Recall that an inner product (-, -) is not a function on V, but rather a function on two vectors in V. In terms of
notation,

(,): VxV —C.
But, if we fix some vector v € V| then the inner product becomes a function on one vector in V:

(-,v):V — C,
u— (u,v).

Then, by linearity in the first variable, it follows that (-,v) is a linear functional on V. Recall the definition of
linear functionals from Definition —.

It follows that the assignment
vi—s ()

gives a map from
V — L(V,C)=V",

where V' is the dual space of V' (see Definition —).

Theorem 16.4 (Riesz Representation Theorem)
Suppose V is a finite-dimensional vector space over C. Then, the map T : V — V' defined by

is conjugate-linear and bijective.

Proof. First, we will check that T is conjugate-linear; that is, we will check that T satsifies the following two
properties:

e T is additive: T'(vy + v2) = T(v1) + T(v2),
e T is conjugate-homogeneous: T'(cv) = ¢T'(v).

Let u € V. Then,
T(v1 +v2)(u) = (u,v1 +v2) = (u,v1) + (u,v2) = T(v1)(u) + T(v2)(u) = (T(v1) + T(v2)) (u),

so T'(v1 + v2) = T'(v1) + T(ve). Furthermore,

T(cv)(u) = (u, cv) = &{u,v) = E(T(v)(u)) = (6T(v))(u),
so T(cv) = €T (v). Thus, T is conjugate-linear.

Next, we will check that 7" is injective. First, we will show that T'(v) = 0 implies v = 0.2 Let v € V such that

T'(v) = 0. Then,
(T(v))(v) = (v,v) =0,

which implies that v = 0 by definiteness of the inner product. Now, let v1,vy € V such that T'(v1) = T'(v2).
Then,

T(’Ul — Ug) = T(’Ul) — T(’UQ) = 0,
so v1 — vy = 0. Therefore, T is injective.?’

Now, we will show that T is surjective.?! Let eq,...,e, be an orthonormal basis of V. For any ¢ € V', let

S(p) = p(er)er + @(ea)es + - - + @(en)en.

29We have shown previously that if 7" is linear, then this condition would be sufficient to show T is injective. However, we only
know that T' is conjugate-linear, so we cannot directly apply this criterion.

30Note that even if T is conjugate-linear, the condition T'(v) = 0 = v = 0 is sufficient to show that T is injective.

31Similarly, if T was linear, then injectivity would directly imply surjectivity because dim V' = dim V' (see —).
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We will show that T'(S(¢)) = ¢, which implies that T is surjective. We know that

T(S(p)) =T(p(er)er + -+ plen)en)
= <P(€1)T(€1) +eee (p(en)T(en>'

Then, for any e;,

T(S(p))(ei) = plen)T(e1)(ei) + - -+ + p(en)T(en)(es)
= 90(61)<62761> + + w(en)(eisen)
= p(ei)(ei, €:)
= p(ei)

Since T'(S(¢)) and ¢ agree on all basis vectors, it follows that T(S(¢)) = ¢, as desired.?? Therefore, T is both
injective and surjective, so T is bijective. O

An consequence of this result is that given any linear functional ¢, then ¢(u) = (u,v) for

v=g(e1)er + -+ p(en)en

for any orthonormal basis e, ..., e,. Furthermore, the Riesz Representation Theorem tells us that v is unique,
so the right side of the above equation is the same regardless of which orthonormal basis ey, ..., e, is chosen.

16.5 Orthogonal Projection

Now, we will shift our discussion to the notion of orthogonal projection. As we will see later, orthogonal
projection actually has significant applications to minimization problems.

To visualize orthogonal projection, suppose we have a 2D plane that is a subspace of R?. Let v be a vector in
R3. We wish to find a vector u such that u is in the plane and the distance between u and v is minimized, where
dist(u,v) = |Ju — v||.

Intuitively, the distance would be minimized when uw — v is perpendicular to the plane. This motivates the
following definition.

Definition 16.5 (orthogonal complement, U~)
Suppose U is a subspace of V. The orthogonal complement of U, denoted U=, is defined by

Ut ={veVvlu forall u € U}.

From this definition, we can deduce the following basic properties of U~ :
o Ut is a subspace,
. {0} =V,
o V+ ={0}.

Furthermore, we also have the following lemma.

32While not needed for the proof, it is also true that S(T(v)) = v for all v € V, so S is the inverse of T.
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Lemma 16.6
Suppose U is a finite-dimensional subspace of V. Then,

V=UosU".

Proof. First, we will show that U U UL = {0}. Let w € U UU*". It follows that u is orthogonal to itself, so
(u,u) = 0. By definiteness, it follows that v = 0.

Now, we will show that V = U + U*. Let ey,...,e,, be an orthonormal basis of U. We wish to show that for
any v € V, there exists some w € U~ such that
v =c1e1 + -+ cpmem +w.
Then, note that
(v,e;) = c1{er, e;) + -+ cmlem, ) + (w, e;) = ¢;.

It follows that

w=uv—(v,e1)e; — - — (U, €m)em.
It remains to check that w € U=, which is equivalent to showing that (w,e;) for all i = 1,...,m. Then,
—(v,e1)e; — -+ — (v,em>em,ei>

<wv 6i> =

(v
(v,e;) — (v, e;) (e, €;)
07

as desired. Therefore, V =U @ U"L. O

Now, we can formally define orthogonal projection.

Definition 16.7 (orthogonal projection, P )

Suppose U is a finite-dimensional subspace of V. The orthogonal projection of V onto U is the linear
map Py : V — U defined by the following: for v € V, write v = u 4+ w, where u € U and w € U~L. Then,
Py (v) = u.

A consequence of the proof of Lemma 16.6 is that if eq, ..., e,, is an orthonormal basis of U, then
Py(v) = (vyer)er + -+ (v, em)em.

In the next lecture, we will discuss applications of orthogonal projections.
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17 Orthogonal Projection (continued) and Self-Adjoint Operators

17.1 Review

Last time, we ended with a discussion on orthogonal projection. We defined the orthogonal complement (see
Definition 16.5), denoted U+, and proved that

V=UaU".

We then defined the notion of orthogonal projection (see 16.7), denoted Py, where Py (v) can be seen as taking
the "U-part" of v. In particular, we showed that if given any orthonormal basis eq, ..., e, of U, then

Py(v) = (v,er)er + -+ + (v, em)em.

17.2 Applications of Orthogonal Projection

As we will see, Py solves the following optimization problem.

Proposition 17.1
Suppose U is a finite-dimensional subspace of V' and v € V. Then, Py (v) has the shortest distance to v
among all v € U. In mathematical terms,

|lv = ul] = [[o = Py(v)]]

for all u € U and equality occurs if and only if v = Py (v).

Proof. We can express v as
v = Py(v) +w,

where w € U+, For any u € U,

o = ull® = [|(Py(v) - u) +w||?
=Py (v) = ull* + [Jw||?
> [Jwll?,
where the second equality follows from the Pythagorean Theorem (see Lemma 14.14), which applies because

Py(v) —u €U and w € UL. Since w = v — Py (v), it follows that ||v — u|| > ||v — Py (v)|], as desired. Equality
holds when ||Py(v) — u|| = 0, which occurs if and only if w = Py (v). O

Example 17.2
Suppose U is a plane in R3.

N\,

Then, the shortest distance from v to any u € U is uniquely determined by setting v to be the orthogonal
projection of v onto the plane. We can see that any other vector u would have a larger distance to v by
drawing a right triangle, where ||v — ul| is strictly larger than ||v — Py (v)]|.

U

Orthogonal projections can also be used to create polynomial approximations of arbitrary functions.
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Example 17.3
Suppose we wish to find a polynomial of degree at most 5 that approximates sinx as well as possible on
the interval [—m, 7].2

Let f, g be two continuous functions on the interval [—m, w]. We define the distance between f and g as
. 2 T
(@st(£,9)) = [ 17(0) - g(a) P o

b Tt follows that

1P = [ 5P s

—T

This definition of norm comes from the inner product

(fr9)= [ [fl@)g(x)da
over all continuous functions on [—m, 7].

Let V = C([—m,n]) denote the inner product space of all continuous functions on [—, 7] with inner product
defined as above and U = P5(C). It is clear that U is a subspace of C([—m,7]). Now, our approximation
problem can be reformulated to finding w € U such that ||v — ul| is minimized, where v = sin(z).

By Proposition 17.1, the solution to this problem is w = Py (v). Apply the Gram-Schmidt Procedure on the

basis 1,2, 22, 23, 2%, 2° of U to produce an orthonormal basis e, €2, €3, 4, €5, € of U. Then, it follows that

Py(v) = (v,e1)er + -+ + (v, eg)es.
Performing this computation results in
u = 0.9878622 — 0.1552712> + 0.005643122°,

which is shown in the textbook to be a much more accurate approximation of sinz than the Taylor
polynomial.

“Note that we must restrict ourselves to the interval [—m, ] because a polynomial must go to +co at the extremes, which
would give a bad approximation of sin x.
bThis definition of distance is known as L2-distance.

Note that C([—m,x]) in the above example is an infinite-dimensional vector space. However, we are projecting
onto a finite-dimensional vector space U, so all of our theorems still hold.

17.3 Adjoints

We will now shift our discussion to adjoints of linear maps.

Definition 17.4 (adjoint)
Suppose V, W are inner product spaces and T : V' — W is a linear map. Then, the adjoint of T is the
map T* : W — V such that

(Tv,w) = (v, T*w)

for every v € V and w € W.

Note that the above definition doesn’t directly tell you what T*w is for any w € W. Instead, it tells you that
(v, T*w) is determined by T for all v € V| which in turn determines T*w.

To see why this is the case, let e1,...,e, and fi,..., f,, be orthonormal bases of V' and W, respectively. Let
M(T, (ex), (f5)) = (Aji), s0
T(e;) = Arifi + Agifo+ -+ Amifm-
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It follows that

(e, T" f;) = (Teis f5)
= (Aiifi +Asifo+ -+ Apifm, fj)
=Aj

which implies that
T f; = g1€1 + AJ2€2 +--+Ajen.

The same logic as above can be expanded to show that T*w is uniquely determined for any vector w =
c1fi + -+ emfm € W. Thus, T* is well-defined.

Theorem 17.5
T* is a linear map.

Proof. First, we will show that T* is additive. We wish to show that T™(wq + wq) — T*(wy) — T*(wz) = 0 for
arbitrary wi,ws € W. For any v € V,

(v, T" (w1 + w2) = T*(w1) — T"(w2)) = (v, T" (w1 + w2)) — (v, T"(w1)) — (v, T" (w2))
= (Tv, w1 + wa) — (Tv,w1) — (Tv,ws)
=0.

Since v is arbitrary, it follows that T*(w; + we) — T*(w1) — T*(wy) = 0. Therefore, T* is additive.

Next, we will show that T* is homogeneous. We wish to show that T*(cw) — ¢T™(w). Then, using a similar
process to above,

(0, T"(cw) = T (w)) = (v, T (cw)) — (v, T (w))
= (Tv, cw) = (v, T"w)
=¢(Tv, w) —¢(Tw,w)

=0,

so T*(cw) — ¢T*(w) = 0. Therefore, T* is homogeneous, which implies that T* is linear. O

Since T™ is a linear map, we can represent 1™ with a matrix. Furthermore, we showed earlier that 7™ f; =
AJ161 + -4 Ajnen, SO L

M(T™, (f;), (ei)) = (Asj)-
Therefore, M(T*) is the conjugate transpose of M(T), which is obtained by taking the transpose and taking
the conjugate of each entry.

Example 17.6
Consider the identity map. It follows that

(id(v), w) = (v,w) = (v,id"(w)),
so id* = id.
More generally, consider the scalar operator ¢ - id. Then,
{(c-id)(v),w) = e{v,w) = (v,cw) = (v, (¢ -id)*(w)),
o (c-id)* =¢-id.

Additionally, these are some basic properties of adjoints.
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Fact 17.7 (Properties of adjoints)

L (Ti+ D) =17 + 13
2. (cIN* =eT*
3. (TS)* = S*T*

17.4 Self-Adjoint Operators

Now, we will shift our discussion to operators on inner product spaces. First, we will discuss the notion of
self-adjoint operators.

Definition 17.8 (self-adjoint)
An operator T € L(V) is self-adjoint if T = T*. In other words, T is self-adjoint if and only if

(Tv,w) = (v, Tw)

for all v,w € V.

Suppose ey, ..., e, is an orthonormal basis of complex vector space V. Since M(T™) is the conjugate transpose
of M(T') under any orthonormal basis, it follows that T is self-adjoint if and only if M(T') is invariant under
conjugate transpose.>® These matrices take the form

A Ajj
Az

Aji Ann
where A;; = Aj;. In particular, this implies that A;; = A;;, so the entries on the diagonal must be real.

If V is a real vector space, then T is self-adjoint if and only if M(T') is a symmetric matrix.

By definition, every eigenvalue is real over real vector spaces. Thus, the next result is only interesting over
complex vector spaces.

Proposition 17.9
All eigenvalues of a self-adjoint operator are real.

Proof. Let X\ be an eigenvalue of T' with corresponding eigenvector v. Then,
(Tv,v) = (\v,v) = \|v]|?.
Also,
(T, v) = (v,Tv) = (v, \w) = A||v||2.
It follows that A||v||?> = A||v||?, which implies that A = X since v is nonzero. Thus, X is real. O
Now, we will discuss an interesting way to think about self-adjoint operators. For any T' € £(V'), we can consider

the function ¢ defined by
o(u,v) = (Tu,v).

Suppose we wish ¢ satisfied the property an inner product; for instance, it is easy to show that ¢ is linear in
the first variable and conjugate-linear in the second variable.

When does ¢ satisfy conjugate symmetry? We can see that

o(v,u) = (Tv,u) = (u, Tv).

33Such matrices are known as Hermitian matrices, which were introduced in the previous lecture.
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It follows that
o(u,v) = (Tv,u) and @(v,u) = (u,Tv),

so ¢ satisfies conjugate symmetry if and only if T is self-adjoint.

Even with the condition that T is self-adjoint, note that ¢ is still not necessarily an inner product, since it may
not satisfy positivity or definiteness.?*

We will use the above definition of the function ¢ for our next result.

Proposition 17.10
Suppose T € L(V) is self-adjoint. If (T'w,v) =0 for all v € V, then T = 0.

Proof. Let o(u,v) = (T'u,v). We know that
e ¢ is linear in the first variable and conjugate-linear in the second variable,
e  has conjugate-symmetry,
e o(v,v) =0.

Then, it follows that

ou+v,u+v) = p(u,u) + p(u,v) + (v, u) + (v, v)
= p(u,v) + ¢ (v,u)
= p(u,v) + ¢ (u,v)
= 2Re(p(u,v))
=0

so Re(p(u,v)) = 0 for all u,v € V. Similarly,

o(u+iv,u+ i) = ¢

so Im(p(u,v)) = 0 for all u,v € V. Thus, ¢ = 0.

Now, for any u € V,
o(u, Tu) = (Tu,Tu) =0,

which implies Tw = 0 by definiteness. Therefore, T' = 0. O

34Later, we will introduce the notion of positive operators. If T is a positive operator, then would make ¢ satisfy positivity.
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18 The Spectral Theorem

18.1 Review

Last time, we introduced adjoints and ended with a discussion on self-adjoint operators (see Definition 17.8). We
also proved some important properties of self-adjoint operators, in particular that all eigenvalues of a self-adjoint
operator are real (see Proposition 17.9).

18.2 Self-Adjoint Operators (continued)

First, we will discuss some consequences of Proposition 17.9.

Example 18.1
Suppose V' = C"™ and ey, ..., e, is the standard basis. Consider T' € L(V') such that

ay 0
ag
M(T) =
0 an
Thus, Te; = a;e; foralli=1,2,... n.
Guiding Question
IF T is self-adjoint, then what are the possible values of ay,as,...,a,?
Answer. [t is clear that aq,...,a, are eigenvalues of T. Thus, for T to be self-adjoint, ay,...,a, must all

be real.

Now, we will prove the converse of the above statement.

Proposition 18.2
Suppose V and T' € L(V) is defined as in Example 18.1. If all a; are real, then T is self-adjoint.

Proof. Let eq,. .., e, be the standard basis of V' = C". First, we will show that (Te;,e;) = (e;, Te;). We find
that

0 i#j7,

a; 1= j

<T€Z‘,€j> = <ai€i7€j> = {

and
0 i#7,
e, T'e;) = (e;,ae;) = 0
(o0, Tes) = {ersages) { T
Since a; = a; for i = j, it follows that (T'e;, e;) = (e;, Te;) for all pairs of basis vectors e;, e;. Then, by linearity
in the first variable and conjugate linearity in the second variable, it follows that (Tu,v) = (u,Tv) for any
u,v € V. Thus, T is self-adjoint. O

The next result is a more general statement of Proposition 18.2.

Proposition 18.3
Suppose V is a complex inner product space, ey, ..., e, is an orthonormal basis of V, and T € £(V') such
that
al 0
az

M(T, (e1,...,en)) =

for a,...,a, € R. Then, T is self-adjoint.
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Proof. This proof is identical to the proof of Proposition 18.2. O

Later in this lecture, we will prove the converse of Proposition 18.3; that is, if T is self-adjoint, then there exists
an orthonormal basis such that 7" is diagonal with real entries.

18.3 Real Spectral Theorem

We will first prove a simpler version of the above statement over real vector spaces. To do this, we will need
the following two lemmas.

Note that by Theorem 13.1, any T € L(V) for a complex vector space V has an eigenvalue. Thus, the next
result is only interesting for real vector spaces.

Lemma 18.4
Suppose V is a R-inner product space and T' € L(V) is self-adjoint. Then, T has an eigenvalue.

Proof. We wish to find some A € R such that Null(T — Xidy ) # {0}. Let ey, ..., e, be an orthonormal basis of
V and let M(T) = A with respect to this basis. It is equivalent to find some A such that rank(A — A\I) < n.

By the definition of M(T), we know that A;; is the coefficient of the e; term of Te;; in other words, A;; =
(Tej,e;). Then,
Aij = <T€j,6i> = <€j,T€i> = <T6i,€j> = Ajl,
so A is symmetric. Since A is also a real matrix, it follows that A is a Hermitian matrix.
Now, view A as the matrix of an operator S € L(C"). Since A is a Hermitian matrix, it follows that A is

equivalent to its conjugate transpose, so S is self-adjoint. Then, by Theorem 13.1, S must have some eigenvalue
A. Since S is self-adjoint, it follows that A is real.

Thus, since A € R is an eigenvalue of S, it follows that
Null(S — Aiden) # {0}
= rank(A — ) <n
= Null(T — Aidy) # {0},

S0 A is an eigenvalue of T. O
Although this lemma concerns an operator 7T in a real vector space, the proof relies on creating an analo-

gous operator S in some complex vector space such that M(T) = M(S) = A. This technique is known as
completification, which we will not cover in detail in this course.

Lemma 18.5
Suppose T' € L(V) is self-adjoint and U is a T-invariant subspace of V. Then,

1. Ut is T-invariant,
2. Ty is self-adjoint,
3. T|y+ is self-adjoint.

Proof. To prove (1), let v € U+ and u € U. Then,
(Tv,u) = (v,Tu) =0,

where the second equality holds because v € U+ and U is T-invariant, so Tu € U. Because u is an arbitrary
vector in U, it follows that Tw € UL, so U™ is T-invariant.

To prove (2), for any u,v € U,
(Tyu,v) = (Tu,v) = (u, Tv) = {u, Tyv),
so Ty is self-adjoint.

To prove (3), replace U with U~ in the proof of (2). O
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Now, we are ready to prove the Real Spectral Theorem.

Theorem 18.6 (Real Spectral Theorem)
Suppose V is a finite-dimensional R-inner product space and T' € L(V'). Then, the following are equivalent:

1. T is self-adjoint,

2. T has a diagonal matrix under some orthonormal basis of V.

Proof. By Proposition 18.3, (2) implies (1).

Now, we will show that (1) implies (2) by induction on dim V. Let n = dim V. If n = 1, then T has a diagonal
matrix since every 1x1 matrix is diagonal.

Now, assume n > 1. By Lemma 18.4, T has an eigenvalue A;. Let e; be a corresponding eigenvector of \;
such that ||e1|| = 1 (which can be done by choosing any eigenvector and dividing it by its norm). Then, let
U = span(ey). It is clear that U is T-invariant. By Lemma 18.5, U+ is T-invariant with dimension n — 1 and
Ty is self-adjoint.

By the inductive hypothesis, T'|;;+ has a diagonal matrix for some orthonormal basis ey, ..., e, of UL. In other
words,

T€2 = )\262

Te, = A\pen-

Additionally, Te; = Aje;. Therefore, T' is diagonal with respect to the orthonormal basis ey, ..., e, of V. O

18.4 Normal Operators and Complex Spectral Theorem

Now, we will extend the Spectral Theorem to complex vector spaces.

Theorem 18.7 (Complex Spectral Theorem for self-adjoint operators)
Suppose V is a finite-dimensional C-inner product space and T' € L(V'). Then, the following are equivalent:

1. T is self-adjoint,

2. T has a diagonal matrix with real entries under some orthonormal basis of V.

Proof. The proof is identical to the proof of the Real Spectral Theorem, except we can apply Theorem 13.1

instead of Lemma 18.4. O
Now, suppose V is a complex vector space and T € £(V') has a diagonal matrix with diagonal entries a1, ..., a,
for some orthonormal basis ey, ..., e, of V, except ay,...,a, are not necessarily real. Then, since M(T™*) is the

conjugate transpose of M(T), it follows that
Te; = aze; and T'e; = aje;.

In particular,
TT e; = a;a;e; = T*Te;,

so TT* =T*T.

This motivates the following definition.

Definition 18.8 (normal)

An operator T' € L(V') is normal if
TTr* =T*T.

Consider the following examples of normal operators.

106



Lecture 18: The Spectral Theorem

Example 18.9
Suppose T' € £(C?) such that

M(T) = (—23 g)

with respect to the standard basis. It follows that

M(T*) = (; ‘23> .

Since M(T) # M(T™), it follows that T is not self-adjoint. However, we can compute

13 0

M(T)M(T*) = (0 3

) = M(T*)M(T).

Thus, TT* = T*T, so T is normal.

Example 18.10
Suppose T' € L(V) is self-adjoint. Let ¢ € C. We will show that ¢TI is normal.

‘We know that
()" =¢r* =¢T.

Then,
(cT)(cT)* = T -eT = |c|*T? =¢T - cT = (cT)*(cT).

Thus, ¢T' is normal.

Additionally, ¢T' is self-adjoint if and only if ¢T" = €T", which occurs when c is real.

Before we prove the full statement of the Complex Spectral Theorem, we will need the following two lemmas.

Lemma 18.11
Suppose V is a C-inner product space and T' € £(V') is normal. Then, there exists some nonzero v € V
such that v is an eigenvector for both T" and T*.

Proof. By Theorem 13.1, there exists some A which is an eigenvalue of T. We will show that F(\,T) is T*-
invariant.

Let v € E(A\,T). It follows that Tv = Av. Then,
T(T*v) =T*(Tv) =T" (M) = AM(T™v),

where the first equality holds because T' is normal. Thus, T*v € E(A,T), so E(A,T) is T*-invariant.

Now, choose any eigenvector v of T E(\T), Which must exist by Theorem 13.1. Tt follows that v € E(\T), so
v is also an eigenvector of T.3° O

Lemma 18.12
Suppose V is a C-inner product space, T' € L(V) and U is a T-invariant subspace of V. Then, U™t is
T*-invariant.

Proof. Suppose u € U v € U*. Then,
(u, T*v) = (Tu,v) =0,

since Tu € U and v € U*. Thus, T*v € UL, so U™ is T*-invariant. O]

351t is actually the case that if v has corresponding eigenvalue A for T, then v has corresponding eigenvalue X\ for T*. This
property is not needed for our discussion, so we did not prove it here.
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Now, we are ready to prove the full statement of the Complex Spectral Theorem.

Theorem 18.13 (Complex Spectral Theorem for normal operators)
Suppose V is a finite-dimensional C-inner product space and T' € L(V'). Then, the following are equivalent:

1. T is normal,

2. T has a diagonal matrix under some orthonormal basis of V.

Proof. First, we will show that (2) implies (1). Since T* is the conjugate transpose of T, it follows that T* is
also diagonal. Any two diagonal matrices commute, so T' commutes with 7. Thus, 7" is normal.

Now, we will show that (1) implies (2) by induction on dim V. Let n = dim V. If n = 1, then T has a diagonal
matrix since every 1x1 matrix is diagonal.

Then, assume n > 1. By Lemma 18.11, there exists some vector e; such that ||e;|| = 1 and is an eigenvector
for both T" and T*. Let U = span(ey). It follows that U is both T-invariant and 7*-invariant. By Lemma 18.12,
U+ is T*-invariant. Furthermore, since U is also T*-invariant, it follows that U~ is also T-invariant because
(T*)* = T. Additionally,

(Tl )(Tlye)* =Ty (TH)|gr = (T)|gr Ty = (Tly) (T|yr),

$0 T'|yy+ is normal.

By the inductive hypothesis, there exists an orthonormal basis es, ..., e, of U+ such that the matrix of 7|y
is diagonal. Thus, €1, ..., e, is an orthonormal basis of V' such that T is diagonal. O

The above result is quite fascinating: the definition of normal operators doesn’t say anything about the
eigenvalues or matrix of 7. But, from the simple fact that T commutes with 7%, we can deduce that T is
diagonalizable.

18.5 Normal Operators (continued)

Now, we will use the Complex Spectral Theorem to deduce some properties of normal operators.

Theorem 18.14 (Properties of normal operators)
Suppose T' € L(V) is normal. Then,

1. ||Tv|| = ||T*v|| for all v € V,
2. E\T)=E(\T*) for all A € C,
3. EX\T)LE(u, T) for \,pp € C and X\ # p.

Proof. To prove (1), by the Spectral Theorem, there exists some orthonormal basis eq,...,e, such that T
is diagonal. It follows that Te; = \;e; and T*e; = A;e; because T* is the conjugate tranpose of T. Let
v=aie; + -+ ane, € V. Then,
||TUH2 = |larAdre1 + -+ + apAnen]|

= \a1>\1|2 +---|an)\n\2

= \a171|2 R IanE\Q

=[laidier + - + andney||

= ||T*|?,
as desired.>6

To prove (2), consider an orthonormal basis ey, ..., e, such that T is diagonal. It follows that

E(\,T) = span(e;|\; = N).

36This statement is actually an if and only if statement; that is, T is normal if and only if ||Tv|| = ||T*v|| for all v € V.
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Since T* is the conjugate transpose of 7', it follows that
E(X\,T) = span(e;|\; = ) = span(e;|\; = \),

so E(\T) = B\, T*).
To prove (3), we know that

E(X\,T) =span(e;|\; = A) and  E(u,T) = span(e;|A; = p).

Because \ # pu, there is no e; that is included in both E(A,T) and E(u,T). Finally, since eq,...,e, is an
orthonormal list, it follows that E(A,T)LE(u, T). O
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19 Isometries and Singular Value Decomposition
19.1 Review

Last time, we discussed the Real and Complex Spectral Theorems (recall Theorem 18.6 and Theorem 18.13).

19.2 Isometries

In this section, we will consider linear maps that preserve norms.

Definition 19.1 (isometry)
Suppose V and W are inner product spaces. A linear map S : V. — W is an isometric embedding if

[1Sv]] = [[ol|

for all v € V. If S is also surjective, then S is an isometry.

Fact 19.2
Suppose S is an isometric embedding, Then, S is injective.

Proof. A linear map is injective if Sv = 0 implies v = 0. Let v € V such that Sv = 0. Then,
[lvl] = 1[Svl| =0,
so v = 0. Therefore, S is injective. O

Thus, an isometry S is an isomorphism because it is both injective and surjective. In particular, an isometric
embedding S € L(V, W) is an isometry when V and W have the same dimension.
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Example 19.3
Suppose V = R? with the standard inner product and W = R? with inner product defined by

<ell’e/1> =2,
<elvel2> =0,
1

N T

(€5, €5) = 9’

for a basis e}, e}, of R2.

It follows that

[z, y)llv = Va2 + 32

and

1@ w)llw = \/ (e} +yeh, ze; +yeh)

= \/x2 (e1,e]) + 2zyle], e5) + y2(eh, e5)

= 4/ 2x2 72.
:c+2y

Now, we wish to find an isometry S : V' — W. Geometrically, we can visualize the following diagram for V'

and W:
€2
L 6/2
@il ]—; e'l

It is clear that setting Se; = e} would not be an isometry because ||e1||y = 1 and ||e}||w = V2. However,
this implies that setting Se; = %e’l does conserve norms. By similar logic, setting Ses = v/2€} also

conserves norms. Furthermore, (Se;, Ses) = ( V2o, ,v/2¢4) = 0. Then, for any v = ze; + yep €V,

1Svllw = || J5zel + v2yes|

= /250 + (V22
— VIt yE

= [[ollv.

Therefore, S is an isometry.

This example is one out of many possible isometries from V' to W. For instance, it is easy to verify by the
same logic as above that the linear map defined by

Sey =V2e, and Se; = 7/1

is an isometry.

Now, we will discuss some properties of isometries.
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Theorem 19.4 (Properties of isometries)
Suppose S € L(V,W) is an isometry. Then,

1. (Su, Sv) = (u,v) for all u,v €V,
2. §*S =idy
3. if eq,..., e, is an orthonormal basis of V, then Sey, ..., Se, is an orthonormal list of W.

Additionally, for arbitrary S € L(V, W),

4. if ey, ..., e, is an orthonormal basis of V' and Seq, ..., Se, is an orthonormal list of W, then S is an
isometry.
Proof. To prove (1), we know that ||S(u+ v)|| = ||u + v||. Then, we can compute

1S(u+v)||? = (Su+ Sv, Su + Sv)
= (Su, Su) + (Su, Sv) + (Sv, Su) + (Sv, Sv)
= ||Sul|* + ||Sv||* + 2 Re(Su, Sv).
Similarly, we compute
lJu+v|]? = (u+v,u+v)
= (u, u) + (u,v) + (v, u) + (v, )
= |[ull®* + [lvll* + 2Re(u, v).

It follows that
||Su||2 + ||Sv||2 + 2Re(Su, Sv) = \|u||2 + ||'UH2 + 2Re(u, v).

Since S is an isometry, we know that ||Su|| = ||u|| and ||Sv|| = ||v||. Therefore, Re(Su, Sv) = Re(u,v) for all
u,v € V.

Then, replacing v with ¢u in the above argument gives us
Re(i(Su, Sv) = Re(i{u,v)),
which implies that Im{Su, Sv) = Im(u, v). Thus, (Su, Sv) = (u,v) for all u,v € V.

To prove (2), we know that
(u, 8*Sv) = (Su, Sv) = (u,v),

where the second equality follows from (1). It follows that (u, S*S —v) = 0 for all u,v € V. This implies that
S5*S — v is orthogonal to all vectors in V'; in particular, it must be orthogonal to itself, so S*S —v = 0. Therefore,
S*S =idy.

To prove (3), we know that (Se;, Se;) = (e;,e;) by (1). Since ey, ..., e, is orthonormal, it follows that

i
<5ei,sej>:{ nr=J

0 otherwise,
so Seq,...,Se, is orthonormal.
To prove (4), suppose v = x1e1 + -+ - + Zpep, € V. Then,

10][* = llzrea]|* + - + [[enen||”

= |x1|2 +...|1~n|2

and
[|Sv]|? = ||z1Sey + - - -z, Sen|?
=llz1Ser|]” + -+ + [|znSen||”
=z 2+ |z,
Thus, ||Sv|| = ||v||, so S is an isometry. O

112



Lecture 19: Isometries and Singular Value Decomposition

Properties (3) and (4) imply that S € L(V, W) sending an orthonormal basis of V' to an orthonormal list of W
is equivalent to S being an isometry. In fact, the first two properties are also equivalent to S being an isometry,
the details of which are in the textbook.

19.3 Singular Values
Now, let S € L(V,W) be any linear map such that dim V' < dim W.

Guiding Question
Can we find orthonormal bases eq,...,e, of V and f1,..., f,, of W such that

S(ei) = aifi
fori=1,2,...,n7
In other words, we want
ai
M(S, (€:), (f;)) = an
0 --- 0

We will spend this section showing that finding such orthonormal is always possible.

Note that aq,...,a, are not eigenvalues of S, since ey, ...,e, and f1,..., f, are different bases. Instead, we
call ay,...,a, singular values of S. We will show that singular values only depend on S; namely, they are
independent of the chosen orthonormal bases of V' and W.

First, we will further explore ay, ..., a,. By definition, S(e;) = a;f;. Then, the matrix of S* € L(W,V) is the
conjugate transpose of S,
ai 0

M(S*a(fj)v(ez)) =
Qn 0
Thus,
aje; for1<j<n,

S*(f;) =
(/3) {0 for j > n.
Now, note that S*S € L(V). Then,
5*S(ei) = S*(@ifi) = aiwie; = |ai|*e;.
Therefore, |a;|?> are the eigenvalues of S*S with corresponding eigenvectors e;. Since the eigenvalues of S*S

is independent of the chosen basis of V, it follows that |a;| is intrinsic to S. In conclusion, the singular values
lai|,...,|a,| are the square roots of the eigenvalues of $*5.%7

Definition 19.5 (singular values)
Suppose S € L(V). The singular values of S are the square roots of the eigenvalues of S*S.

Note that we reached the above definition by assuming that there exist appropriate orthonormal bases eq, ..., e,
and f1, ..., fm. Furthermore, this definition assumes that the eigenvalues of S*S are all nonnegative real numbers,
which we will now show must be the case.

Fact 19.6
All eigenvalues of S*S are nonnegative.

37Recall earlier we defined a1, . . ., a, as the singular values of S, not |a1], ..., |an|. However, we will later show that the eigenvalues
of 5*S must be real and nonnegative, so a; = |a;|.
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Lecture 19: Isometries and Singular Value Decomposition

Proof. Let T'= 5*S. Then,
T = (S*S)" =5"(S*)"=85"5 =T,

so T is self-adjoint. By the Spectral Theorem, T is diagonalizable under some orthonormal basis eq, ..., e,.
Thus, Te; = \;e; for i = 1,2, ..., n. Then,

(ei, S*Se;) = (Se;, Se;) = ||Ses||> > 0

and
<€i, S*Sel> = <6i, )\61> = )\71

Therefore, A\; > 0, as desired. O

Finally, we will answer the Guiding Question posed at the start of this section.

Theorem 19.7
Suppose S € L(V,W) and dim V' < dim W. Then, there exists some orthonormal bases ey, ..., e, of V and
fi,--+, fm of W such that

S(ei) = aif;

for 1 <i <n and a; are the singular values of S.

Singular Value Decomposition. We will give a simplified version of the proof, where we assume that S is injective.
The details of the general proof is in the textbook.

Suppose S*Sv = 0. Then, (Sv, Sv) = (v, 5*Sv) = 0, which implies Sv = 0. Since S is injective, it follows that
v = 0. Therefore, S*S is injective.

Furthermore, we proved earlier that S*S is self-adjoint, so S*S is diagonalizable under some orthonormal basis
€1,...,en of V. Thus,
S*S(ei) = /\iei

where \; > 0, because 19.6 and X # 0 because S is injective. By definition, the singular values of S are a; = v/A;.

Now, let f; = % for i =1,2,...,n. Furthermore,

(fir f5) = (B2, Sty

)1 iti=,
1o otherwise,

S0 f1,..., fn is an orthonormal list. Finally, extending fi,..., f, to an orthonormal basis gives us the desired
orthonormal bases. O

19.4 Applications of Singular Values
Now, we will discuss some real-world applications of singular values.

Suppose we wish to study the relationship height and life span. We would obtain a scatter plot similar to the
following, where the data is normalized such that the data is centered around 0. We wish to project this data
onto a line such that the characteristics of the data is preserved as much as possible.
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life span

height

Then, the direction of the "best projection" is given by an eigenvector of S*S, where S : R? — R™. The inner
product space R? consists of vectors representing the ordered pairs (height, life span) and the inner product
space R"™ consists of vectors representing each data point in the plot, where n is the total number of data points.

We can compute that the matrix of S*.S is a symmetric matrix such that

> (height)? > (height - life Span)>

M(575) = (Z(height - life span) >~ (life span)?

The larger the magnitude of > (height - life span), the stronger the relationship between the two variables. Thus,
it can be deduced that direction of the "best projection" is given by the eigenvector corresponding to the largest
eigenvalue of S*S,

115



Lecture 20: Polar Decomposition, Generalized Eigenspaces, and Nilpotent Operators

20 Polar Decomposition, Generalized Eigenspaces, and Nilpotent Op-
erators

20.1 Review

Recall the properties of the various classes of operators that we have discussed over the past few lectures:
e Self-adjoint operators: T = T™* (see Definition 17.8),
e Normal operators: T*T = TT* (see Definition 18.8),
e Isometries: T*T = I (see Definition 19.1 and Theorem 19.4).

20.2 Positive Operators

Before we continue, we must first introduce a new class of operators.

Definition 20.1 (Positive operators)
An operator T € L(V) is positive if T is self-adjoint and all eigenvalues of T are nonnegative.

We know that all self-adjoint operators have only real eigenvalues; thus, positive operators is a subset of
self-adjoint operators.

20.3 Relationship Between Operators and Complex Numbers

If T € L(V) is self-adjoint, then T and T must commute because T = T*, so T is also normal. Similarly, if T
is an isometry, then T%T = TT* = I, so T is normal. Therefore, self-adjoint operators and isometries are both
subsets of normal operators. In other words, we have the relation

Isomtries C Normal D Self-adjoint D Positive.

Now, consider the case where dimV = 1, so each operator T can be represented by a 1x1 matrix, which is
essentially a number. In this scenario, a complex number z corresponds to an operator 7', and Z corresponds to
T*. Then, we can determine what each class of operators in L(V') corresponds to in C:

e Normal operators: zZ = Zz holds for all z, so normal operators correspond to C,
e Self-adjoint operators: z = Z holds for real z, so self-adjoint operators correspond to R,

e Positive operators: self-adjoint operators with nonnegative eigenvalues correspond to nonnegative real
numbers, or R>g,

e Isometries: for any v € V, it must be that ||v|| = ||z-v]||, which holds for all |z| = 1, so isometries correspond
to the unit circle in C.

Now, it follows that that our above relation about operators is parallel to the following relation about complex
numbers:
Unit circle C C D R D Rxo.

This is more than an analogy between £(V') and C, but rather the special case of opeartors where dim V' = 1.

Exercise 20.2
The unit circle and R only intersect at two points (1 and -1). Can you use this fact to find all operators
which are both isometries and self-adjoint?

20.4 Polar Decomposition

Note that every nonzero complex number z can be written uniquely as
z = 21T,

where |z1| = 1 and 7 > 0 (in particular, z; = €% and r = |2]).
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In terms of operators, z; corresponds to an isometry and r corresponds to a positive operator. Thus, for any
invertible® operator T' € L(V'), we can guess that T’ can be written as the product of an isometry and a positive
operator. This leads us to the following result.

Theorem 20.3 (Polar decomposition)
Suppose V is an inner product space over C and T' € L£(V) is invertible. Then, there is a unique way of
expressing

T — SP,
where S € £(V) is an isometry and P € L(V) is positive.

Proof. We will find a formula for P. Since T' = S P, taking the adjoint of both sides gives T* = P*S*. Multiplying
these two equations gives
T*T = P*S*SP = P*P = P?,

where the second equality holds because S is an isometry and the last equality holds because P is self-adjoint.
Since T*T is self-adjoint, the Spectral Theorem tells us that there is an orthonormal basis eq, ..., e, of V such
that T*T'(e;) = M\se; for A; € R. In fact,

/\i = )\71 = <€Z‘, >\iei> = <6¢,T*T61‘> = <Tei7T€i> Z O7
so all \; are nonnegative. Thus, T*T is a positive operator. Now, let P(e;) = v/Aie;. It is clear that P? = T*T
and all v/\; > 0, so P is positive.

Since T is invertible, T* is also invertible, so T*T is invertible. It follows that all A; are strictly positive, so all
V/A; are also stricly positive, so P is invertible. Now, let S = TP~!. It remains to show that S is an isometry.
We know that

S* = (TP Hx = (P )y*'T* = P'T*,

where the last equality holds because P is self-adjoint, so P* is also self-adjoint. Then,
S*S =pir*TPp~t = p7ip?p~t =1,
so S is an isometry, as desired.

To prove uniqueness, we must show that P? = T*T uniquely defines P. In fact, it is proved in the textbook
that every positive operator has a unique square root, so P is unique. O

The following result is a more general form of polar decomposition, which we will not prove.

Theorem 20.4 (General polar decomposition)
Suppose T' € L(V,W) and dim V' < dim W. Then, there exists an isometric embedding S € L(V, W) such

that
T =SVT*T.

Note that T*T € L(V) is a positive operator, so vT*T is uniquely determined.

20.5 Generalized Eigenspaces

Now, we will shift our discussion from inner product spaces back to the general setting of vector spaces. For
the remainder of this chapter, we will focus our attention on complex vector spaces.

Recall that the eigenspaces of T' € L(V) are defined by E(A,T) = Null(T — AI), and T is diagonalizable if and
only f V=FEW\,T)® - ® E(\n,T). However, we have seen that not all operators are diagonlizable.

38Note that z being nonzero in C corresponds to T being invertible in £(V).
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Suppose T € L(V). Even if T is not diagonalizable, can we still have a decomposition of V into a direct
sum of subspaces such that
V:( )1@...@( )m7

where ( ); is a subspace related to \;?

Our goal is to show that the answer to the above question is yes.

Example 20.5
Suppose T' € L(V') such that

First, we will find the eigenvalues of T It helps to see that this matrix is block upper-triangular:
0 01
MT)=( 1 0]0
0 01

It follows that U = span(ey, e3) is T-invariant and T/U € L£(V/U) has matrix 1 under €3, where the notation
e3 represents the projection of e3 onto V/U. Now, the eigenvalues of T' are the union of the eigenvalues of
T|y and T/U.

First, T'|y has matrix M(T|y) = (0 O> , which has eigenvalues that satisfy the equation

1 0
A0y o
det(1 )\>/\ =0,

so the set of eigenvalues of T'|y is {0}. From M (T|y), we can deduce that
Te; =ey; and Tey =0.

Thus, es is an eigenvector of T, while e; is not. However,
T?e; = T(Tey) = Tey = 0.

Thus, while e; is not an eigenvector of T, it is an eigenvector of T2. This is a special case of a generalized
eigenspace, where
G(0,T) = span(er, e2)

such that every v € G(0,T) satisfies T?v = 0. This can also be seen by the fact that

M) = (] 8)2 (5 0)-

so (T|y)? = 0.

Now, since T'/U has 1x 1 matrix 1, it follows that 7'/U is the identity operator on V/U. Thus, the eigenvalues
of T'/U are {1}. Therefore, the eigenvalues of T" are {0, 1}.

If we compute the eigenvectors of T' corresponding to eigenvalue 1, we find that there is a unique eigenvector
vy (up to scalar multiplication). Thus, E(1,T) = span(vy).

It follows that we can decompose V into
V=G0,T)® E(1,T)

because e1, e, v1 are linearly independent and dimV = 3 = dim G(0,7T") + dim E(1,T).
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We will soon see that G(1,T) = E(1,T) in the above example. Thus, we can guess that we can always decompose
V into a direct sum of generalized eigenspaces of T

First, we must give a formal definition of generalized eigenspaces.

Definition 20.6 (generalized eigenspace)
Suppose T' € L(V). The generalized eigenspace of T corresponding to M is defined by

G\, T) ={v e V|(T — M) = 0 for some i > 0}.

It is easy to verify that G(A,T') is a subspace. Furthermore, recall that the eigenspace of T' corresponding to A
is defined by
E\T)={veV|(T—-X)v=0}

Thus, it is clear that E(A\,T) C G(\,T).

In the definition above, note that there are no constraints on the value of i such that (7' — M )*v = 0. The next
result will give an upper bound on 3.

Lemma 20.7
Suppose T' € L(V) and v € G(0,T). Let n = dim V. Then, T"v = 0.

Proof. Suppose v € Null(T*). Then, T**1v = T(T*v) = T(0) = 0, so v € Null(T**+1). Thus, Null(T*) C
Null(7T*+1), which implies that

{0} ¢ Null(T) € Null(T?) C --- € Null(T*) € Nul(T**!) c --- C V.

Now, note that Null(T'), Null(T?),...,Null(T%),... cannot keep growing infinitely, because each null space is a
subspace of the finite-dimensional vector space V. Let i be the smallest integer such that Null(7*) = Null(T*+1).
Suppose v € Null(T?+2). Then,

Ti+2v _ Ti+1(TU) =0,

so Tw € Null(T**1). Since Null(7T?%) = Null(7*1), it follows that Tw € Null(T"), so
TH(Tv) =T v = 0.

Therefore, v € Null(T%+1), so Null(7T%*2) C Null(T**1). Since we already know that Null(T*+%) C Null(7%+2),
it follows that Null(7**%) = Null(7T"*2). Using the same logic for higher powers of T} it follows that

Null(7%) = Null(T*!) = Null(T*"?) = Null(T"*?) = - -
Thus, we have the relation
{0} € Null(T) € Null(T?) € --- € Null(T*) = Null(T*™!) = Null(T**?) = ... C V.

This implies that A
0 < dim Null(T) < dim Null(7T?) < --- < dim Null(T*),

so dim Null(7?) > i. Furthermore, Null(T*) C V, so dim Null(T*?) < n. It follows that n > i, so
Null(7T%) = -+ = Null(T") = Null(T"*') = ... .

Now, let v € G(0,T). By definition, there exists some j > 0 such that T7v = 0, so v € Null(T7). If j < n, then
Null(77) € Null(T™). If j > n, then Null(7T7) = Null(7™). In either scenario, it follows that v € Null(T™), so
T"v = 0, as desired. O]

We can generalize the above result to all generalized eigenspaces.

Theorem 20.8
Suppose T' € L(V) and v € G(A, T). Let n = dim V. Then, (T'— AI)"v = 0.

Proof. The proof is the same as Lemma 20.7 by replacing T' with 7" — AI. O
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20.6 Nilpotent Operators

Now, we will introduce nilpotent operators.

Definition 20.9 (nilpotent)
An operator T € L(V) is called nilpotent if G(0,T) = V.

In other words, T is a nilpotent operator if for any v € V, there exists some i > 0 such that T?v = 0.

Example 20.10
Suppose the matrix of T € L(V) is the strictly upper-triangular matrix

0 *
M(T) =

We will show that T' is nilpotent.
The matrix of T implies that
T€1 =0

Tey € span(e;)
Tesz € span(eq, e2)

Te, € span(ey,...,en_1).

This implies that Tv = T'(c1e1 + -+ + ¢cpen) € span(es,...,e,—1), so Range(T) C span(ey,...,en—1).
By similar logic, we see that Range(T?) C span(ei,...,e,_2). Continuing this pattern, we see that
Range(T™~ 1) C span(e;), so Range(T™) = {0}. Therefore, T™ = 0, so T is nilpotent.

The next result will further illuminate the properties of nilpotent operators.

Proposition 20.11
Suppose T' € L(V'). The following are equivalent:

1. T is nilpotent,
2. All eigenvalues of T' are 0,
3. M(T) is strictly upper-triangular under some basis of V.

Proof. First, we will show that (1) implies (2). Suppose A is an eigenvalue of T. Then, there exists some v such
that Tv = Av. Since T is nilpotent, it follows that T%v = 0 for some i > 0. Then,

Tv = No =0,
so A = 0. Thus, all eigenvalues of T are 0.

Now, we will show that (2) implies (3). By Corollary 13.5, there exists a basis vy,...,v, of V under which
M(T) is upper-triangular. Furthermore, by Proposition 12.11, the diagonal entries of M(T) are exactly the
eigenvalues of T'. Since all the eigenvalues are 0, it follows that M(T) is strictly upper-triangular.

Finally, we have already shown that (3) implies (1) in Example 20.10. Thus, all three statements are equivalent.
0

Example 20.10 and Proposition 20.11 imply that if 7' € £(V) is nilpotent, then 7™ = 0. This can also be seen
by Lemma 20.7 in combination with the fact that V' = G(0,T).
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In a later lecture, we will study the Jordan form of operators, which will tell us that for any nilpotent operator
T € L(V), there exists a basis under which M(T') has 0’s everywhere except possibly the line directly above
the diagonal (called the superdiagonal), which consists of 0’s and 1’s:

0 1 0
1
0 0
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21 Generalized Eigenspaces (continued)

21.1 Review

Last time, we introduced the notion of generalized eigenspaces:
G\ T) = {v e V(T — \)'v = 0 for some i > 0}.

Furthermore, we showed in Theorem 20.8 that 4 is upper-bounded by dim V, so G(A, T) = Null((T' — AXI)¥m V).

21.2 Multiplicity of an Eigenvalue

Now, we will introduce multiplicity.

Definition 21.1 (multiplicty)
Suppose T' € L(V'). The multiplicity of an eigenvalue A of T' is dim G(\, T).

Since the generalized eigenspace G(A, T) always contains the eigenspace F(\, T), it follows that the multiplicity
of A of T is nonzero if A is an eigenvalue. The following result will show that if A is not an eigenvalue, then the
multiplicity of A is 0.

Fact 21.2
Suppose T € L(V) and X € C. If X is not an eigenvalue of T, then G(\,T) = {0}.

Proof. Suppose there exists v € G(\,T) such that v # 0. Then, let ¢ be the minimal exponent such that
(T — M)'v = 0. Let u = (T — M )i~! # 0. It follows that

(T — X)u= (T — \)'v =0,

so u is an eigenvector with corresponding eigenvalue A\. However, this is a contradiction because we assumed
that A is not an eigenvalue of T. Therefore, G(\,T) = {0}. O

This explains why we do not define the notion of a generalized eigenvalue, since that would be identical to our
previous definition of eigenvalues.

21.3 Decomposition of an Operator

We will now prove the main result of generalized eigenspaces.

Theorem 21.3
Suppose T' € L(V) and Ay, ..., A\, are the distinct eigenvalues of T. Then,

V=GO,T)® - &GCm,T).

Proof. First, we will show that G(A1,T) + -+ + G(A, T) is a direct sum. It is sufficient to show that if
v; € G\, T) and vy + -+ + v, = 0, then each v; = 0. Suppose there exists some v; # 0. Without loss of
generality, assume v; # 0. Let n = dim V. It is clear that

(T — )\QI)nUQ = (T— )\3[)77'1}3 == (T — )\ml)"vm =0.

Now, let S = (T — Ao I)™(T — A3 I)™ - - - (T — A I)™. It follows that Sve = Svg = -+ = Sv,, = 0.

Now, we will show that Sv; # 0. Let i be the minimal exponent such that (T — AI)*v; = 0. Then, let
u = (T\I)"=1 # 0. It follows that Tu = A\ju, so

Su = (T—Ag])n(T—)\mI)n = ()\1 —)\g)n"-()\l —)\m)”u;«éo,
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since Aq, ..., A\, are all distinct. Noe, let P = S(T — A\;I)"~1. Then,

P+ 4vy) =8S(T - M) oy +---S(T — M) oy,
=Su+ (T =MD Svy + -+ (T — M) Sv,,
= Su
# 0.
However, P(vy + -+ 4+ vy) = P(0) = 0, which is a contradiction. Therefore, G(A1,T) + -+ + G(A, T) is a

direct sum.

Now, we will show that G(A1,T),...,G(Am,T) span V. We will do this using induction on dim V. Let n = dim V.
It is clear that the desired result holds for n = 1. Now, assume n > 1 and the desired result holds for all vector
spaces of smaller dimension. Let U = Range((T' — A1 1)™). We will show that

Since dim V' = dim Null((T'— A1 I)™)+dim Range((T— A1 1)™) = dim G(A1, T) +dim U, it is sufficient to show that
G(M,T)+U is a direct sum. Suppose v € G(A1,T)UU. It follows that (T'— A\ I)"v = 0 (because v € G(A1,T))
and v = (T — \;I)"u for some u € V (because v € U). This implies that (T — A\ 1)*"u = 0, so u € G(\1,T).
By Theorem 20.8, it follows that (T" — A\;I)"u = 0. Since we defined v = (T' — A\;I)"u, we know that v = 0, so
G(M,T)+ U is a direct sum.

Now, suppose v € U. Then, there exists some u € V such that v = (T — A\ I)"u. It follows that
To=T(T—MI)"u) = (T — MI)"(Tu),

so Tv € Range((T — A\ I)™) = U. Thus, U is T-invariant. Because dim U < dim V, we can apply the induction
hypothesis to T|y € L(U), which says that U = G(\|,T|y) @& --- ® G(\,,,,T|v), where X|,..., X, are the
eigenvalues of T'|yy. However, eigenvalues of T'|y are also eigenvalues of T, so
U=GA\,Tlw)+ -+ G\, Tly)
CGALT)+---+ G\, T)
CGM,T)+--+ G, T).

It follows that

V=GMN,T)+U
=G, T)+ (GALT) + -+ G\, T))
=G, T) + -+ G, T).
It follows that G(A1,T),...,G(Am,T) span V, and we are done. O

21.4 Generalized Eigenspaces for Restriction and Quotient Operators

Suppose T' € L(V) and U is a T-invariant subspace of V. Then, we have the restriction operators T|y € L(U)
and the quotient operator T'/U € L(V/U).

First, we will consider the relationship between G(A,T|y) and G(\, T). Suppose v € G(A, T|y). It follows
that (TU — A)'v = 0 for some ¢ > 0. However, (I\U — X)'v = (' — M)'v = 0, so v € G(\,T). Therefore,
G\ Tly) C GAT).

The relationship between G(\, T/U) and G(\,T) is less obvious. Recall the quotient map 7 (see Definition
12.7). We will show that = maps G(\,T) to G(\, T/U). Suppose v € G(\,T), so (T — X )*v = 0 for some i > 0.
Then,

(T — M)'v) = (T/U — M) (w(v)) = 0,

so w(v) € G\, T/U).

Now, let my : G\, T) — G(A, T/U) such that my(v) = w(v) for any v € G(A\, T). Recall that Null(7) = U. Then,
Null(my) ={v e GIA\,T), 7(v) =0} ={v e GA\,T)UU} =G\ Ty),

which shows how G(A,T/U) and G(X\, T|yy) are related.

Now, we will show that the map m : G(A\,T) — G(\,T/U) is surjective.
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Lemma 21.4
The map 7 (as defined above) is surjective.

Proof. We know that
dim G(A\,T/U) > dim Range(mry) = dim G\, T) — dim G\, T'|y),

where the inequality follows from the fact that Range(wy) C G(A,T/U) and the equality follows from the
rank-nullity theorem and Null(my) = G(A, T'|y). Summing this inequality over all A, we get

dimV/U > dimV — dim U.

However, we know that dim V/U = dim V' — dim U, which forces dim G(\,T/U) = dim G\, T) — dim G(\, T|v)
for all A. Therefore, dim G(A,T/U) = Range(my), so my is surjective. O

Now, we are ready to prove the main result of this section.

Theorem 21.5
Suppose T' € L(V) and U is a T-invariant subspace of V. Then,

multy (7)) = mult(T|y) + multy(T/U),

where multy (7') represents the multiplicity of A of 7.

Proof. Since 7y is surjective, it follows that Range(wy) = G(A,T/U). It follows that
dim G(A,T') = dim Null(m;l) 4+ dim Range(my) = dim G\, T|y) + dim G(A\, T/U).
In other words, mult(7") = mult(T|y) + multy(T/U), as desired. O

However, note that this does NOT necessarily the case that dim E(A,T) = dim E(\, T|y) + dim E(\, T/U).

Example 21.6
Consider T' € L£(V) such that

M(T) = (8 é)

Let U = span(ey). It is clear that E(0,7) = E(0,T|y) = span(e;) = U. Also, it follows that M(T/U) is
the lower-right block of M(T'), which is the 1x 1 zero matrix. Thus, dim E(0,7/U) = 1. Therefore,

dmFE(0,T)=1#14+1=dim E(0,T|y) + dim E(0,T/U).
In general, this is because Lemma 21.4 does not hold for non-generalized eigenspaces. For instance, the

map 7 : E(0,T) — E(0,T/U) would map all v € E(0,T) to the zero vector because E(0,T) = U, so 7 is
not surjective.

21.5 Eigenvalues of Upper-Triangular Matrices

Suppose T' € L(V) and the matrix representation of 7" is the upper-triangular matrix

M(T) =

0 an

By Proposition 12.11, we know that the eigenvalues of 1" are the values along the diagonal. The next result will
tell us how to determine the multiplicities of each eigenvalue based on the matrix.
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Proposition 21.7
Suppose T' € L(V) and the matrix of T is upper-triangular. The multiplicity of A € C of T is equivalent to
the number of times A\ appears on the diagonal of M(T).

Proof. We will prove the desired result by induction on dim V. Let n = dim V' and M(T") have diagonal entries

ai, ..., 4. The result is obvious for n = 1. For n > 1, we can partition M(T) into
al ‘ *
as *
0
0 an

Then, U = span(e;) is T-invariant, so M(T|y) is the upper-left block of M(T') and M(T/U) is the lower-right
block. By the applying the induction hypothesis on T'|; and T/U, we know that

multy(T|y) = # of times A appears in (a1)
multy (7/U) = # of times A appears in (ag, ..., a,).
Finally, by Theorem 21.5,
multy (7)) = multy(T'|y) + multy(T/U)
= (# of times A appears in (a1)) + (# of times A appears in (as, ..., a,))

= # of times X\ appears in (ay,...,a,),

as desired. O

Example 21.8
Suppose T' € L(V') and the matrix of T is the upper-triangular matrix

0 3 4
M(T) = 0 5
1
In this example, it is not hard to see that the upper-left 2x2 block is a nilpotent matrix, so G(0,T) =
span(es, e2). Thus, the multiplicity of A = 0 is 2.

Now, suppose the matrix of T is
0 3 4
M(T) = 15
0
In this example, it is not obvious what G (0, T) is (for instance, you should verify that G(0,T') # span(eq, e3)).
Nevertheless, Proposition 21.7 tells us that that the multiplicity of A = 0 is 2.

However, what if M(T) is not an upper-triangular matrix, but rather a block upper-triangular matrix?

Guiding Question
Suppose

M) = (<515

where A is an arbitrary square matrix. Then, how are multy(7") and multy(A) related?

Answer. Let A be an nxn matriz. Then, it follows that U = span(ey, ..., e,) is T-invariant and M(T|y) =
M(T/U) = A. We will show that this implies that multy(T|y) = multy(T/U).

Let f1,..., fn be a basis of U such that M(T|y) = A. Similarly, let ¢1,...,g9n be a basis of V/U such that
M(T/U) = A. Define the linear map S : U — V/U such that S(e;) = fi. Since S maps a basis to a basis, it
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Lecture 21: Generalized Eigenspaces (continued)

follows that S is an isomorphism. Then, it follows that
S(T1’U) = TQ(S’U).

The reader should verify that S sends G(\, T|v) to G(X\, T/U) and the two generalized eigenspaces are isomorphic.
Thus, G\, T|u) to GA\,T/U) have the same dimension, so multy(T|y) = multy(T/U).
Finally,
multy (7)) = mult)(T|y) + multy(T/U)
= multy(A) + multy(4)
= 2multy(A4).

The next result gives a useful matrix form of any operator.

Theorem 21.9
Suppose T' € L(V). Let T have distinct eigenvalues A1, ..., A, with multiplicities d1, ..., d,,. Then, there

exists a basis of T such that
Ay 0

0 Am

where each A; is a d; X d; upper-triangular matrix of the form

Proof. For each T|g(x, 1), there exists a basis of G(\;,T) such that M(T|g(x, 1)) is upper-triangular. By
Proposition 21.7, M(T'|g(x, 7)) must be of the form

since \; is the only eigenvalue of T'|g(,,1). Now, since V = G(\,T) @ - - @ G(A\p, T), concatenating all these
bases of G(\;, T gives a basis of V such that M(T) is of the desired form. O

We will expand on the fact that T € L£(V) can be expressed as a block diagonal matrix when we introduce
Jordan form in a later lecture.
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22 Characteristic Polynomial and Jordan Form

22.1 Review

Last time, we discussed how any complex vector space V can be decomposed into the generalized eigenspaces
of any operator T' € L(V') (see Theorem 21.3). Also, we defined the multiplicity of A of T as the dimension of
G\ T).

22.2 Characteristic Polynomial

Now, we will introduce the characteristic polynomial.

Definition 22.1
Suppose T' € L(V). Let A, ..., A, denote the distinct eigenvalues of 7' with multiplicities ny, ..., 7,,. Then,
the characteristic polynomial of T is

(x—=A)™ (= Ap)™™.

Note that given the characteristic polynomial of any operator T' € L(V'), we are able to determine all the
eigenvalues of T with their multiplicities by finding the roots of the polynomial.

Example 22.2
Suppose T' € L(V) and the characteristic polynomial of T is 2° — 2. Then, the eigenvalues of T are the
solutions to the equation 23 — 2 = 0, which happen to be

V2, V2w, V2w,

where w = *HT\/EZ

. In this example, all three eigenvalues have multiplicity 1.

The following result gives an important property of characteristic polynomials.

Theorem 22.3 (Cayley-Hamilton Theorem)
Suppose T € L(V). Let p(z) denote the characteristic polynomial of T. Then, p(T') is the zero operator on
V.

Proof. Let A\1,..., )\, denote the distinct eigenvalues of T' with multiplicities n1,...,n,,. Denote N; = (T —
Xil)|an,,m) € LIG(A, T)). For all v € G(A;,T), we know by Theorem 20.8 that N;"*v = 0, so N; is nilpotent
and N = 0. Therefore,

(T —\D™v; =0

forall v; € G(A;, T). Since (T — X ;I)™ is a factor of p(T), it follows that p(T)v; = 0. Thus, G(\;, T') C Null(p(T)).
Since this holds for arbitrary A;, it follows that G(A1,T), ..., G(An,T) are all contained in Null(p(7T')). However,
since G(A\1,T),...,G(Am,T) span V, it follows that Null(p(T")) = V. Therefore, p(T') = 0. O
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Example 22.4
Suppose T' € L(V) and the matrix of T is

M(T) = (‘CL Z)

We claim (without proof) that the characteristic polynomial of T' is 22 — (a + d)x + (ad — bc).® Then,
calculating the matrix of p(T") gives

M(p(T)) = M(T? = (a + d)T + (ad — be)I)
(e G A (Grde Gra (0™ lu)
-0 o)

the last equality you should verify yourself. Thus, p(T") = 0, as suggested by the Cayley-Hamilton Theorem.

“We will see why this is the case after we discuss trace and determinant in a later lecture.

22.3 Minimal Polynomial

In this section, we will introduce a polynomial that is closely related to the characteristic polynomial. Before
that, we will need the following definition.

Definition 22.5 (monic polynomial)
A monic polynomial is a polynomial whose leading coefficient equals 1.

Example 22.6
Consider the following polynomials:

e T2 4+ T 4 2 is a monic polynomial,
e T — 1 is a monic polynomial,

e 27+ 1 is NOT a monic polynomial.

Now, we can define the minimal polynomial.

Definition 22.7 (minimal polynomial)
Suppose T' € L(V). The minimal polynomial of 7" is the monic polynomial m(x) of lowest possible degree
such that m(T') = 0.

While the characteristic polynomial p(x) and the minimal polynomial m(z) have the same condition of p(T) =
m(T) = 0, they are not necessarily equivalent. For instance, note that

deg(characteristic polynomial of T) = ny + -+ + n,p,
= dim G\, T) + - + dim G\, T)
=dimV,

where the last equality follows from V = G(\,T) & --- & G(A\p,T). However, the minimal polynomial may
have smaller degree, as shown in the following examples.
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Example 22.8
Suppose T € L(V) and the matrix of T is

M(T) = (g g)

It is clear that T" has eigenvalue 2 with multiplicity 2, so the characteristic polynomial is (z — 2)2. However,
it is also clear that T'— 21 = 0, so the minimal polynomial of T" is  — 2.

Example 22.9
Suppose T' € L(V) and the matrix of T is

00 0 0
10 0 0
MDD =19 o -1 o0
00 0 -1

We see that this matrix is block diagonal with lower-triangular blocks:

0 0
10

By Theorem 21.9%, we can see that
V= G(OvT) ® G(_laT)v

where G(0,T) = span(e,ez) and G(—1,T) = span(es, es). Thus, the characteristic polynomial of T is
p(r) = 2%(z + 1)2

The minimal polynomial must still include « and x + 1 as factors, although they may have different
exponents than in the characteristic polynomial. In other words, the minimal polynomial of T is of the
form m(z) = z”(z + 1)”, where the exponents are positive integers less than or equal to 2.

To find the minimal polynomial, we will lower each exponent as much as possible, while still maintaining
the condition m(T) = 0. First, we will check if T(T + 1)? = 0. By the matrix of T, we see that Te; = ey
and Tes = 0.

T(T +1)%e; = (T +1)*(Tey) = (T + 1)%ey = (T? 4+ 2T + I)ez = ea.

Thus, T(T + 1) # 0.

Now, we will check if T%(T + 1) = 0. Since M(T) is block-diagonal, we see that both span(ey,es)
and span(es, e4) are T-invariant subspaces of V. It is easy to verify that T?|span(e; ;) = 0, so T*(T +
1)|span(es,es) = 0 because T?(T+1) is a multiple of 72. Similarly, it is easy to see that (T + ey = U
50 T?(T 4+ 1)|span(es,es) = 0. Thus, T?(T 4 1) = 0 over all V, so T?(T + 1) is the mininal polynomial of T.

€3,

“Recall that Theorem 21.9 describes a block diagonal matrix with upper-triangular blocks, not lower-triangular. However,
due to symmetry, essentially all results we have proved involving upper-triangular matrices also hold for lower-triangular
matrices.

The following result gives some properties (without proof) of the minimal polynomial.
Suppose T' € L(V). Let Ay, ..., A\, denote the distinct eigenvalues of T' with multiplicities ny, . .., n,,. Then,

e the minimal polynomial exists and is unique,

e the minimal polynomial is of the form (z — A\;)% -+ (z — \,)% for 1 < d; < ;.
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Example 22.11
Recall Example 22.8. Consider a similar operator T' € £(V') such that

M(T) = (g ;)

It is clear that the characteristic polynomial of T is (z — 2)2; thus, the minimal polynomial can be either

x—2 or (x—2)2. We can easily verify that T —21I # 0, so x — 2 cannot be the minimal polynomial. Therefore,

the minimal polynomial of T is also (z — 2)2.

In summary, the characteristic polynomial tells us the set of eigenvalues and the multiplicity of each eigenvalue
for any operator T' € L(V'). The minimal polynomial differs from the characteristic polynomial because it may
have lower exponents than the characteristic polynomial.

22.4 Jordan Form

Now, we will introduce the Jordan form of an operator, which will allow us to write the matrix of an operator
in a nice form using the material we have covered so far about eigenvalues and multiplicity.

First, to motivate the Jordan form, consider the following computational problem. Suppose you are given M(T)
for some operator T € £(V) and you wish to compute T? + 27° — T3. In general, if M(T) is a large matrix,
computing large powers will require a very large number of calculations.

A way to make computing powers of large matrices faster is by finding an invertible operator S such that ST.S~!
is diagonal, since powers of diagonal matrices are very easy to compute. This works because

(STS™H)" = (STS™Y).--(STS™1) = ST"S™ 1,
so it is easy to recover T™ (hard to compute) from (STS~!)" (easy to compute).

However, as we have seen previously, not all operators are diagonalizable. But, the Jordan form of a matrix
tries to solve this problem by finding a matrix representation which is close to diagonal for all operators.

We will start by investigating Jordan form for nilpotent operators.

Suppose N € L(V) is a nilpotent operator. Can we find a basis vy, ..., v, of V such that M(N) is as simple
as possible?

First, consider some small examples.

Example 22.12
Consider the case where dim V' = 2. The case where N = 0 is uninteresting because M (N) will always be
the zero matrix. Thus, assume N # 0. We claim that there exists a basis vy, vy of V' such that

M(N) = <8 é)

To prove this, note that dim Null(N) must be between 0 and 2, inclusive. If dim Null(N) = 2, that would
imply that N = 0, which we assumed not to be the case. Then, since N is nilpotent and dim V' = 2, it
follows that N2 = 0. This implies

N2y = N(Nv) =0

for any v € V, so Nv € Null(N). Because N # 0, there exists some v such that Nv # 0, so dim Null(V) > 0.
Therefore, dim Null(V) = 1.

Now, take v; ¢ Null(N) and vo = Nwv;. This implies that va = Nwv; € Null(V), so vy, vy is linearly
independent. Thus, v1, v forms a basis of V. Then, because Nv, = 0 and Nvy = vs, it follows that

M(T, (va, 1)) = (g é)
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Example 22.13
Consider the case where dim V' = 3. If N = 0, then M(N) is always the zero matrix:

M(N) =

o O O
SESES)
o O O

Now, assume N # 0. By similar logic to the previous example, we can show that dim Null(/V) cannot be
equal to 0 nor 3. Thus, we have two cases.

If dim Null(N) = 2, then there exists a basis such that
0 1 0
M(NY=1{0 0 0
0 0 O
On the other hand, if dim Null(N) = 1, then there exists a basis such that

0 1
M({IN)= {0 0
0 0

o = O

Let us further investigate the matrices in the above example. Suppose vy, vz, v3 is a basis of V' such that

01 0
M(N, (U17U2,’03)) = 0 0 1
0 0 O
From this matrix, we can determine that
N’Ul == 0,
Nuvy = vy,
N’Ug = V3.
We can represent this operator with the following diagram
VU3 V2 U1

where each dot represents a basis vector and each arrow represents applying N to each vector. With this diagram
notation, we can also describe the scenario where

01 0
M(N, (1)1,1}2,1}3)) =10 0 O
0 0 O
with the diagram
V2 U1
U3
Finally, we can describe the scenario where
0 0 O
M(N, (v1,v2,v3))= |0 0 0O
0 0 O

with the diagram

e VU1
e V2
e VU3
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Lecture 22: Characteristic Polynomial and Jordan Form

Now, we will use the diagram notation to expand our discussion to Jordan form of nilpotent operators in vector
spaces of any dimension. In the Jordan form, all basis vectors should be included in one of these "chains":

——————————e
——

Note that there can be any number of these chains; the only requirement is that the total number of dots should
be dim V. These diagrams uniquely determine a matrix based on the length of each chain; for instance, the
above diagram corresponds to the block-diagonal matrix

S O OO
S oo
oo = O
o = o o

o O OO

SO O

o o = O

O R OO

o O O
SO =
o = O

(o)
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23 Jordan Form (continued), Trace, and Determinant

23.1 Review

Last time, we discussed how for any nilpotent operator N € L(V'), there exists a basis vy, ..., v, such that N
can be expressed with diagrams of the following form:

(o V3 V2 U1

e

v V6 Us

U8

In terms of matrices, M(N) with respect to this basis would look like

OO OO
S o O
o o= O
o= O O

o O O
O O
O = O

0 (0)

23.2 Jordan Form (continued)

The above matrix is in Jordan form (also known as Jordan canonical form). Now, we are ready to give a
definition of the Jordan form.

Definition 23.1 (Jordan block and Jordan form)

A Jordan block is a matrix of the form

Al 0
-1
0 A

A Jordan form is a block-diagonal matrix where all blocks are Jordan blocks.

Note that for a matrix a Jordan form, it not needed that all Jordan blocks have the same A along the diagonal.
For instance, the matrix

1 10
01 1
0 0 1

(6 )
(2)

is a Jordan form. The Jordan blocks are highlighted with parentheses.

Theorem 23.2
Suppose V is a finite-dimensional complex vector space and T € L(V'). Then,

1. there exists a basis under which M(T') is a Jordan form,

2. the Jordan blocks that appear in M(T') are uniquely determined by T up to permutation.

Proof. We will only prove the existence property of the above theorem. In the previous lecture, we gave some
intuition (although not a rigorous proof) on why this statement holds if T is nilpotent. To extend to all T,
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recall that
V=GM,T)D - ®&GA\n,T).

By definition, (7' — AiI)|c(,,7) is a nilpotent operator. It follows that there exists a basis of G(A;, T') such that
MT = Xil)|ax,, 1)) is a Jordan form. We know that

M(T|aa1)) = MUT = NiD)lan, 1)) + M),

so M(T'|g(x,1y) is also a Jordan form because M(A;I) only adds values along the diagonal. Putting all such
bases together forms a basis of v such that M(T) is a Jordan form. O

In the last lecture, we discussed how Jordan form would help us compute large powers of operators quickly.
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Example 23.3
Suppose T € L(V) and we wish to compute 7%, To do this, we know by Theorem 23.2 that there exists a
basis of V' such that M(T) is in Jordan form. For instance,

A1

()

(%)

To compute the 100" power of a matirx, we simply take the 100" power of each of its blocks. To compute
the power of each block, we can express each block as AI + J, where

Oth

By the binomial theorem,
M+ J)= (M) 4+ 100 ADPT + 100 OB 4 oo o b JAY
1 2

It is clear that (A)* = A‘I. Furthermore, it can be deduced that

0 --- 1
‘]m = 7o o 1 )
0
where the 1 in the first row is in the (m + 1)*® column. Thus, using the 5x5 case as an example, we can
calculate 100 (100\y99 (100\ 198 (100,97 (100 y96
ATO (AR (A (AT (A
A0 (RN (1A (1A
(M + J)IOO = 3100 (1(1)0) 299 (130))\98
100
/\100 ( ! ))\99
)\100

Note that if the exponent is smaller than the size of the matrix, the upper-right corner of the matrix would
be filled with zeros. By applying this logic to each block of M(T'), we have a way to quickly compute
M(T99), as desired.

23.3 Trace

We will now move on to the final chapter of the textbook, first with our discussion of trace.
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Definition 23.4 (trace)

1. The trace of a square matrix A is defined to be the sum of the diagonal elements of A.

2. The trace of an operator T' € L(V) is defined to be the sum of the eigenvalues of T, counted with
multiplicity.

At first glance, these two definitions seem completely unrelated. For now, we will use tr(A4) to denote the trace
of a matrix and Tr(T) to denote the trace of an operator. Later, we will show that these definitions are actually
equivalent, after which we will use tr for both cases.

First, we will study some properties of the trace of a matrix.

Theorem 23.5 (Properties of trace of a matrix)
Suppose A and B are square matrices of the same size. Then,

1. tr(A+ B) = tr(A) + tr(B),
2. tr(AA) = Atr(A).

These properties are easy to verify by matrix addition and scalar multiplication. Note that the above properties
show that tr : C™™ — C is a linear map.

Lemma 23.6
Suppose A and B are square matrices of the same size. Then, tr(AB) = tr(BA).

Proof. By matrix multiplication, we can calculate

n

(AB)z,z = Z Ai,ij,i-

j=1
Thus,
tr(AB) = Z Z Ai,ij,i~
i=1 j=1
Similarly, we can deduce
n n
tI‘(BA) = Z Z Bi,jAj,i-
i=1 j=1

By switching the variable names ¢ and j and switching the order of the summations, it follows that

tr(AB) = i i Ai,ij,i

i=1 j=1
=D AuibBi
j=1i=1
=22 Bujdy
i=1 j=1
= tr(BA),
as desired. O
Now, suppose T' € L(V) and vy,...,v, and uq,...,u, are bases of V. Let A = M(T, (v1,...,v,)) and B =
M(T, (uy,...,un)). Recall in an earlier lecture we showed that there exists a change of basis matrix S and
B =S"14S.

We are now ready to prove the two definitions of trace are equivalent.
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Theorem 23.7
Suppose T' € L(V). Then, Tr(T) = tr(M(T)).

Proof. First, we will show that tr(M(T)) is independent of the choice of basis. Let vy,...,v, and uq,...,u,
be bases of V and let A = M(T, (v1,...,v,)) and B = M(T, (u1,...,uy)). If S is the change of basis matrix,
then B = S~1AS. It follows that

tr(B) = tr(S~tAS)
=tr((AS)S™1)
= tr(4),
where the second equality follows from Lemma 23.6.

Now, since we have shown that M(T) is independent of the chosen basis, we only need to show that Tr(T) =
tr(M(T)) for some basis of V. Let vy,...,v, be a basis such that A = M(T, (v1,...,v,)) is upper-triangular.
Then, the diagonal entries of A are equivalent to the eigenvalues of T with multiplicity. Therefore, Tr(T') = tr(A),
as desired. O

This theorem is quite fascinating: the left-hand side only depends on the operator T, while the right-hand side
depends on both T" and an arbitrary basis vy, ..., v,. Additionally, why is the trace of a matrix defined as the
sum of its diagonal entries? Can we instead define the trace as another function of the matrix (e.g. the sum of
the entries on the other diagonal or the sum of the entries of any of the columns/rows) and still have Theorem
23.7 hold? The answer turns out to be no, which shows the beauty of the definition of trace.

Example 23.8
Suppose T' € L(V) with matrix representation

1
M(T) = | 4
7

At first glance, it is impossible to know what the eigenvalues of T" are. However, Theorem 23.6 tells us
that the sum of the eigenvalues is equal to tr(M(T)) = 1+ 0+ (—1) = 0. Therefore, if we know two of the
eigenvalues of T, then we are able to easily find the third.

Furthermore, recall from Definition 22.1 that the characteristic polynomial of T is
(= 2™ (o= A"

where Aq1,..., A\, are the distinct eigenvalues of T" with multiplicities nq,...,n,,. Expanding the polynomial
above, we find that the characteristic polynomial can be expressed as

2" — (A 4 F )2 T A () (A A,
Thus, Tr(7T') equals the negative of the coefficient of the 2"~ ! term.

23.4 Determinant

Now, we will introduce the notion of determinant.

Definition 23.9 (determinant)

1. The determinant of an operator T' € L(V) is defined as the product of the eigenvalues of T, counted
with multiplicity.

2. The determinant of a n xn square matrix A is defined by

det(A) = Z Sign(a)Al,U(l) 000 An,a(n)-

o€perm(n)
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Once again, we will for now use Det(T") to denote the determinant of an operator and det(A) to denote the
determinant of an matrix.

Recall that the characteristic polynomial of an operator T' € L(V') can be expressed as
" — (A F N A) 2T ()N,
Thus, it follows that Det(T') equals (—1)™ multiplied by the constant term of the characteristic polynomial.
Now, we will explain the formula for the determinant of a matrix:
det(A) = Z sign(a)Al’g(l) s An,o(n)~
o€perm(n)

First, note that this summation has n! terms, each of which is a product of n matrix entries. The notation
perm(n) represents the set of all functions that map (1,2,...,n) to a permutation of (1,2,...,n). For instance,
we can visualize one such function o with the following diagram:

1 2 3 4 )

1 2 3 4 5

In this scenario, o(1) = 4,0(2) = 2, and so on. Finally, if we draw such a diagram for arbitrary o, then sign(o)
is defined to be 1 if the number of crossings (i.e. the total number of times two arrows cross) is even and —1 if
the number is odd.?® For instance, the number of crossings in the above diagram is 7, so sign(o) = —1.

Consider some simple examples of determinants of matrices.

Example 23.10
Suppose we wish to find the determinant of the 2 x 2 matrix

An A
A= .
(A21 A22>

We find that perm(2) only has 2 elements:

1 2 1 2

1 2 1 2
no crossings one crossing

sign =1 sign = —1

Thus,
det(A) = A1 A2 — A2 A0,

which is our familiar formula for the determinant of a 2x2 matrix.

39A more formal (but equivalent) definition is that sign(c) is defined to be 1 if the number of pairs of integers (j, k) with
1 < j < k < n such that o(j) appears after o(k) in the list (o(1),...,0(n)) is even and —1 if the number of such pairs is odd.
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Example 23.11
Suppose we wish to find the determinant of the 3 x3 matrix

There are 6 permutations:

Thus,

det(A) = (1-0-(=1)) —(3-4- (1)) +(2-4-9) = (1-5-9) + (3-5-7) — (2-0-7) = 144.

Now, similar to what we did with trace, we will show that the two definitions of determinant are equivalent.

Theorem 23.12
Suppose T' € L(V'). Then, Det(T) = det(M(T)).

We will cover the proof of this result in the next lecture.
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24 Determinant (continued)

24.1 Review

Last time, we introduced the definition for the determinant of an operator and the determinant of a matrix (see
Definition 23.9). In particular, recall the formula for the determinant of a matrix A:

det(A) = Z Sign(g)Al,a(l) to An,a(n)-
o€perm(n)

In other words, each entry in the summation is the product of n matrix entries, one from each row, such that
no two entries are in the same column. For instance, the permutation

Additionally, recall that
sign(a) — (71)parity of number of crossings in diagram of o

At the end of last lecture, we introduced Theorem 23.12, which relates the two definitions of determinant. We

will prove this result later in this lecture.

24.2 Determinant (continued)

First, we will discuss some properties of determinants.

Theorem 24.1 (Properties of det(A))
Suppose A is a square matrix. Then,
0. multiplying a row/column by some scalar ¢ multiplies det(A) by ¢,
1. interchanging two rows/columns of A flips the sign of det(A),
2. if A has two rows/columns that are equivalent, then det(A) = 0,
3. det(A) is additive in rows/columuns,
4

. adding ¢ - (i*" row) to the j*" row does not change det(A)

Proof. To prove (0), note that each permutation contains one entry from each row and column of the matrix.
Thus, multiplying a row/column by ¢ multiplies each summand by ¢, so the determinant is multiplied by c.

To prove (1), let A’ be the result when we switch the first two rows of the following 3x 3 matrix A:

a11  aiz2 @13 a21 Ag22 G23

A= A =
= | a1 a2 a23], = 1a11 a2 ais
a3y asz G33 a3y asz G33

Also, let o and 7 be the permutations

,_.
[N}
w
—
[N}
w

—
[N}
w
—
[N}
w
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Note that o for matrix A and 7 for matrix A’ both correspond to the product aq;as2a33. However, sign(o) =
—sign(7), so o contributes aj;as2as3 to det(A) while 7 contributes —aj1ag2a33 to det(A’). It can be shown that
this logic extends to all such permutations and can be generalized to matrices of arbitrary size, so det(A) =
— det(A’). The proof that the sign of det(A) is flipped when two columns are interchanged is similar.

To prove (2), note that switching the two identical rows/columns gives the same matrix A. Thus, (1) implies
that det(A) = —det(A), so det(A) = 0. Furthermore, note that (0) also implies that if two rows/columns of A
are scalar multiplies of each other, then det(A4) = 0.

To prove (3), suppose we have two matrices A and B of the same size which are identical except for a single
row:

A = a1 e (o5 s B = bl “e bn
Let matrix C' also be identical to both A and B except for a single row:
C = a1+b1 (Ln+bn

Let the different row be the i*" row. Then,
Cio(i) = Aio(i) + Bio()

for all permutations o. By the definition of determinant of a matrix, it follows that det(C) = det(A) + det(B

).
To prove (4), let B be the matrix that is identical to A except the j'! row of B is c - (i*® row) of A. By (2),
det(B) = 0 because the i*® and ;' rows are scalar multiples of each other. Then, by (3), det(A + B) =
det(A) + det(B) = det(A), as desired. O

The next result will show that determinant is multiplicative.

Proposition 24.2
Suppose A and B are square matrices of the same size. Then, det(AB) = det(A) det(B).

Proof. Recall that we can perform Gaussian elimination on A to obtain a matrix in row-reduced echelon form.
Recall the three elementary row operations:

S(i,7) = swap rows ¢ and j,
M (i; ¢) = multiply the i*" row by ¢,

A(i 5 j) = add c times the i*® row to the 7" row.

Now, note that performing any elementary row operation on A is equivalent to left-multiplying A by some
matrix.*® Let A’ be the result of performing some elementary row operation e on matrix A and let E be
the matrix corresponding to e. It follows that A’ = EA. Additionally, performing e on matrix AB gives
E(AB) = (FA)B = A'B.

Suppose e = S(i, 7). By Theorem 24.1, it follows that det(A’) = — det(A) and det(A’'B) = — det(AB). In this

scenario, note that proving det(A’B) = det(A’) det(B) will directly imply det(AB) = det(A) det(B). Similarly,
it can be seen for the other two elementary row operations that proving det(A’B) = det(A’) det(B) is sufficient.
Thus, we can continue performing elementary row operations on A until we obtain a row-reduced echelon form

R. By the same logic as above, it is sufficient to show that det(RB) = det(R) det(B). If R has a row of zeros,
then it can be seen by Theorem 24.1 or the formula for determinant that det(R) = 0. Additionally, RB will

40You can learn more about this here: https://en.wikipedia.org/wiki/Elementary_matrix.
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Lecture 24: Determinant (continued)

also have a row of zeros, so det(RB) = det(R) det(B) = 0. If R does not have a row of zeros, then because R is
square, it must take the form

Since det(I) =1,
det(RB) = det(IB) = det(B) = det(I) det(B) = det(R) det(B),

as desired. O

We are now ready to prove our desired theorem.

Theorem 24.3
Suppose T' € L(V'). Then, Det(T) = det(M(T)).

Proof. Choose a basis vy, ..., v, of V such that M(T, (v1,...,v,)) is upper-triangular. Let A = M(T, (v1,...,v,))
and let the diagonal elements of A be ay,...,a, :

aq *

0 an

The eigenvalues of T' are the diagonal elements, so det(T') = a; - - - a,,. Furthermore, it can be seen that if o does
not map every element to itself, then at least one of Ay ;(1),..., Ay o(n) must be below the diagonal and thus
equal to 0. Therefore,

det(A) = Z Sign(U)Al,o‘(l) o An,g(n)

o€perm(n)
— 1A A
=aj---ay

, so Det(T") = det(A). Now, let uq,...,u, be an arbitrary basis of V and let B = M(T, (u1,...,un)). Let S be
the change of basis matrix, so B = S!AS. Then,

det(B) = det(S™1AS)
= det(S™1) det(A) det(S)
= (det(S™1) det(S)) det(A)
= det(S719) det(A)
= det(A),
where the second and fourth equalities follow from Proposition 24.2. Therefore, Det(T) = det(M(T')) under
any basis of V. O

From now on, we will use det as notation for the determinant of both operators and matrices.

24.3 Finding Eigenvalues and Eigenvectors

The next result will relate the determinant and the characteristic polynomial.

Proposition 24.4
Suppose T' € L(V'). Then, the characteristic polynomial of T equals pr(x) = det(z — T).

Proof. Choose a basis of V' such that M(T) is upper-triangular. Then, the diagonal entries of M(T') are the
eigenvalues A1, ..., A,. It follows that M(aI — T') has diagonal entries © — A1, ...,z — A,. Therefore,

det(M(zI = T)) = (x— A1) (= \pn),
as desired. O
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Lecture 24: Determinant (continued)

The above result finally gives us a way to compute eigenvalues of T. Let A = M(T') under any basis. Then,
det(xI — A) gives a monic polynomial of degree n. Solving for the roots (with multiplicity) of this polynomial
gives the eigenvalues of T.

Example 24.5
Suppose V is a two-dimensional vector space and T" € L(V'). Then, we know that the characteristic
polynomial of T is

prz) = (@ —-XM)(x =) =22 — (A1 + X)) + M =22 — (tr Tz + det T,
Let M(T)=A= (Z Z) . Then, trT =tr A =a+d and det T = det A = ad — be, so

pr(z) =2° - (a+ d)z + (ad - be),

which is a formula we have used before to compute the eigenvalues of a 2 X2 matrix.

Now, we will discuss how to compute eigenvectors.

Example 24.6
Suppose T' € L(V) and A = M(T) is the upper-triangular matrix

1 11
A=10 2 1
0 0 3

Because A is upper-triangular, the eigenvalues are 1,2, 3. Now, we will explore some examples of finding
eigenvalues and eigenvectors.

1. For A =1, it is clear that e; is an eigenvector.

2. For A = 2, an eigenvector must be in Null(4 — 27). We can compute

-1 1 1
A-2I=|0 0 1
0 0 1
Performing Gaussian elimination on this matrix gives
1 -1 0
0 0 1
0 0 O
1
From this matrix, it is clear that Null(A — 27) is spanned by | 1
0

3. For A = 3, we can follow the same process as for A\ = 2. In general, you can follow the same process
as above for any matrix/eigenvalue.
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Lecture 24: Determinant (continued)

Example 24.7
Suppose T' € L(V) and A = M(T) is the block-diagonal matrix

o O O

=1l
0

b

I
o o|lw o~
o ok © ®
o olot o
N wo oo

Note that the upper-left block is relatively complicated and would require more computation to compute
eigenvalues. However, U = span(eq, es, e3) is a T-invariant subspace. Then, by Lemma 12.13, —1 and 2 are
eigenvalues of T because they are eigenvalues of the lower-right block of A.

Example 24.8
Suppose T' € L(V) and A = M(T) is the block upper-triangular matrix

We wish to find all Jordan blocks with diagonal entry equal to 2 (after expressing A in Jordan form). Since
A only has two 2’s on the diagonal, there are either two 1x1 Jordan blocks or one 2x2 Jordan block with
2 on the diagonal.

To determine this, we compare E(2,T) and G(2,T). If E(2,T) = G(2,T), then there are two 1x1 Jordan
blocks. If E(2,T) # G(2,T), then there is one 2x2 Jordan blocks. This simply requires computing
dim E(2,T), which can be done using Gaussian elimination.
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