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Monday, Week 1: Solving systems of linear equations

First goal: solve systems of linear equations using Gaussian elimination.
Note: In all of the examples today, we will work over the real numbers.

Example 1. Solve the following system of two linear equations:
3r + 2y =95
2v — y=1.

SOLUTION: We find a solution by eliminating variables. To get rid of y, multiply the
second equation through by 2 (which does not change the set of solutions), and add
the equations:

3r+2y =95
dr —2y =2 = z=1
Tx =7

Now substitute £ = 1 back into either of the equations, and solve for y:
r=1land 3z+2y=5 = y=1.

So there is a unique solution: r =y = 1. 0

Here is the geometric picture:

20 —y =1

.. solution: (1,1)

3z +2y=>5
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Remark. Note that the line given by 32+ 2y = 5 is perpendicular to the vector (3, 2)
and the line given by 2z—y = 1 is perpendicular to (2, —1). Do you see the relationship
between these vectors and the coefficients of the equations? We will get back to this
latter in the course.

Example 2. System:
—9r -3y =6
v+ y= -2

Since the first equation is a scalar multiple of the second, they have the same solution
set. In this case, the solution set is infinite:

{(2,y) :y = =30 —2}.

Geometry:

v +y=-2
(or =9z — 3y = 6)

Example 3. System:
—9r -3y =6
3r+ y=—1.

Dividing through by —3, we see that the set of solutions to the first equation is the
same as the set of solutions to the equation

3r+y=—-2

It is clear, though, that if (z,y) satisfies 3x +y = —2, it cannot also satisfy the
second equation in the system, 3z +y = 1. So the two equations in the system are
incompatible, and the solution set is empty.

The lines defined by the two equations are parallel:
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3v+y=-2 %

Example 4. System:
r+2y+ z2=0

T + z=4
r+ y+2z=1

We will use this example to illustrate the general method (called Gaussian elimina-
tion.

General idea: replace the set of equations with an equivalent set of equations (i.e.,
having the same solutions set) but from which the set of solutions is evident. We find
equivalent sets of equations by using the following:

Row operations.

(a) multiply an equation by a nonzero scalar
(b) swap two equations

(c¢) add a multiple of one equation to another.

The reader should stop now and convince themselves that the solution set is invariant
under these operations.

The good news is that these operations are all we need to solve any system of linear
equations. We will illustrate with the system of three equations displayed above. We
first introduce a convenient way of notating our system:

r+2y+ 2=0 1
x + z2=4 ~ 1
r+ y+2z=1. 1

= O N

1
1
2

— = O

The matrix on the right is called the augmented matriz for our system of linear
equations. At any point in the following string of calculations, one could convert
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back from an augmented matrix to its corresponding system of linear equations, and
that system would be equivalent to our orignal system.

In the following calculation, r; denotes the i-th row of the augmented matrix, and we
introducing some notation for describing the row operations leading from one matrix
to the next.

12110 12 1o\ 1 /1 2 1] 0
10 1/4 |22 0 -2 0]4 2 0 1 0|—2 | lxzretre
1121/ ™™™ Lo -1 1|1 0 -1 1| 1
12 1] 0 10 1] 4 100 5
01 0|—2 | =2t g1 of—2 |22t [ g1 0f=2
00 1[-1 00 1|1 00 1|1

The last augmented matrix is in reduced echelon form. We will define this term
carefully later. Translate the lasted augmented matrix back into a system of equations
to get a system that is equivalent to the original system, but from which the set of
solutions is evident:

r= b
-2
z=—1.

So there is a unique solution in this case. Now for the most important step: check
your solution works for the original system:

5+2(—2) + (1)
5 + (1)
54 (=2)+2(-1)

0
4
1.

That works. (We will suppress checking solutions throughout the result of this lecture,
but in practice, you should always check your solutions.)

Example 5. The following system is a slight modification of the previous one:

r+2y+2=0
x +2z2=4
r+ y+z=1.
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Converting to the corresponding augmented matrix and performing a sequence of row
operations similar to those in the previous example gives

1 0 1|4
~s 01 0f-2
000

1
1
1 —1

— O N

1
1
1

— o~ O

Converting back to equations gives the equivalent system:

r+z=4
y=-2
0=-1

which clearly has no solutions. Thus, our original system has no solutions.

Example 6. System:

rT+2y+2=0
x +z=4
T+ y+z=2.

Converting to the corresponding augmented matrix and performing a sequence of row
operations similar to those in the previous example gives

12 1|0 10 1] 4
1 0 14 ~ 01 0|-2
11 12 00 0] 0
Equivalent system:
r+z=4
y=-2
0=0

We now get an infinite set of solutions:
{(z,y,2):x+z=4and y = =2} = {(z,—2,4 —x) : z € R}.

This is a line in 3-space.
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Figure 1.1: The line {(z,—2,4 — x) : x € R}.



Wednesday, Week 1: Reduced row echelon form

Goals for today:

e Discuss the computation of the reduced row echelon form of a system (or ma-
trix).

e [f there is an infinite number of solutions to a system, know how to describe
the solution set in two ways (which we will call “parametric form” and “vector
form”).

e Vocabulary: reduced row echelon form, pivot variables (or pivot columns or
pivot entries), free variables.

Procedure:

(a) Convert the linear system into an augmented matrix.

(b) Compute the reduced row echelon form of the matrix.

(c) Convert the reduced matrix back into a system of equations.

(d) Solve for the pivot variables.

(e) Express your solution in one of two forms, as described in the examples below.

Echelon forms See our text for the precise definitions of echelon form (Chap-
ter I, Definition 1.10) and reduced row echelon form (Chapter III, Definition 1.3).
The general structure of a matrix in row echelon form is:

* = nonzero piwot entry

zeros below “staircase”

The general structure of a matrix in reduced row echelon form is:

10
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pivot entries = 1

zeros below “staircase”
and above pivot entries

Example 1. Find the solutions to the following linear system over the real numbers:
2ZL’3 + 6?1)4 =0
T1+ 2z + x3+ 374 =1
2£B1 + 4[EQ + 3{E3 + 9$4 + x5 = 5.

Solution: The associated augmented matrix is

0026 0[]0
1213 0]1
2 439 1|5

We now use row operations to compute the reduced row echelon form of this matrix:

1213012220026 00|z
2439 1|5 2439 1|5
1213 0|1 1 1 2130]1

T2 T2 ri—r1—Tra
0026 00 0013 0|0 |z
0013 1|3 0013 1|3) ™

1200 0]1
001300
000013

The final matrix is the reduced row echelon form of the original matrix. (See our text
for the precise definition.) The first, third, and fifth column are the pivot columns,
and the leading 1s in these column are called pivots.

The system of linear equations represented by the reduced echelon form has the same
set of solutions as the original system and is in a much simpler form:
r| + 2.172 =1
T3 + 31‘4 =0

{135:3.
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The variables corresponding to the pivots—in this case, x1, x3, and xs—are called
the pivot variables. The others—in this case, x5 and x4—are the free variables. The
free variables can take on any values, and once we assign values to the free variables,
they determine the values of the pivot variables. (Since we have two free variables,
the solution set is two-dimensional in a sense that will be precisely defined later in
the course.) The solution set is

{(xl,xQ,xg,x4,x5) ER®: x4+ 209 =1,25+ 324 =0, 25 = 3} )

Solving for the pivot variables, we have
I = 1-— 21‘2
T3 = —314
Iy = 3.

You should know how to express this solution in the following two ways. The first
involves writing the pivot variables in terms of the free variables:

{(1 = 229,29, =31y, x4,3) : k2,24 € R} .

We will call this the parametric version of the solution set. The second way of writing
the solution set we will call the vector version. It looks like this:

1 -2 0
0 1 0
0 | +a 0O | +x4] -3 txo,x4 €ER
0 0 1
3 0 0

Here we are using column vectors, and for instance,

-2 —2£L‘2
1 T2
) 0 = 0
0 0
0 0

and we can add column vectors component-wise. Therefore,

1 -2 0 1—2z9
0 1 0 T

0 | +a 0O | +x4] =3 = —3x4
0 0 1 X4

3 0 0 3
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Example 2. Suppose the reduced row echelon form for an augmented matrix has
the form

0101 201 7
0014 —-10 3|-2
6ooo0oo0 011 3

0000 O0O0O0O O
Write the solution set in parametric and vector form.
Solution: The first step is to convert the augmented matrix as a system of equations:
To + T4+2x5 + x7=7
1‘3+4I4— Ty +3$7:—2

Tg + IE7:3.

(The last row corresponds to the equation 0 = 0, which we can discard.) The pivot
variables are x5, r3, and xg. The rest are free variables. Solving for the pivot variables:

ZL‘2:7—£C4—25L‘5—I7
$3:—2—4ZL’4+$5—3$7

$6:3—IE7.

The parametric form for the solutions is

{(z1, T— x4y — 2205 — 27, =2 —day + x5 — w7, T4, T5, 3 — Ty, T7) : Ty, T5,27 € R},

(2.1)
and the vector form is
( 0 0 0 0 )
7 -1 -2 -1
-2 —4 1 -3
0 | +x4 1 | +ux5 0 | +a7 0 i x4, x5, 07 € R
0 0 1 0
3 0 0 -1
\ 0 0 0 1 )

Important: Note how these two forms of the solutions are related. For instance,
looking at just the constant terms in (2.1) gives the first column vector displayed
above. Looking at just the coefficients of x4 gives the second column vector, and so
on. We get one column for the constants and one column for each of the free variables.
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The next example illustrates how linear algebra can be used to say something about
non-linear objects.

Example 3. Find all parabolas f(z) = ax?+ bx + ¢ passing through the points (1, 4)
and (3,6) (determine a, b, and c).

Solution: To pass through (1,4), we need f(1) =4, i.e.,
4=a-1>+b-1+c=a+b+c,
and to pass through (3,6), we need f(3) =6, i.e.,
6=a-3"+b-3+c=9a+3b+ec.
So we need to solve the system

a+ b+c=1
9a 4+ 3b+c = 6.

Apply our algorithm:

1 1 1 4 ro—ro—9r] 1 1 1 4 T2H7%T2
9 3 1|6 0 -6 —8|-30

11 1[4 ron-m (10 —1/3]-1
0 1 4/3]5 Lo 43 5)

The corresponding system is

—_

The solution set is

1 1/3
5 | +c| —4/3 | :ceR
0 1

In this way, the set of parabolas passing through the two given points is parametrized
by a line in 3-space. For each ¢, we get a corresponding parabola—the graph of the
function

fl@)=(-1+ic)2*+ (5b—4c)z+c
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Here is a check that all of these parabolas pass through (1,4) and (3, 6):

f)y=(-14+43c)+ (5—3¢) +c=4
fB3)=(-1+34¢)3+ (5—3¢)3+c=6.

Here are graphs of a few of these (¢ = —1,0,1,2,3,4,5):

s

15



Friday, Week 1: Introduction to R

We will start the study of abstract vector spaces in the next class. Today, we will
introduce a particular vector space, R", and informally discuss some of its subspaces
(lines, planes, etc.)

Definition. Real n-space is the set

R":=Rx---xR:={(x1,...,2,) 0 €Rfori=1,...,n}.
—_———

n-factors

with two operations: addition +: RxR — R and scalar multiplication -: RxR™ — R™
defined, respectively, as follows:

(xla"-vxn)+<yla"'7yn) = (x1+y17"'7xn+yn)7

and
Az, .oymy) = (A, .., Ay)

for all (z1,...,2,), (y1,-..,yn) € R" and A € R.
Example 1. In R*,

(4,0,—-2,1) 4+ (3,1,2,—4) = (7,1,0,-3)

and
2(0,3,3,7) = (0,6,6,14).
We will often think of points in (z1,...,2,) € R" as column vectors or column
matrices:
1
In
Example 2.
1 3 —1
21 2 | - 0| = 4
4 —4 12
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There are two standard ways to interpret an element p € R™: either as point in
space or as a vector (thought of as an arrow or direction') For instance, we can think
of (1,2) € R? as point:

or as an arrow /direction:

Geometrically, addition of vectors is given by the “parallelogram rule” and scalar
multiplication amounts to scaling the length of a vector but not its directions (except
that scaling by a negative number reverses direction):

—2u

I The word “vector” will soon have a technical definition: an element of a vector space.
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Definition (line in R™). Let p,v € R™, with v # (0,...,0). Then

{p+I:XeR}

is the line in R™ wn the direction of v and passing through the point p.

Remarks.

(a)

In the above definition, the set of all scalar multiples of v, i.e., {Av : A € R},
gives a line through the origin in the direction of v. We then translate that
line through the origin by p. In that translation, the origin is translated to the
point p (and, thus, the resulting line contains the point p).

We say the function

R — R"
t—p+tu

is a parametrization of the line passing through p in the direction of v. Its image
is the line, itself. We could use A or any symbol here instead of ¢, of course.
We are using ¢ to connote time. We think of the parametrization as giving the
position at each time ¢ of a point traveling along the line.)

Exercise. Try to show that if ¢ is any point on the line {p + \v : A € R} and
w is any nonzero scalar multiple of v, then

{g+ w:AeR}={p+Iv:)eR}

So the same line may be described in many different ways. (This is not hard to
do: start with an arbitrary element of the set on the left-hand side, and then
show that is contained in the set on the right-hand side.)

Example 3. Give a parametrization of the line through the points (1,2,0) and
(0,1,1) in R3.

Solution. For the direction, we may choose v = (0,1,1) — (1,2,0) = (—1,—1,1). (We
think of v as the vector with head (0,1, 1) and tail (1,2,0)). We then pick any point
on the line, say p = (1,2,0). Then our line has the parametrization

tsp+tv=(1,2,0)+1((0,1,1) = (1,2,0)) = (1,2,0) + t(—1, —1,1).

Setting ¢ equal to 0 and 1, respectively, shows that this line really does pass throught
the points (1,2,0) and (0, 1,1). Here is an alternative way to write this parametriza-

tion:

t— (1—t2—1t,1).
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Example 4. A line in R? can always be expressed as the solution set to a single
linear equation. For example, consider the line

L:=1{(3,2) + \(1,5): A € R}.
A point (z,y) lies on this line L if and only if
(z,y) = (3,2) + A(1,5) = (3+ X, 2+ 5X)
for some A € R. It follows that
(v,y) e L<= =3+ and y=2+5A\ for some A

1
< r—-3=)\ and 5(y—2):)\forsome)\

1
<:>x—3:g(y—2)

<~ br—15=(y —2)
= dr —y = 13.

So the line L is the set of solutions to 5z —y = 13.

Example 5. A line in R? is always the solution set to a system of two linear
equations. For example, consider the line through the points (1,0,2) and (3,1, —1),
parametrized by

t (1,0,2) +((3,1,-1) — (1,0,2)) = (1,0,2) + £(2, 1, —3).

We would like to find a system of two linear equations whose solution set is this line.
A linear equation in R?® has the form

ar + by + cz =d.

We would like to find a, b, ¢, d so that the solution set for this equation contains the
points (1,0,2) and (3,1,—1). It turns out that this will force the whole line to be
contained in the solution set. To contain these points, we need

a +2c=d
3a+b— c=d.

To solve this system, we first put it in reduced row echelon form by substracting 3
times the first equation from the second to get

a +2c=d
b—"Tc=—-2d.
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Solve for the pivot variables:
a =—2c+d

b="Tc—2d.
To find two independent solutions?, we first set (¢, d) = (1,0), in which case
a=—-2,b=T7c=1and d=0.
We stick these values into ax + by 4+ cz = d to get our first linear equation
—2x+Ty+2=0.
Next we set (¢,d) = (0,1) to get
a=1,b=-2c=0andd=1
with corresponding linear equation
r—2y=1.
In sum, our line is the solution set to the system

—2r+Ty+2=0
T — 2y =1.

The reader should check that our original points, (1,0,2) and (3,1,—1) are both
solutions to this system.

Definition (plane in R"). Let p,v,w € R". Suppose that v and w are nonzero and
that neither is a scalar multiple of the other. Then

{p+ v+ pw: (\p) €R?}
is the plane in R™ containing p and with directions® v and w.
The plane in the above definition has the parametrization
R*> — R"
(5,t) = p+ sv+tw.

Example 6. Find the plane P through the points (0,2, —1), (4,2,1), and (1,0, 1).
Describe both parametrically and as the solution set to a single linear equation.

2The precise meaning of independence is left for later.
3The word “directions” here is not quite standard but will do for now
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Solution. To find the directions, we fix any of the three points, say (4,2, 1), and we
consider the two arrows having this point as their tail and (0,2, —1) and (1,0, 1) as
their heads:

=(=4,0,-2)
(=3 )

Geometrically, we have the following picture for these directions:

= ((0,2,-1) — (421))
=((1,0,1) = (4,2,1)) =

(0,2,—1)

v (1,0,1)

(4,2,1)

So a parametric description of the line is
{(4,2,1) + A\(—4,0,2) + u(=3,-2,0) : A\, u € R}.

or
{(4—=4X=3p,2 = 2,1 +2X) : \,u € R}

As an aside: this parametric description is great for drawing the plane using a com-
puter. For instance, the Sage code for plotting this plane could be:

s,t = var("s,t")
parametric_plot3d((4-4*s-3*t,2-2%t,1+2xs),(s,-1,1),(t,-1,1))

We would now like to describe the plane P as the solution set of a single linear
equation. That equation will have the form

ar +by+cz=d

for some a,b,c,d € R. Our job is to find a,b,c,d. (Scaling an equation does not
change its solution set, so our solution will only be unique up to such scaling.) For P
to contain (0,2, —1), (4,2,1), and (1,0, 1), we need
2b—c=d
da+2b+c=d
a +c=d.
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Reducing to row echelon form and solving for pivot variables, we find

a=—d
3

b=—-d
2

c=2d.

We are free to choose any nonzero value for d (again: our solution is only unique up
to scaling). We choose d = 2 (to get rid of the denominator of 2). Therefore, the
plane P is the solution set to the equation

—2r + 3y +4z = 2.
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Let F be a field, e.g., Q, R, C, Z/2Z (but not Z).

Definition. A wvector space over F' is a set V with two operations

vector addition: +:VxV =V
(v,w) —v+w

scalar multiplication: L FxV sV

(a,v) = av

such that the following hold for all x,y,z € V and a,b € F:

(a) z+y =y + x (commutativity of addition).

(b) (x+y)+ 2z = (z+y) + z (associativity of addition).

¢) There exists 0 € V such that 0 +w = w for all w € V.

e) For 1 € F', we have 1 -z = x.

f) (ab)xr = a(bx) (associativity of scalar multiplication).

)
)
()
(d) There exists —z € V such that x + (—z) = 0.
(e)
(f)
g) a(r +y) = ax + ay (distributivity).
)

(

(h) (a+b)x = ax + bx (distributivity).

Remark. Rules 1-4 provide the additive structure and say that under addition V'
forms an abelian group. Rules 5-8 deal with the second operation, scalar multiplica-

tion. Together, they provide a linear structure for the set V.

23
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Exercise. Let v be an element of a vector space. Prove that (—1)v = —v.
Example. Let " = F' x --- x F ={(ay,...,a,) :a; € F fori=1,...,n} with the
~—_——
n times
operations

(a1,...,an)+ (b1, ..., by) := (a1 + b1,...,a, +by,)

clay, ... ay) = (cay,...,cap)
for all (ay,...,a,),(b1,...,b,) € F" and ¢ € F. Then F" is a vector space.

Special cases:

(a) F =R and n = 2. This gives R? with its usual linear structure. Addition is
given by the “parallelogram rule” and scalar multiplication scales length:

Here are examples of the vector space axioms in the special case V = R
1. commutativity of +:

(6,3) +(—2,4) = (4,7) = (—2,4) + (6, 3);
2. associativity of +:

((6,3) +(=2,4)) +(0,2) =

3. zero vector:

(0’ O) + (67 3) = (67 3);

4. additive inverses:

(67 3) + (_67 _3) = (07 0);

5. scaling by 1:
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6. associativity of scalar multiplication:
(3-2)(6,3) = 6(6,3) = (36, 18) = 3(12,6) = 3(2(6,3))
7. distributivity:

and
3(6,3) +3(—2,4) = (18,9) + (—6,12) = (12, 21);

8. distributivity:
(3+2)(6,3) =5(6,3) = (30, 15)

and
3(6,3) +2(6,3) = (18,9) + (12,6) = (30, 15).

(b) F =17/3Z and n = 4. For example, (0,1,0,0),(1,1,0,2) € (Z/3Z)*, and
(0,1,0,0) +2(1,1,0,2) = (0,1,0,0) + (2,2,0,1) = (2,0,0, 1).
(c¢) The field F is a vector space over itself (this is the case of F"™ with n = 1).
More examples of vector spaces.

(i) The field C is a vector space over R. For all a,b,c,d,t € R, we have

(a+bi)+ (c+di)=(a+c)+ (b+d)i
t(a + bi) = ta + (tb)i.

(ii) The field R is a vector space over Q.

(iii) The set of m x n matrices with entries in F:

air ... Q1n
men = D Qg € F for all Z,]
Am1 .- Qmp
has a standard vector space structure. Given A € M,,.,, denote the entry in

its i-the row and j-th column by A;;. Define the vector space operations on
M, «n as follows:

scalar multiplication: (cA);; := cA;; for all A € M,,y,, and c € F.
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For example, let F'=Q, m =2, and n = 3. We have
5 103+502—1_2101
-1 2 0 10 4 ~\3 4 20 )
Calling this last matrix A, we have A, =2, A; 5 =10,..., Ay 3 = 20.

(iv) (Important.) If S is any set, let F*° be the set of functions f: S — F. This
function space is naturally an F-vector space (i.e., a vector space with scalar
field F) with the following operations: for f,g € F° and t € F define f + ¢
and tf by

addition: (f+9)(s) = f(s)+g(s)

scalar multiplication: (tf)(s) :==t(f(s)).

Special cases:

e If S = {1,...,n}, then F¥ is essentially F™. For example, we can think
of (3,2) € R as the function

f: {2} —=>R
1—3
2= 2.
In general, (ai,...,a,) € F™ can be thought of as the function
f+{1...,n}=>F
1 — a;.

e Similarly, if S = {(i,j):i=1,...,mand j=1,...,n}, then F¥ may
be identified with M,,,, with f € F° corresponding to the matrix A
where A;; = f(i,7).

o If S={1,2,3,...}, then F° is the vector space of infinite sequences in F.
For example, the sequence 1,1/2,1/4,1/8,... in Q can be identified with
the function f: S — Q defined by f(i) = 1/2".

Definition. A subset W C V of a vector space V is a subspace of V is it is a vector
space with the operations of addition and scalar multiplication inherited from V.

We will talk about subspaces in the next class.
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Note: Unless otherwise stated, from now on V' will denote a vector space over a
field F.

The over-arching goal of the next several classes is to define the notions of dimension
and isomorphism and show that every finite-dimensional vector space over F' is iso-
morphic to the vector space of d-tuples, F¢, where d is the dimension. Today’s class
lays some of the groundwork for reaching that goal.

Definition. Let S be a nonempty subset of V. Then v € V is a linear combination
of vectors in S if there exist uy,...,u, € S and ay,...,a, € F (for some n) such that

n
V= g AQ;U; = AU + -+ + ApUy.
i=1

Example. Let S = {(3,2),(2,—1)} C R. Is (—1,4) a linear combination of vectors
in S7 In other words, do there exist a,b € R such that

a(3,2) +b(2,—1) = (—1,4)?

Since a(3,2) +b(2, —1) = (3a+2b,2a — b), the above requirement is equivalent to the
existence of a,b € R such that
3a+2b0= -1

2a — b =4,

a system of linear equations! Apply our algorithm to look for solutions:

3 2 _1 r1T—r1—"r2 1 3 _5 7"2—}'/’2—27‘1 1 3 _5 TQH_%TZ
2 —-1| 4 2 —-1| 4 0 —7| 14

1 3 _5 r1—7r1—37r2 ]. O 1
0 1|-2 0 1(-2 )"

27
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Thus, a = 1 and b = —2. Check:
1-(3,2) —2(2,-1)=(-1,4). vV
So (—1,4) is a linear combination of the two given vectors. (If it were not, we would

have had an inconsistent system, i.e., a system with no solutions.)

Definition. Let S be a nonempty subset of V. The span of S, denoted Span(S), is
the set of all linear combinations of elements of S. By convention Span () := {0}, and
we say that 0 is the empty linear combination.

Example. In R?,
Span{(1,1)} = {(a,a) : a € R}.
In R3,
Span {(1,0,0),(0,1,0)} = {a(1,0,0) + b(0,1,0) : a,b € R} = {(a,b,0) : a,b € R}.
Note that the same set can be spanned by different sets of vectors, for instance,

Span {(1,0,0),(0,1,0)} = Span{(1,0,0),(0,2,0)}
= Span {(1,0,0), (0,1,0), (2,3,0)} .

A point in R? is in any of these sets if and only if its third component is 0.

Definition. A subset W C V is a subspace of V if W is a vector space itself with
the operations of addition and scalar multiplication inherited from V.

Proposition. W C V is a subspace of V' if and only if

(a) 0e W

(b) W is closed under addition (z,y € W =z +y € W)

(c) W is closed under scalar multiplication (¢ € F and w € W = cw € W).

Proof. Exercise. Part 1 is there to ensure that W is nonempty. (Note that Part
2 and Part 3 are vacuously true for the empty set, and yet the empty set is not a
subspace because of Part 1.) O

Examples.
(a) W =1{(a,0) : a € R} is a subspace of R2.

Proof. Letting a = 0, we see (0,0) € W. If (a,0),(b,0) € W, then (a,0) +
(b,0) = (a+b,0) € W. If ¢c € R and (a,0) € W, then ¢(a,0) = (ca,0) € W.
Thus, W is a subspace of R2. O
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(b) Let

V={f:R—R: fis continuous},
W ={f:R—=R: fis differentiable} .
Both V and W are subspaces of the vector space R¥ of functions from R to R

(recall our earlier notation F'® for functions from a set S to a field F'), and W is
a subspace of V.

(c) Let W = {(a,b) € R? : ab=0}. So W is the union of the two coordinate axes
in R%2. Each of these coordinate axes is a subspace of R? but W is not. For
instance, (1,0),(0,1) € W, but (1,0) + (0,1) = (1,1) ¢ W. So W is not closed
under addition.

(d) {0} and V are always subspaces of V. The empty set (} is not a subspace (since
it does not contain 0).

Proposition. If W, and W, are subspaces of V', so is Wy N W.

Proof. Since W; and W, are subspaces, we have 0 € W, for ¢+ = 1,2. Hence,
0 e WinNnWs. If u,v € Wy N Ws, then u,v € W; for ¢« = 1,2. Hence, u+v € W, for
1 = 1,2. Similarly, for each A € F,

u € WiNWs = weW and u e Wy
=  Auec W, and Au € Wy
= AuGWlﬁWQ

Proposition. Let S be a subset of V. Then:

(a) Span(S) is a subspace of V.
(b) If W C V is a subspace and S C W, then Span(S) C W. (In other words: a sub-
space is closed under the process of taking linear combinations of its elements.)

(c) Every subspace of V' is the span of some subset of V.

Proof. 1. If S = (), then Span(S) = {0}, which is a subspace of V. Otherwise, we will
show 0 € Span(S) and Span(S) is closed under addition and scalar multiplication.
Since S # (), there exists some v € S. Then 0 - u is a linear combination of elements



Week 2, Friday 30

in S, and 0-u = 0 (the first 0 in this equation is in F, and the second is in V).
Hence, 0 € Span(S). Now let x,y € Span(.S) so that

T =a1U; + -+ Uy,
y=0bvy+- +byv,

for some a;,b; € F and u;,v; € S. Then
Ty =au;+ -+ aply, + bivy + - -+ + byv, € Span(S)
and for each \ € F,

Az = Najug + -+ + amt) = (Aag)ug + - -+ + (M) Uy € Span(.S).

2. Take x € Span(S). Then = = aju; + -+ + apu, for some a; € F and u; € S.
Since S C W, we have u; € W for all 7, and since W is a subspace, it is closed under
vector addition and scalar multiplication. Therefore, x € W.

3. Span(W) = W. O
Definition. A subset S C V' generates a subspace W if Span(S) = W.

Examples.

(a) {1,z,2%, ..., } generates P(F), the vector space of polynomials in one variable
over . More commonly, this vector space is denoted F[x].

(b) {(1,0),(0,1)} generates R So do {(1,0),(0,1),(3,—2)} and {(1,1),(0,1)}.

(¢) The i-the standard basis vector for F™ is e; := (0,...,0,1,0,...,0), the vector
whose only nonzero entry is in the i-th component. We have that {e,...,e,}
generates F™.
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In today’s lecture, we start by proving a simple (but useful) results about spanning
sets. We then present several examples of subspaces and spanning sets.
Recall the definitions presented last time:

Definition. Let S be a nonempty subset of V. Then v € V is a linear combination
of vectors in S if there exist uq,...,u, € S and ay,...,a, € F (for some n) such that

n
V= E aQ;U; = QUL + *++ + AQplUy,.
i=1

Definition. Let S be a nonempty subset of V. The span of S, denoted Span(S), is
the set of all linear combinations of elements of S. By convention Span () := {0}, and
we say that 0 is the empty linear combination.

Lemma. Let V be a vector space over F', let S C V, and let v € V. Then
Span (S U{v}) = Span(S) < v € Span(9).

Proof. (=) If Span (S U {v}) = Span(S), then since v € Span (S U {v}), it follows
that v € Span(S).

(<) Suppose that v € Span(S). We wish to show that Span (S U {v}) = Span(S).
Suppose that w € Span(S U {v}). Then we can write

W= a8, + -+ asy + bv

for some si,...,s; € S and some ay,...,a5,b € F. We are given that v € Span(S).
Hence,
U:Cﬂfl—F"'—i‘Cﬂfg

for some ti,...,t, € S and some c¢y,...,¢, € F. Substituting into the previous
equation, we see

'LU:CL181+"'+ak8k+b(61t1+"‘+Cgtg)

31
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=a181 + -+ + agsy + beyty + - - -+ begty
€ Span(S).

We have shown that Span (S U{v}) C Span(S). The opposite inclusion also holds
since one is easily sees that

S C SU{v} = Span(S) C Span(S U {v}).

We now move on to examples of subspaces and spanning sets.

Example. Recall from the reading that Py(F’) is the vector space of polynomials of
degree at most k with coefficients in F'. Another, more standard, notation for this
vector space is F[z]<;. We have that

Pu(F) = Flx]<y = Span{1, x,...,2"}.

Now let
S = {z*+ 3z — 2,22 + 5z — 3} C R[z]<s.

Is —2? — 4z + 4 € Span(S)?
Solution. We are looking for a,b € R such that
—2? —dx + 4 = a(2® + 3z — 2) + b(22* + 51 — 3),
in other words, such that
—2? — 4z + 4 = (a + 2b)2* + (3a + 5b)x + (—2a — 3b).

So we need to see if the following system of linear equations has a solution:

a+2b=-1
3a+5b=—4
—2a — 3b = 4.

Applying Gaussian elimination, we find

1 2|-1 1 0]0
3 5|4 ~ 0 10
-2 =3| 4 0 01

We see that the system is inconsistent, i.e., it has no solutions. So —x? — 4x + 4 ¢

Span(.5).
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Definition. Let S be any set, and consider the function space F* := {f: S — F}.
For each s € S, define the characteristic function x, € F*° for s by

Xs: S = F
1 ift=s
t—
0 otherwise.

Example. Let S = {1,2,3}, and consider the function f: S — R given by f(1) =
—1, f(2) = m, and f(3) = 16. Then we can write f as a linear combination of
characteristic functions:

f=—x1+mx2+ 16xs.

For instance,

f(2) = (=x1 +7x2 + 16x3)(2)
— —x1(2) + Txa(2) + 16x5(2)
=—0+7-14+16-0=m.

In this way, if S is finite, then {y, : s € S} generates F’°. On the other hand, if S is
infinite, things are more complicated. For instance, consider the case where S = N =
{0,1,2,...}. Then RY is the vector space of infinite real sequences. For instance, the
sequence 1,1/2,1/4, /8, ... is the function f € RY given by f(i) := 1/2%. If we try to
write f as a linear combination of characteristic functions, we would have

1 1 1
f:X0+§X1+ZX2+§X3+'“ ;
an infinite sum. However, by definition, the span of a set is the collection of all finite
linear combinations of elements in the set. Infinite linear combinations like those
above involve questions of convergence, and we are not concerned with those issues
at the moment.

Definition. A linear equation of the form ayz; + -+ + a,z, = 0 where a; € F is
called homogeneous.

Proposition. The solution set to a system of homogeneous linear equations in n
unknowns and with coefficients in F' is a subspace of F™.

Proof. First note that the zero vector satisfies any homogeneous linear equation. So
the solution set is nonempty. Next, let v = (uy,...,u,) and v = (vy,...,v,) be
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solutions to a system of homogeneous linear equations, and let ayx1 +-- -+ a,z, =0
be any equation in the system. Thus,

ajuy + -+ apu, =0

a1 + - - + a,v, = 0.
Now let A € F' and consider
w4 A= (ug + A, .. Uy + Avy).
The following calculation shows that u + Av is also a solution to the equation

aj(up + Avy) + -+ ap(uy, + Avy) = agug + -+ + aguy, + AMagvr + - + ayvy)
—04+A-0=0.

]

Terminology. Since the solution set to a system of homogeneous linear equations is
a subspace, we usually refer to the solution set as the solution space for the system.

Example. Writing a solution to a system of homogeneous linear equations in vector
form yields a set of generators for the solution space. For example, consider the
system
x +z2z4+w=0

20 +vy —w=~0

3r+y+=z = 0.
We solve the system by performing Gaussian elimination (intermediary steps omit-
ted):

101 110 10 1 110
210 —-11]0 ~ 01 -2 =310
311 00 00 0 010

Converting back into equations and solving for the leading (pivot) variables gives

rT=—Z—w
y =2z + 3w.

So the set of solutions (in parametric form) is

{(=z —w,2z + 3w, z,w) : z,w € R},
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or, written in vector form,

s z,w € R » = Span

_l’_
S
_ O W

The solution space is generated by two vectors.

O =N =

_ o W

35
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Definition. A set S C V is linearly dependent if there exist distinct! uy,...,u, € S,
for some n > 1, and scalars a4, ..., a,, not all zero, such that

aiuy + -+ - + ayu, = 0.
We call the above expression a non-trivial dependence relation among the u;.

Example. The empty set is not linearly dependent.

Example. If 0 € S, then S is linearly dependent. For instance, 1-0 = 0 is a
non-trivial dependence relation.

Example. Let S = {(1,-1,0),(-1,0,2),(=5,3,4)} C R%. Is S linearly dependent?
We look for ay, as, a3 € R such that

ar(1,-1,0) + as(—1,0,2) + as(—5,3,4) = (0,0,0),

i.e., such that
(CLl — a9 — 5@3, —a1 + 3@3, 2&2 + 4(13) = (0, O, 0)

So we are looking for a solution to the system of linear equations

a] — a2—5a3:()

—aq +3G3:O
2a2+4a3:().
Apply our algorithm:
1 -1 =510 1 -1 =510
—1 0 3|0 | =l -1 —2]0 | 22
0 2 410 0 2 410

INote the easily forgotten but necessary word “distinct”, here.

36
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1
r1—7r1+7r2 O
0

r3—r3—2r2

1 -1
0 1
0 2

= DN Ot
o O O
o = O
SN W
o O O

Converting back to a system of equations and solving for the pivot variables gives
ay = 3az, as = —2as,
and ag is arbitrary. Take az = 1 to get the solution a; = 3, ay = —2, and a3 = 1:
3(1,-1,0) — 2(—1,0,2) + (—5,3,4) = (0,0,0).
Therefore, these vectors are linearly dependent.

Proposition 1. Let S C V. Then S is linearly dependent if and only if there
exists v € S such that v is a linear combination of vectors in S\ {v}, i.e., if and only
if v € Span(S \ {v}).

Proof. First note that we may assume S # () since the empty set is not linearly
dependent.
(=) Suppose aju; + -+ + ayu, = 0 for distinct u; € S and a; € F, not all zero.
Without loss of generality, we may assume that a; # 0. In that case, we have

(05} as Qp,

Uy = ———U2— —U3 — * — —Up,
a1 a1 a

expressing u; as a linear combination of elements in S\ {u;}. Note the special case
where S = {0}. The result still holds in that case since {0} = Span(f)). By definition,
the empty linear combination is 0.

(<) Say v = ajuy + - - - + a,u, with distinet w; € S\ {v} and v € S. Then
aur+ - +apu, —v=>0
shows that S is linearly dependent. m

Definition. A set S C V is linearly independent if it is not linearly dependent.
This means that for all n > 1 and distinct uq,...,u, € S, if aju; + -+ + a,u, =0
for some a; € F, then a; = -+ = a, = 0. (In particular, the empty set is linearly
independent. )

Remark. We say there is a linear relation among vectors uq,...,u, if there exist
a; € F such that ajuy + - - + a,u, = 0. The linear relation is trivial if all a; = 0.
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Thus, a subset S of V' is linearly independent if every linear relation distinct elements
of S is trivial.

IMPORTANT. To prove that a set of (distinct) vectors S = {vq,..., v} is linearly
independent start by writing the following:

Suppose that
awl—l—---+&kvk:0

for some aq,...,a;, € F.

The goal is then to use some knowledge you are given about the vectors vy, ..., vx to
show that the relation is trivial, i.e., a; = 0 for all 7.

AVOID. Another way to prove that a set of vectors S = {vy,..., v} is linearly
independent is to suppose that some v; is a linear combination of the vectors in
S\ {vi} or to suppose that there is some nontrivial linear combination of elements
in S, and then show a contradiction arises. Whenever tempted to give such a proof,
check to see if the standard proof, described just above, would be clearer (as it almost
always will).

Examples.

e The set {u} is linearly independent for any nonzero u € V: if Au = 0 for
some A # 0, then scaling by 1/\ would give u = 0. But we are supposing u # 0.
(Here is a case where the indirect proof of independence seems warranted.)

e S={(1,-1,0),(—1,0,2),(0,1,1)} C R is linearly independent. To see this, we
follow the standard proof. Suppose that

a(l,—1,0) + b(—1,0,2) + ¢(0,1,1) = 0,

which means

a— b =0
—a +c=0
2b+c¢=0.

Apply our algorithm (I'll just show the result of row reduction):

1 -1 010 1 0 00
-1 0 1{0 ]~ 010]0
0 2 1|0 0 0 1[0

Thus, the only solution is a = b= c = 0.
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e Theset S={1+z,1+x+2*} C P(R) = R[z]<, is linearly independent. To
see this, suppose that
a(l+2)+b(1+x+2*) =0
for some a,b € R. It follows that
(a+0b)+ (a+b)x + bax* =0,

and, therefore, a + b = 0 (the coefficient the constant term or of the z-term)
and b = 0 (the coefficient of the z2-term). It then follows that a = b = 0.

Problem (leading to an important algorithm). Let
S =1((2,0,0),(0,1,0),(2,2,0),(0,3,1),(3,0,1)) .

Find a linearly independent subset of S and write the remaining vectors as linear
combinations of vectors in that subset.

Solution. Look for linear relations
c1(2,0,0) + ¢2(0,1,0) 4+ ¢3(2,2,0) 4+ ¢4(0,3,1) + ¢5(3,0,1) = (0,0, 0).

Convert the above relation to as system of three homogeneous linear equations in
C1, Ca, C3, C4, C5 and solve:

2020 3|0 1 010 % 0
01 230/0|~[0120 -3|0
000110 0001 110

(Note that the first matrix has the vectors in S as columns.) So the solution space is

3
(—03 5% —2c¢3 + 35,C3,—C5,C5 1 C3,C5 € R) ,

or, in parametric form

C3 1 + cs 263,C5€R

— = O WNlw
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Let T be the set of columns in our original matrix with the same indices as those
for the non-free (i.e., pivot or leading) variables in the row-reduced matrix. In other
words,

2 0 0
T = o, 1], (3
0 0 1

We claim that 7T is linearly independent. Suppose there is a linear relation (switching
to row notation for convenience):

a(2,0,0) +b(0,1,0) + ¢(0,3,1) = 0.

To show that a = b = ¢ = 0 is the only solution, we convert to a matrix and row-
reduce as usual:

200 1 00
013 |~|[0T1P0
0 01 0 01

Therefore, we must have a = b = ¢ = 0, as claimed. Important: In fact, there was
no need to do that last computation since we have already done it. To see that, go
back to our original row-reduction

2 020 3[0 1010 2|0
01230(0]~]0120 =30
00011]|0 0001 110

and only pay attention to the first, second, and fourth columns. So the verification
that T is linearly independent was secretly guaranteed by its construction.

It remains to be shown that the remaining columns (those corresponding to the free
variables), i.e., (2,2,0) and (3,0, 1), in row notation) are in the span of T. We have
found all solutions to

01(2, 0, 0) + CQ(O, 1, O) + 03(2, 2, 0) + C4(0, 3, 1) + C5(37 0, 1) = (O, O, 0) (71)

and found that c3 and c¢; are free variables. To see that (2,2, 0) is in the span of 7', find
the solution to our system for which (es3,¢5) = (1,0), then solve for (2,2,0) in (7.1).
The solution in this case is

(&1 —1
Co -2
C3 = 1
Cy 0

Cy 0
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Therefore,
—(2,0,0) —2(0,1,0) +1-(2,2,0) +0-(0,3,1)+0-(3,0,1) = (0,0,0),

and, thus,
(2,2,0) = (2,0,0) +2(0, 1,0).

Similarly, to show (3,0, 1) is in the span of T, we set (c3,c5) = (0,1). The corre-
sponding solution is

C1 — %
Cy 3
C3 = 0
Cy —1
Cr 1

Therefore,

3
—5(2,0,0) +3(0,1,0) + 0 (2,2,0) = 1-(0,3,1) + 1+ (3,0,1) = (0,0,0),

Solving for (3,0, 1) gives
3
(3,0,1) = 5(2, 0,0) — 3(0,1,0) + (0,3, 1).

We summarize the underlying important algorithm: Let S = {vy,..., v} € F™. To
find a linearly independent subset 7" of S such that Span(7’) = Span(S):

e Let M be the matrix with columns vq,. .., vg.

Compute M’, the row-reduced form of M.

Let ji, ..., jq be the indices of the pivot columns of M’ (the ones containing the
leading 1s).

Set T = {Uj17"'7vjd}'

Note: The set T is a subset of the columns of M not of M’

The elements of S\ T correspond to the free variables, and we can write these elements
as linear combinations of the elements of T" by setting each free variable in turn equal
to 1 and setting the remaining free variables equal to 0.

We end with a result of fundamental importance:

Theorem. Let S C V be linearly independent, and let v € Span(S). Then v
has a unique expression as a linear combination of elements of S. In other words,
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if v = Zle a;u; and v = Zle b;w; for some nonzero a;,b; € F and some distinct
u; € S and distinct w; € S, then up to re-indexing, we have k = ¢, u; = w;, and a; = b;
for all 7.

Proof. Say v = Y " au; and v = Y1 bu; for some a;,b; € F and u; € S. (By
letting some a; and b; equal zero, these expressions represent two arbitrary represen-
tations of v as linear combinations of elements of S, i.e., we can use the same u; and n
for both expressions.) It follows that

n

O =0V —0V= En:aiui — ibluz = Z(CLZ — bz)uz
i=1 =1

=1

Since S is linearly independent, it follows that a; — b; = 0 for all . The result
follows. u

Example. The previous result does not hold if S is linearly dependent. For instance,
consider the set S = {(1,1),(2,2)} C R. Then

1
(3,3) =(1,1)+(2,2) = 2(1,1) + 5(2, 2) =3(1,1) +0(2,2) = etc.
Exercise. Prove that the converse of the previous proposition holds: if each element

of Span S can be expressed uniquely as a linear combination of elements of S, then S
is linearly independent.
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Definition. A subset B C V is a basis if it is linearly independent and spans V.
An ordered basis is a basis whose elements have been listed as a sequence: B =

(by, by, ... ).}

Warning: Our book defines a basis to be what we are calling an ordered basis. That’s
not standard, and there are problems with that idea when talking about infinite-
dimensional vector spaces, which we will not go into here. We will, however, use the
book’s notation of “(” and “)” to denote an ordered basis. Thus, for us, the word
basis will mean “unordered basis”, and we will try to be careful to say “ordered basis”
when relevant (but will sometimes forget).

Examples.

(a) The standard ordered basis for F™ is (eq,...,e,) where the i-th standard basis
vector is ¢; = (0,...,0,1,0,...,0), the vector with i-th component 1 and all
other components 0. For instance, the standard ordered basis for F? is

((1,0,0),(0,1,0),(0,0,1)).
Here is another possible ordered basis for F™:
((1,0,0),(0,1,0),(1,1,1)).
Exercise: check that the above vectors are linearly independent and span F3.

(b) One ordered basis for the vector space Ps3(F') = F[z]|<3 of polynomials of degree
most three is
(1,7, 2%, 2°).

'Every vector space has a basis—we will prove this in the finite-dimensional case. An infinite-
dimensional vector space may not have a countable basis, i.e., one that can be indexed by the natural
numbers. There is a link to a supplemental article at our course homepage, if you would like to
know more.
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(c¢) One ordered basis for, Myy3(F'), the vector space of 2 x 3 matrices over a field F,

1S
100 010 001
M1:(000>,M2:(000),M3:(0 o>’
000 000 000
M4_(100>’M5_(010>’M6_(0 1)'

These matrices span May3(F):
a b c
(d e f>:aM1+bM2+cM3+dM4—|—eM5+fM6.

e
]

=}

o O

To see they are linearly independent, suppose the above sum is 0, i.e., the zero
matrix. Then we must havea =b=c=d=e= f =0.

Last time, we showed the following proposition:

Proposition 1 from previous lecture. Let S C V. Then S is linearly dependent if
and only if there exists v € S such that v is a linear combination of vectors in S\ {v},

i.e., if and only if v € Span(S \ {v}).
We use this result to prove the following:

Proposition 1. Any finite subset S of V' has a linearly independent subset with the
same span. In other words, if S is a finite set, then there is a subset of S that is a

basis for Span(.S).

Proof. If S is linearly independent, we are done. If not, then by Proposition 1 from
the previous lecture, there exists v € S such that v € Span(S \ {v}). It follows
that Span(S) = Span(S'\ {v}). If S\ {v} is linearly independent, we are done. If not,
repeat the above step. The process will end eventually since S is finite. We are OK
even if the process ends at the empty set since the empty set is linearly independent.
(For instance, if S = {0}, our process would end at {).) O

In the above, we create a basis for Span(S) by discarding elements of S. Another
possibility is to start at the empty set and start adding elements S that are linearly
independent of those we have so far. This follows from:

Proposition 2. If 7" C V is linearly independent and v € V' \ T, then T'U {v} is
linearly dependent if and only if v € Span(T).
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Proof. (=) Suppose that v € V'\ {v} and that T'U {v} is linearly dependent. Then
we may write
av + ajuy + - - + au, =0 (%)

for some a,aq,...,a, € F, not all zero, and distinct u; € T. We can always assume
that v appears in this expression by taking a = 0, if necessary. But, in fact, a # 0
since otherwise (x) would be a linear relation among distinct elements of T". Since T'
is linearly independent, this would mean that all the a;, = 0, in addition to a = 0.
However, we know that at least one of these scalars in nonzero.

Thus, it must be that a # 0. We can then solve for v in (x):

a; Ay,
v=——u; — - — —u, € Span(T).
a a

(<) Suppose that v € Span(7’). Then
V=aiuy + -+ auy,
for some a; € F and u; € T. Since v ¢ T, it follows that
ajuy + -+ apguy, + (1) v =0
is a nontrivial relation among elements of TU{v}. So TU{v} is linearly dependent. [J

Alternate proof of Proposition 1. We are starting with a finite set S and looking for
a subset T of S that is linearly independent and generates V' = Span(S). If S = () or
S = {0}, we take T'= () and are done. If not, there exists a nonzero element u; € S,
and we set T' = {u;}. If Span(T) = Span(S), we are done. If not, then there
exists us € S such that us & Span(T'). We then append us to T. Sonow T' = {uy, us},
and by Proposition 2, the set T" is linearly independent. If Span(7') # Span(5), repeat
to find uz € S linearly independent of u; and wus. Etc. Since S is finite, the process
eventually stops. O

Example. Let V = (Z/37)°, a vector space over Z/37Z.

How many elements are in V7 A point in V has the form (21, x9, x3), and there are 3
choices for each z;. Hence, the number of elements in V is |V| = 3% = 27.

As an exercise, check that the following is a subspace of V:
W = {($1,$2,.T3) eV iz + 29 +x3 = O}
How many elements are in W? We have,

W= {(_xQ - $37$2ax3) X9, T3 c Z/3Z} .
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As we let xo and x3 vary, we get 9 elements:
{(0,0,0),(2,1,0),(1,2,0),(2,0,1),(1,1,1),(0,2,1),(1,0,2),(0,1,2),(2,2,2)}.

Let’s try to find a linearly independent generating set for W. Start with vy := (2, 1,0).
The span of {v;} has three elements:

0-(2,1,0) = (0,0,0)

1-(2,1,0) =(2,1,0)

2.(2,1,0) = (1,2,0).
Next, note that vo = (2,0, 1) is not in Span({v; }). By Proposition 2, we see that S :=
{v1,v9} is linearly independent. We claim Span(S) = W. First, since vy,vo € W,
we see Span(S) C W. Next, by Theorem 1, every element of Span(S) has a unique

expression of the form
a1v1 + AV

where ay, as € Z/3Z. Hence, | Span(S)| = 3% = 9. Since Span(S) C W and | Span(S)| =
W1 =9, it follows that Span(S) = W.

Proposition 3. If B is a basis for V, then every element of V' can be expressed
uniquely as a linear combination of elements of B.

Proof. Since B is linearly independent, we've already seen that every element in
Span(B) can be written uniquely as a linear combination of elements of B. Since B
is a basis, Span(B) = V. O

Definition. Let B = (vy,...,v,) be an ordered basis for V. Given v € V, there are
unique aq, ..., a, € F such that

V=a1v] + -+ a,vU,.

The coordinates of v with respect to the basis B are the components of the vec-
tor (ai,...,a,) € F™. We write

[vlg = (a1,...,a,).
Examples.

(a) Let v = (z,y, z) € F3. The coordinates of v with respect to the standard ordered
basis B = (eq, eq, €3) are (x,y, z) since

(z,y,2) =x(1,0,0) +y(0,1,0) + 2(0,0,1) = xe; + yey + zes.
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Now consider B" = ((1,0,0), (1,1,0),(1,1,1)). Then the coordinates of v with
respect to B" are (x — y,y — 2, z) since

(b) Recall the ordered basis (M, ..., Mg) for Mau3(F) defined earlier. Then the
coordinates of the matrix
a b c
d e f

are (a,b,c,d, e, f) € FS.
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Recall the following from last time:

o A set B is a basis for V if it

— is linearly independent, and

— spans V.

e If B is a basis for V', each element of V' can be expressed uniquely as a linear
combination of vectors in B.

o If B=(vy,...,v,) is an ordered basis for V', then the coordinates of v € V' with
respect to B are (ay,...,a,) where

V=a1v1 + -+ a,v,.

Example. Find the coordinates of (7, —6) € R? with respect to the ordered basis
B =((5,3),(1,4)).

Solution. We need to find a,b € R such that
(7,—6) = a(5,3) + b(1,4).
Therefore, we solve the system of equations

ba+b=7
3a + 4b = —6.

Applying our algorithm yields a = 2 and b = —3. So the coordinates of (7, —6) with
respect to B are given by (2, —3). We write

[(7,=6)]s = (2,-3).

Figure 9.1 gives the geometry. The basis vectors are in blue, and the red vectors
indicate how (7,—6) is a linear combination of the basis vectors.

48
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-
-’

—3-(1,4) ¥~

Figure 9.1: The coordinates of (7, —6) with respect to the ordered basis ((5, 3), (1, 4)).

Remark. Let B = (vy,...,v,) be an ordered basis for a vector space V. Then taking
coordinates defines a bijective (why?) function

oV = F"
v [v]B.

This function has an important property: it preserves linear structure. By this, we
mean the following: let u,v € V and let A € F'| then we claim that

o(u+ M) = ¢(u) + Ap(v). (9.1)

Note that addition and scalar multiplication happens in V' on the left-hand side of this
equation, and they happen in F™ on the right-hand side. The fact that ¢ is bijective
and preserves linear structure means that as vector spaces V and F™ are “essentially
the same”. We can be more precise when we introduce linear transformations next
week. For now, let us prove that equation (9.1) holds. We express u and v in terms
of the basis:

U= a1v; + -+ ayv,
v =>bwy + -+ byv,.

It follows that
u+ Av = (a1 + Aby)vy + - -+ + (ay, + Aby, ) vy,.
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Then

d(u+ M) = [u+ Mg
= (a1 + Aby, ..., an + Aby)
= (a1,...,an) + A(b1, ..., by)
= [u]s + Alvls
= ¢(u) + Ap(v).

Definition. A vector space is finite-dimensional if it has a basis with a finite number
of elements. If a vector space is not finite-dimensional, it is infinite-dimensional.

Examples. The following vector spaces are finite-dimensional:

— F™ (has a basis with n elements)
— Pu(F) = F[z]<4 (has a basis with d + 1 elements)
— My xn (has a basis with m x n elements)
— C as a vector space over R (basis {1,i}).
The following are infinite-dimensional:
~ P(F) = Flx]
~“RE={f:R >R}
- {f: R — R: f is continuous}
— {f: R = R: f is differentiable}
— R as a vector space over Q

— C as a vector space over Q.

Our goal today is to show that if V' is a finite-dimensional vector space, then every
basis for V' has the same number of elements. Thus, the following definition makes
sense:

Definition. If V' is a finite-dimensional vector space, then the dimension of V,
denoted dim V' or dimg V, if we want to make the scalar field explicit, is the number
of elements in any of its bases.
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Exchange Lemma. Suppose B = {vy,...,v,} is a basis for a vector space V' over
a field F'. Further, suppose that

w=av, +---+av, €V (%)

with a; € F, and such that a, # 0 for some ¢ € {1,...,n}. Let B’ be the set of
vectors obtained from B by exchanging w for v, i.e., B' ;== (B\ {v,})U{w}. Then B’
is also a basis for V.

Proof. We first show that B’ is linearly independent. For ease of notation, we may
assume that ¢ = 1, i.e., that a; # 0. Suppose we have a linear relation among the
elements of B’

bw + byvg + -+ - + byv, =0

Substituting for w:
0 =0b(ajvy + -+ ayvy,) + bovg + - - - + by, = bayvy + (bag + by)vg + - - - + (baz + by, ) vy,.
Since the v; are linearly independent,

ba; = bas + by = --- = ba,, + b, = 0.

Since a; # 0, it follows that b = 0 and then that b = --- = b, = 0, as well.
Therefore, B’ is linearly independent.

We now show that B’ spans V. First, solve for vy in (%):

1 Qa9 an,
V= —W— —Ug — - — — .
aq ai an
To see that B’ spans, take v € V. Since B is a basis, v can be written as a linear
combination of B = {vy,...,v,}, but then substituting the above expression for vy
will express v as a linear combination of B’ = {w,vs, ..., v,}, as required:

V=Cv+ -+ CcpU,

1 as an,
=|—w——v——— Uy | FCUF -+ CyU,
ay aq an
1 as an
=—w+|—+c )+ + | ——FCy | Up.
ai ai a1
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Corollary. Suppose B = {vq,...,v,} is a basis for a vector space V over a field F.
Further, suppose that w € V' is nonzero. Then there exists ¢ € {1,...,n} such that
B':= (B\ {v/}) U{w} is also a basis for V.

Theorem. In a finite-dimensional vector space, every basis has the same number of
elements.

Proof. Let 'V be a finite-dimensional vector space. Among all the bases for V,
let B = {uy,...,u,} be one of minimal size. Since B has minimal size, we know
that n = |B| < |C|. Therefore C' contains at least n distinct vectors wy, ..., w, and
possibly more. (Our goal is to show that, in fact, C' contains no others.)

To take care of a trivial case, suppose B = () (the case n = 0). In that case, we have
V' = Span(C') = Span(B) = Span()) = {6} :

The only linearly independent set whose span is {5} is (). So in this case, 0 = |C| =
|B|, as desired.

Now suppose that n > 1. We would again like to show that C' has the same number
of elements as B. The idea is to start with B, then use the exchange lemma to swap
in the n elements wy, ..., w, from C, one at a time, maintaining a basis at each step.
To that end, let By = B and consider w; € C. By the exchange lemma, we get a
new basis By by swapping w; with some uy, € By. For ease of notation, let’s suppose
that ¢ = 1. Therefore, By = {wy,us,...,u,}. Since B; is a basis for V| it is linearly
independent and V' = Span(B;) = Span(B) = Span(C).
Next, consider wy € C. Since Bj is a basis, we know wy € Span(Bj), hence, we can
write

W9 = A W1 + AU + ... GpU,

for some a; € F. Since w; and wy are linearly independent, at least one of ao,...,a,
is nonzero. Without loss of generality, suppose as # 0. Then by the exchange
algorithm, Bs := {wy, ws, us, ..., u,} is a basis. Continuing in this way, we eventually
reach the basis B, = {w,...,w,} C C. In fact, we must have B, = C. Otherwise,
there is a w € C'\ B,. Since B, is a basis, w € Span(B,), in other words, w =
Z?:l d;w; for some d; € F. But that can’t happen since C' is a basis: it’s elements
are linearly independent. So, in fact, C also has n elements. n

Remark. If V is infinite-dimensional, it turns out that any two bases have the same
cardinality. The above proof does not work to prove that, though.
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Last time, we showed that if V' is finite-dimensional, then all of its bases have the
same number of elements. Then, by definition, the number of elements in any basis
for V' is the dimension of V.

Examples.

dim F = n (for instance, {e,...,e,} is a basis).

— dim Py(F) = dim Fz]<g = d + 1 (for instance, {1, z,...,2%} is a basis).

dim{(z,y,2) € F3: x +y+ 2z = 0} = 2 (for instance, {(1,0,-1),(0,1,—1)} is
a basis).

— dimg C = 2 (for instance, {1,i} is a basis).
— dim¢ C =1 (for instance, {1} is a basis).

— dim{0} = 0 (the basis is §), which has 0 elements).
Corollary. Let V be a vector space of dimension n. Then

(a) If S C V is linearly independent, then S has at most n elements.

(b) If S C V is linearly independent, then S can be completed to a basis for V, i.e.,
there exists a basis containing S as a subset.

(c) If S has n elements, then S is linearly independent if and only if it spans V.
(d) If S spans V, then S has at least n elements.

(e) A basis is a minimal spanning set for V. (Here, “minimal” can mean the set
has no strict subsets that also span V, or it can mean minimal in number of
elements.)

53
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(f) A basis is a maximal linearly independent subset of V. (Here, “maximal” can
mean there is no strict superset that is also linearly independent, or it can mean
maximal in number.)

Example. Before proving the Corollary, here is an example of its use. Prove
that {(5,3), (1,4)} is a basis for R?. Since dim R = 2, we just need to check that these
two vectors are linearly independent (by part (c)). Since neither is a scalar multiple
of the other, we are done.

Proof. (a) Here we repeat the key idea of the proof from last time showing that all
bases have the same number of elements. If S = (), we are done. Otherwise,
say S = {si1,...,s,} for some k > 1. We know that V' has some basis C' =
{v1,...,v,}. Since V = Span(C'), we can write

S1 = a1v1 + -+ apty.

Since S is linearly independent, s, # 0, and hence, some a; # 0. Without loss
of generality, say a; # 0. By the exchange lemma, we can swap s; for v; in C' to
get a new basis C" = {s1,v9,03,...,0,}.

If £ > 2, since (" is a basis, we can write
5o = b151 + bovg + - - - + byuy,.

Since s; and s, are linearly independent, at least one of by, ..., b, is nonzero. For
convenience, say by # 0. By the exchange lemma, the set C” = {s1, $2,v3,...,0,}
is a basis. We can repeat this process until all elements of S have been swapped
into C, thus showing that k < n, as required.

(b) If V.= Span(S), we are done. If not, take v € V'\ Span(S). By an earlier result,
SU{v} is linearly independent. We can repeat this process, but once we reach n
elements, the process stops by part (a).

(¢) (=) Suppose that S is linearly independent. By part (b), we can complete S
to a basis B. Since dimV = n, we know that |B| = n. So we have S C B
and |S| = |B| = n. It follows that S = B is a basis, and hence, it spans V.

(<) Suppose V' = Span(S). We saw in an earlier lecture that there is a linearly
subset of S’ of S with the same span as S. Since S’ is linearly independent
and V = Span(S) = Span(S’), it follows that S’ is a basis, and hence |S’| =
dimV = n. Since 8" C S and n = |S'| = |9], it follows that S’ = S, and
therefore, S is linearly independent.
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(d) If Sisinfinite, there is nothing to prove. Otherwise, by removing elements from S
we can find a linearly independent subset S’ C S with the same span. Then S’
is a basis for V' and hence has n elements. Since S" C S, we have n = |S’"| < |S].

(e) HW.

(f) HW.
Example. Prove that {(3,1,2),(1,0,—1),(—1,2,4),(1,3,0)} C R? is linearly depen-
dent.
Solution. Since dim R® = 3, a linearly independent set has at most 3 elements. n

Extra time activity. Let F' = Z/3Z, and consider the following twelve points in F'*:

(1,1,2,1) (1,1,2,0) (2,1,2,1)
(1,1,0,1) (2,0,1,0) (1,0,1,1)
(2,1,1,0) (1,2,0,0) (1,2,2,1)
(1,2,0,1) (2,0,1,1) (0,0,2,2)

Goal: find subsets of size three of this array that sum to (0,0,0,0).

All solutions:
e (1,1,2,1),(1,0,1,1),(1,2,0,1)
e (1,1,0,1),(1,0,1,1),(1,2,2,1)
e (2,1,1,0),(1,2,0,1),(0,0,2,2)

Observations:

e Three vectors sum to zero if and only if in each component, the entries are either
all the same or all different. For example, in the solution (2,0,0,1),(2,0, 1,2),(2,0,2,0),
the entries in the first component are all 2, the entries in the second component
are all 0, the entries in the third and fourth components are 0, 1, 2—all different.

o If u,v,w is a solution so that u + v + w = 0, consider the value of

u+t(v—u)
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as t varies among the element of /. When ¢t = 0, we get u. When t = 1, we
get v, and when t = 2, we get

ut+2v—u)=—-u+2v=—-u—v=uw,

recalling that 2 = —1 in ' = Z/3Z. We may think of ¢(v — u) as determining a
line through the origin as ¢ varies. So then u + ¢(v — w) is that line translated
by the vector u. So finding these triples of points whose sum is zero is the same
as finding lines in F** containing the three points.



Week 4, Wednesday 57

Relation to the game Set (number-1, shading, color, shape):
ap| || |UD
(I
(1,1,2,1) (1,1,2,0) (2,1,2,1)
<
(1,1,0,1) (2,0,1,0) (1,0,1,1)
T o> @
[ﬁ] ‘@] H
(2,1,1,0) (1,2,0,0) (1,2,2,1)
O
-,
(1,2,0,1) (2,0,1,1) (0,0,2,2)




Week 4, Friday: Row and column spaces

Row rank and column rank.

Definition. Let A be an m x n matrix over F. The row space of A is the subspace
of F™ spanned by its rows, and the column space of A is the subspace of F™ spanned
by its columns. The row rank of A is the dimension of its row space, and the column
rank of A is the dimension of its column space.

Since row operations are reversible, any matrix obtained from a matrix A by per-
forming row operations has the same row space. In particular, the row space of A
is the same as the row space of its reduced echelon form. From the structure of the
reduced echelon form, it’s clear that its nonzero rows form a basis for its row space.
To summarize:

The nonzero rows of the reduced echelon form of A form a basis
for the row space of A.

This gives an algorithm for computing a basis for the row space of a matrix.

ALGORITHM FOR COMPUTING A BASIS FOR THE ROW SPACE AND THE ROW RANK.
Given an m x n matrix A, compute its reduced echelon form E. Then the rows of E

are a basis for the row space of A. The number of nonzero rows in E is the row rank
of A.

Example. Let

A:

~N W
oo W N
N = O
>~ O

To compute a basis for the row space of A, compute its reduced echelon form:

2
1 20 4 Lo 3 —4
A=|3310|—E=[01 -1 4
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So a basis for the row space of A is:

{(]‘70’ %7

1) (0.1, -.9)}.

59
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Proposition. Let A be an m x n matrix with columns Ay, ..., A, € F"™. Let A be
any matrix formed from A by performing row operations, and let Ay,... A, € F™
be its columns. Let x1,...,x, € F' be any scalars. Then

1AL+ -+ 2,A, =0 if and only if $1A1+---+$n1‘~1n:0-

Proof. Write out the relation z1A4; + - -+ + x,,A,, = 0 longhand:

ail A1n
21 QA2n
1 : + 4z, : = 0.
Am1 Qmn
Adding up the left-hand side, we see the relation is equivalent to a solution (z1, ..., z,)

to the linear system

a11T1 + -+ ATy = 0

Q11 + - + G, = 0.

Or result follows since row operations do not change the set of solutions to a system
of equations. 0

Corollary. Let E be the reduced row echelon form of a matrix A, and suppose

the basic (pivot) columns have indices ji,...,7,. Then the columns of A indexed
by j1,..., . form a basis for the column space of A.
Proof. For ease of notation, assume j; = 1,j5 = 2,..., 5, = r, i.e., the first  columns

of E are the pivot columns. For instance, in the case m =5, n =7, and r = 3, the
matrix £ would have the form

1 0 0 % % % x
0 1 0 % *x % =%
0 01 % % % %
0 00O0O0O0TO O
000 O0O0O0TO O

where the *s are arbitrary scalars.

Let Ey, ..., E, denote the columns of E, and let Ay,..., A, denote the columns of A.
It is clear that Fi, ..., E, form a basis for the columns space of £. We need to show
that Ay, ..., A, form a basis for the columns space of A. So we need to show A4, ..., A,
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are linearly independent and span the column space of A. For linear independence,
suppose that
.T1A1+"'+.’L'TAT = 0.

for some x; € F'. Then, by the Proposition,
$1E1+"’+.T7«Er =0.

Since Fi, ..., FE, are linearly independent, it follows that z; = --- = z, = 0, as
desired. Next, to show A;q,..., A, span the column space of A, it suffices to show
that every other column of A is in the span. So consider a column A; with j > 7.
Since Fy, ..., E, form a basis for the column space of F, we can find scalars cq, ..., ¢,
such that

Ei=cb +--+ckE,.

Rewriting this equation, we get
abi+--+cb —FE; =0.
It then follows from the Proposition that
A+ +cA —A; =0,
which implies
Aj=cAi+--+cA — A
So A; is in the span of Ay,..., A,. O

We turn the Corollary into an algorithm:

ALGORITHM FOR COMPUTING A BASIS FOR THE COLUMN SPACE AND THE COL-
UMN RANK. Given a matrix A, compute its reduced echelon from FE. Say that
columns ji, ..., j. are the basic columns of F (those corresponding to the non-free
variables—the one that have a single non-zero entry and that entry is equal to 1.
Then columns jq,...,J, are a basis for the columns space of A. The column rank
of A is r, the number of basic columns of its reduced echelon form.

WARNING: Be sure to take columns ji, ..., ji of the orginal matrix, A, not of the
echelon form, E. (So computing a basis for the row space is little easier, since it does
not require this last step.)

Example: In the previous example, we computed the reduced echelon form of a
matrix:

2
1 20 4 Lo 3 —4
A=|3310|—E=[01 -1 4
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The first two columns of E are its basic columns. Therefore, the first two columns
of A form a basis for its column space:

1 2
3 ].( 3
7 8

NOTE: The first two columns of E in this case are the first two standard basis vectors,
which clearly don’t have the same span as the above two vectors.

A consequence of our discussion above is the following, rather surprising, result:
Theorem. The row rank of a matrix A is equal to its column rank.

Proof. Let E be the reduced echelon form of A. Then the number of its nonzero
rows is equal to the number of its basic columns. O

Definition. The rank of a matrix A, denoted rank(A) is the dimension of its row
space or column space.

Suppose we have a homogeneous system of linear equations

a11711 + -+ aypx, =0

A1 Tm + * +* + QnTn = 0.

Let A = (a;;) be the matrix of coefficients. To solve the system, we compute the
reduced echelon form of the matrix A. The number of free parameters for the solution
space is then the number of non-basic columns, i.e., n — rank(A). There is a unique
solution 0 exactly when the reduced echelon form is the matrix with 1s along its
diagonal and 0Os, otherwise, i.e., exactly when there are no non-basic columns. Hence,
there is only the trivial solution if and only if rank(A) = n.

For a non-homogeneous system

ani + -+ aps, = by (11.1)

1T+ + Ty = bn

we would compute the echelon of the augmented matrix [A|b] where b is the column
with entries by,...,b,. If the system is consistent, we have seen that the set of
solutions consists of any particular solution plus any vector in the span of n —rank(A)
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vectors that are solutions to the corresponding homogeneous system. So if the system
is consistent, there is a unique solution if and only if rank(A) = n.

Summary. The system (11.1), above, has a unique solution if and only if it is
consistent and rank(A) = n. In the case by = - - - = b, = 0, the system is homogeneous
and, thus, consistent (r; = --- = x, = 0 is a solution). So in the homogeneous case,
there is a unique solution if and only if rank(A) = n.
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Linear transformations. We have now defined the objects of study—vector spaces.
Next, we need to consider the appropriate mappings between those objects—those
that preserve the linear structure.

Definition. Let V and W be vector spaces over a field F. A linear transformation
from V' to W is a function
V=W

satisfying, for all v,v’ € V and A € F,
flo+0) = fv)+ f()) and f(l) = Af(v).
Remarks. Using the notation from the definition:

o If flu+7') = f(v)+ f(V'), we say f preserves addition. Note that the addition
on the left side is in V' and the addition on the right side is in W. Thus, if
V' # W, they are two different operations (with the same name). Similarly,
if f(Av) = Af(v), we say f preserves scalar multiplication.

e One may combine the two conditions, above, for linearity into one: for f to be
linear, we require

flo+ M) = f(v) + Af (V)
for all v,v’ € V and X € F.

e Synonyms for “linear transformation” are: “linear mapping” and “linear homo-
morphism”, often with the word “linear” dropped when clear from context (and
it will be since this is a course in linear algebral).

e Our book restricts “linear transformation” to mean a linear transformation of
the form f: V — V, where the domain and codomain are equal. That is non-
standard, and we won’t use that terminology. Linear mappings from a vector
space to itself are called linear endomorphisms or linear self-mappings.

64
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Template for a proof that a mapping is linear. Consider the function
f:R® = R?
(2,y,2) = (22 + 3y, +y — 32).

Claim: f is linear.
Proof. Let (z,y,z2),(x',y',2') € R® and \ € R.

f(zy,2) + (@Y, 7)) = fla+ 2" y+ 9,2 +2)
=Q2@+2)+3y+y),(x+2)+ w+vy)—3(z+72))
= (22 +3y) + (22" + 3y), (x + y — 32) + (' + ¢ — 32))
=2z 43y, 4+y—32)+ (22 + 3y, 2" +y — 32"
= f(z,y,2) + f(2",y, 7).

Thus, f preserves addition. Next,

fMz,y,2)) = f(Az, Ay, A2)
= (2(A2) +3(Ay), (Az + Ay — (3A2))))
= (AM2x 4 3y), ANz +y — 32))
= A2z +3y,x +y — 32)
= M(z,y, 2).

Thus, f preserves scalar multiplication.

Note: People sometimes confuse proofs that subsets are subspaces with proofs that
mappings are linear. To prove that W C V is a subspace, we show that W is
closed under addition and scalar multiplication by taking u,v € W and A € F' and
showing u+Av € W. To prove f: V — W is linear, we show that f preserves addition

and scalar multiplication. Be careful not to confuse the words “closed under” with

“preserves”.

Example. Rotation about the origin in the plane R? is a linear transformation:
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EXERCISE. Show that f: R — R defined by f(z) = z? is not linear.

Proof. We have f(1+1)=f(2)=4# f(1)+ f(1)=1+1=2. O
The following proposition is often useful for showing a function is not linear.
Proposition 1. If f: V — W is linear, then f(0y) = Oy .

PROOF. Since f is linear,

—

f(Ov) = £(0-0v) =0- f(Oy) = Ow.
Thus, for instance,
f:R* =R
(x,y) —x+2y+>5
is not linear since f(0,0) =5 # 0.

Proposition 2. (A linear mapping is determined by its action on a basis.) Let V
and W be vector spaces over F', and let B be a basis for V. Foreach b € B, let w, € W.
Then there exists a unique linear function f: V' — W such that f(b) = wy.

Proof. We define f as follows: Given v € V, since B is a basis, we can write v =
aby + -+ + agby for some o; € F, b, € B, and k € Z>(. Define

f) :=aif(by) +...apf(bp) = arwp, + -+ + apwy,.

Since B is a basis, the expression for v as a linear combination of elements in B is
unique. Hence, f is well-defined. Further, linearity of f forces us to define f(v) as
we have. To see that f is linear, let v,w € V and A € R. Write v and w as linear
combinations of the basis vectors:

U:a1b1+---+akbk
w = Piby + - + Brby

for some scalars «; and ;. It follows that
v+ Aw = (a1 + AB1)by + - - + (o + ABk) by
Using the definition of f, we see

fv+ dw) = (a1 + ABr)wp, + -+ + (e + ABr)wp,
= (alwbl + -+ akwbk) -+ A(ﬂlwbl + -+ 5kwbk)
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— f(0) + Af(w).
[l

Terminology. We say the function f as in Proposition 2 has been defined on B then
extended linearly to all of V.

Example. Define a linear function f: R?* — My, 3(R) by

f(1,o>:<:1)) Y 3) and f(O,l):(g ; ?)

What is f(2,—1)?

Solution. In general, we have

f(x,y) =f (:L‘(l,()) + y(Oa 1))
= xf(L 0) + yf<07 1)

(L0 2y, (210
—Tl3 21 2 Y\Vo 31

[ v+ 2y Y 2z
- 3r  —x+3y 2x+y )’

In particular,

1 0 2 210 0 -1 4
f(z’_l)_2(3 -1 2)‘(0 3 1)_(6 —5 3)'
Question. What goes wrong if we try to define a linear function by specifying its

values on a non-basis? For instance, what happens if we try to define a linear function
f: R? = R? by specifying the values for the non-basis {(1,0),(2,0)} as follows:

f(1,0) =(3,2) and f(2,0)=(1,1).

Note. Let V and W be vector spaces over I, and let X be a linearly subset of V.
For each x € X, let w, € W. Then there exists a linear function f: V — W such
that f(z) = w, for all x € W. To see this, let B be any completion of X to a basis
for V', and apply Proposition 2. The map created this way is not unique: we are free
to choose any values for elements of B\ X (the value 0 might be a natural choice).

Here is something interesting that we will talk more about later:
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Definition. Let V and W be vector spaces over F. The collection of all linear
functions from V' to W is denoted Hom(V, W) or L(V, W). It is a vector space over F’
under addition and scalar multiplication of functions: for linear f,g: V — W,

fHrg: V=W
v f(v) + Ag(v).
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Recall the definition of a linear function from last time: a function f: V — W
between vectors spaces V and W over the (same) field F'is a function f: V' — W that
preserves addition and scalar multiplication. In detail, this means that for all u,v € V
and A\ € F,

flutv)=f(u)+f(v) and  fAv) = Af(v).

Definition /Proposition 1. Suppose f: V — W is linear and U C V is a subspace
of V. Then the image of U under f is the set

JU) = {f(w) s ue U} CW.
The image of U under f is a subspace of W.

Proof. Since U is a subspace of V, it follows that 0y € U, and hence, f(0y) = Oy €
f(U). Thus, f(U) is nonempty. Next, let z,y € f(U), and let A € F. By definition
of f(U), there are vectors u,v € U such that f(u) = x and f(v) = y. Then since f is
linear, is preserves addition and scalar multiplication. Therefore,
T+ Ay = f(u)+ Af(v)
= f(u) + f(Av)
= f(u+ Mv).

Since U is a subspace, it is closed under addition and scalar multiplication. There-
fore, u + Av € U. It follows that  + Ay = f(u+ Av) € f(U), as required. O

In particular, since V' is a subspace of itself, its image under a linear function is a
subspace of the codomain of the function.

Definition. The ¢mage or range of a linear function f: V' — W is the subspace
im(f) = R(f) == f(V) = {f(v) 0 €V} C W

69
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The dimension of the image of f is the rank of f (provided it is finite-dimensional)

and is denoted rank(f) or rk(f).

Example. Define a linear function f: R? — R? by letting f(1,0) = (2,1,0) and f(0,1) =
(0,—1,1) and extending linearly. Thus, for all z,y € R,

flz.y) = f(2(1,0) +4(0,1))
- xf(L 0) + yf(07 1)
= 2(2,1,0) + (0, —1,1).

We have
im(f) = R(f) =Span{(2,1,0),(0,-1,1)}.

Since (2,1,0) and (0, —1,1) are linearly independent and span the image, they are a
basis for the image of f, and thus, rank(f) = 2.

Remark. If f: V — W is a linear function, and B is a basis for V, then
im(f) = Span(f(B)).

To see this, let w € im(f). Then there exists v € V such that w = f(v). Since B is
a basis, there exists by, ..., € B and aq,...,a; € F such that v = Zle a;b;. Then
since f is linear,

w=fv)=f (Z aibi> = Zaif(bi) € Span(B).

Note, however, that f(B) is not necessarily a basis for im(f).

Example. Consider the function f: R?* — R? given by f(z,y) = (2,0), and let B =
{(1,0),(0,1)} be the standard basis for R?. Then

f(B> = {f(1>0)7 f(07 1)} = {(1’ 0)7 (070)}

Although f(B) spans im(f), it is not linearly independent and is thus not a basis for
im(f).

Definition/Proposition 2. Let f: V — W be a linear mapping, and let U be a
subspace of W. Then the inverse image of U under f is the set

U ={v eV fv) U C V.

The inverse image of U under f is a subspace of V.
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Proof. Since U is a subspace of W, we know Oy € U. Then, since f(0y) = Oy, it
follows that Oy € f~1(U). So f~}(U) is nonempty. Next, let v,v' € f~1(U), and
let A € F. It follows that f(v) € U and f(v’) € U. Since U is a subspace, it follows
that f(v) + Af(v") € U. Since f is linear,

flo+X') = fv)+ Af(v') e U
It follows that v+ A\v' € f~1(U). O

Definition. Let f: V — W be a linear mapping. The kernel or nullspace of f,
denoted ker f or N'(f), respectively, is the inverse image of {Oy }:

ker(f) = N(f) == " ({ow}) = {v € V' f(v) = 0}.

It is a subspace of V' (by Proposition 2). The dimension of the kernel is called the
nullity of f (provided it is finite-dimensional) and is denoted nullity(f).

Example. Consider the linear mapping
f:R? 5 R?
(.T, y) = (21" r—=Y, y)

To find the kernel of f, we look for vectors (z,y) such that

f(xvy) = (2$,ZE - y7y> = (O’ 070)'

Comparing vector components, we see that z = y = 0 is the only possibility. There-
fore,

ker(f) = {(0,0)},
and nullity(f) = 0.

Example. Let R[z]<s denote polynomials in = of degree at most two and with real
coefficients. Consider the linear mapping

fﬁ R[JI]SQ —>R2
a+br +cx?*— (a+b,a+c).

To find the kernel of f, we need to find a, b, ¢ such that f(a+ bx + cx?) = (0,0). This
amounts to solving the system of equations

a+b=0
a+c=0.
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Apply our algorithm:

1100->10 110 (%)
1 0 1]0 01 —-1]0 )"

Solving for the pivot variables, we get

Therefore,
ker(f) = {—c+cx+cz’:c€R} =Span{—-1+z+2°}.

Therefore, the nullity of f is dim(ker(f) = 1. A basis for R[x]<, is the set {1, x, 2%},
and the image of these vectors forms a basis for the image of f:

f(l) = (17 1)7 f(x) = (170)’ f(xQ) = <O7 1)'

So the image of f is the column space of the matrix for the linear system we solved
to find the kernel (cf. Equation (x)). Using our algorithm for finding the basis of
the column space, we get the basis {(1,1),(1,0)}. Another basis is {(1,0),(0,1)}.
Therefore, the rank of f is rank(f) = 2.

Our main goal next time will to prove the following:

Theorem. (Rank-nullity theorem) Let f: V' — W be a linear mapping, and suppose
that V' is finite-dimensional. Then

rank(f) + nullity(f) = dim V.

In other words, dim(im(f)) + dim(ker(f)) = dim V.

Example. In the previous example, we found

rank(f) + nullity(f) = 2+ 1 = 3 = dim R[z] <.
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Let f: V — W be a linear mapping between vectors spaces V and W over a field F'.
Recall the definitions from last time:

Definition. The kernel or null space of f is

N(f) :=ker(f) :== [T ({Ow}) :={v e V: f(v) =0}.
The nullity' of f is the dimension of the kernel.
The image or range of f is
R(f) =im(f) = f(V) ={flv) e W:veV}.
The rank of f is the dimension of the image.

Theorem. (Rank-nullity theorem) Let f: V' — W be a linear mapping, and suppose
that V is finite-dimensional. Then

rank(f) + nullity(f) = dim V.

In other words, the dim(im(f)) + dim(ker(f)) = dim V.

Proof. Let K = {vy,...,ux} be a basis for ker(f) (and therefore, nullity(f) = k).
Complete K to a basis for V:
B=A{v1,..., 06 Us1,---,Un}.

To prove the theorem, it suffices to show that { f(vg11), ..., f(v,)} is a basis for image( f).
We first show linear independence. Suppose that

a1 f(Vrg1) + -+ anf(vn) = Ow.

Don’t confuse this concept with the mullity of f, defined as follows: mullity(f) = p(f) + b(f)
where p(f) is the amount of party of f in the back and b(f) is the amount of business of f in the
front.
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Since f is linear, it follows that

flags1ver + - 4+ anvn) = a1 f(Vks1) + - + anf(v,) = Oy

Therefore, ag1vk1+- - +a,v, € ker(f). Since K = {vy,..., v} is a basis for ker(f),
there are scalars aq, ..., a; such that

Ap4+1Vk+1 + -+ anU, = A1V + -+ arUg,

ie.,
a1V + -0+ ARV = Qg1 Vkg1 — 00— AnUp = Oy,
This is a linear relation among the vectors of B, the basis we constructed for V.

Since B is a linearly independent set, all of the a; must be 0. In particular, a1 =
-+ =a, =0, as we were trying to show.

Next, we show that {f(vgi1),..., f(vn)} spans im(f). We know that since B =
{v1,...,v,} is a basis for V' that

{f<v1)a s 7f(UTL)}

spans the image of f. However, vy, ..., v are in ker(f), so

im(f) = Span {f(v1),..., f(vx), f(Vks1),. .-, f(vn)}
= Span {OW, oo, Ow, f(Uk+1>7 ce f(vn)}
= Span{f<vk+1>> s 7f<vn>} :

]

Proposition 1. The linear mapping f: V' — W is injective (i.e., one-to-one) if and
only if ker(f) = {0y }.

Proof. (=) First suppose that f is injective, and let v € ker(f). Therefore, f(v) =
Ow. We also know that since f is linear, f(0y) = Ow. So f(v) = Ow = f(Oy).
Since f is injective and f(v) = f(Oy), it follows that v = Oy. We have shown that
ker(f) = {0y }.

(<) For the converse, now suppose that ker(f) = {0y}, and let u,v € V with f(u) =
f(v). It follows that f(u—wv) = f(u) — f(v) = Ow. Hence, u — v € ker(f). However,
we are assuming ker(f) = {0y }. So u — v = Oy, which means u = v. Therefore, f is
injective. [

Proposition 2. Let S C V.
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(a) If S is linearly dependent, then f(S) := {f(s) : s € S} C W is linearly depen-
dent. (The image of a dependent set is dependent.)

(b) If f isinjective and S is linearly independent, then f(S) C W is linearly indepen-
dent. (The image of an independent set is independent provided f is injective.)

Proof. Suppose that Zle a;s; = Oy for some a; € F and s; € S. Since f is linear,
we have

Ow = f(Ov) = F(CL, assi) = 2oiy aif(s0).
Thus, f preserves linear dependencies, as claimed in part (a).

Suppose now that f is injective and S is linearly independent. If Zle a; f(s;) = Ow
for some a; € F and s; € S, then since f is linear,

Ow = Yoy aif (s:) = F(5, aisi).

Therefore, Zle a;s; is in the kernel of f. Since, f is injective, ker(f) = {0y} by
Proposition 1. It follows that Zle a;s; = Oy. Then, since S is linearly independent,
it follows that a; = 0 for all 7. This shows that f(5) is linearly independent. O]

Definition. The linear function f: V' — W is an isomorphism if there exists a linear
function g: W — V such that go f =idy and f o g = idy. The function g is called
the inverse of f.

Remark. Suppose that f: V — W is an isomorphism. Then, just as proved in
Math 112 for mappings of sets, it follows that f is bijective, i.e., both injective and
surjective. For mappings of sets, being bijective is equivalent to having an inverse.
The same is true for mappings of vector spaces: A linear function f: V — W is
an isomorphism if and only if it is bijective. It turns out that if a linear function

is bijective, then its inverse mapping (as a mapping of sets) is automatically linear.
(Check this for yourself.)

Example. The space of 2 x 2 matrices over F is isomorphic to F*. One isomorphism

is given by ,
a
(c d)t—)(a,b,c,d).

Exercise. Write V' ~ W if there is an isomophism V' — W. Check that ~ is an
equivalence relation.

Proposition 3. A linear mapping f: V — W is an isomorphism if and only
if ker(f) = {0y} and im(f) = W, (i.e., if and only if its kernel is trivial and it

is surjective).
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Proof. We have just seen that ker f = {0y} if and only if f is injective, and by
definition of surjectivity, f is surjective if and only if im(f) = W. Thus, the condition
that ker(f) is trivial and im(f) = W is equivalent to the bijectivity of f. O

Theorem 4. Let V be a vector space over F'. Then V is isomorphic to F™ if and
only if dimV = n.

Proof. (=) Suppose that f: V — F™ is an isomorphism with inverse g: F™ — V|
and let ey, ..., e, be the standard basis for F". Define v; = g(e;) € V fori=1,...,n.
We claim that B := {vy,...,v,} is a basis for V' (and hence, dimV = n). First
note that B is linearly independent by Proposition 2 (a) since {ey,...,e,} is linearly
independent. Next, to see that B spans, let v € V', and write

fo) =) awe
i=1
for some q; € F'. It follows that
v=g(f(v) =g (> aei) = >0, aiglei) = Y i, aiv; € Span(B).

(<) Now suppose dim V' = n. Choose a basis {by,...,b,} for V, and let {e1,...,e,}
be the standard basis for F". Define f: V — F™ by f(b;) = ¢; fori =1,...,n and
extending linearly. Recall what this means: given v € V, there are unique a; € F
such that v = > | a;b;. Then by definition of “extend linearly”,

f(v) :Zaif(bi) :Z@iei: (a1,...,an) € F™.
i—1 i—1

Earlier, we called (ay,...,a,) the coordinates of v with respect to the ordered basis
(by, ..., by).

Suppose v € ker(f), and write v = Y a;b;. Then Oy = f(v) = > we; im-
plies a; = 0 for all ¢ since the e; are linearly independent. So v = 0y. This shows
that the kernel of f is trivial, and hence, f is injective. For surjectivity, note that

the image contains all linear combinations of the standard basis vectors, eq,..., e,
for F™. O]
Remarks: Theorem 4 says that for each n = 0,1,2,..., there is essentially only

one vector space over F' of dimension n. More precisely, under the equivalence rela-
tion V' ~ W defined earlier, there is one equivalence class for each natural number n.
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Theorem 4 and its proof say that the difference between a vector space V of di-
mension n and F™ is the choice of a basis. Once a basis B is chosen, we get an
isomorphism V' — F™ by sending each vector to its coordinates with respect to B:

V= F"
v [v]B.

The practical importance of this result is that if we have a problem involving vectors
in V, we can use the isomorphism to translate problem into one about n-tuples in
EF™. We apply our algorithms, e.g., Gaussian elimination, to solve the problem in F™
and then use the inverse of the isomorphism to translate the solution back to V.

Corollary 5. Let V and W be finite-dimensional vectors spaces. Then V and W are
isomorphic if and only if they have the same dimension.

Proof. First, suppose that f: V — W is an isomorphism, and let by, ..., b, be a basis
for V. By Proposition 2, f(by),..., f(b,) are linearly independent, and since f is
surjective, they span W. So {f(b1),..., f(bs)} is a basis for W. Thus, the number
of elements in a basis for V' is the same as the number of elements in a basis for W,
which says that dim V' = dim W.

Conversely, suppose that dim V' = dim W = n. By Theorem 4, we have isomorphisms
fvr:V— F"and fiy: W — F™. Let fv_vlz F™ — W be the inverse of fy . It follows
that the composition,
-1
LNy ST 17
is an isomorphism. (From Math 112, you know that a composition of bijections of
sets is a bijection of sets, and you should do the easy check that a composition of
linear functions is linear.) O

Proposition 6. Let f: V — W be a linear function, and let dimV = dim W < oc.
(An important special case is f: V' — V when dim V' < 00.) Then the following are
equivalent:

(a) f is injective (1-1),
(b) f is surjective (onto),
(c) fis an isomorphism.

Proof. The proof is left as an exercise. The central idea is to use the rank-nullity
theorem to relate injectivity and surjectivity. O]
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Note: Proposition 6 is not true if the dimensions of V' and W are not finite. For
instance, consider the infinite-dimensional vector space P(F') = F[z] and the mapping

fe=xf,
given by multiplication by x. For instance, under this mapping, 1+z+x? — z+x%+23.

This mapping is linear and injective, but not surjective. For instance, 1 is not in the
image (nor is any other constant besides 0).
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Our next goal is to encode linear functions by matrices. We first treat the special case
of linear functions of the form F™ — F™. Next, we consider linear functions V. — W
between general finite-dimensional vector spaces. If dimV = n and dim W = m we
saw last time that a choices of bases give isomorphisms V' ~ F"™ and W ~ F™, which
reduces the problem to the special case.

MATRICES FOR LINEAR FUNCTIONS F" — F"™. The dot product of vectors (a4, ..., a,)

and (by,...,b,) in F™ is defined by

n

(al,...7an)-(b1,...,bn) = Zaibi:a1b1+"'+anbn-

=1

From now on we make adopt the convention of identifying vectors (aq,...,a,) € F"
with n x 1 matrices, also called column vectors:

a1

Qnp

If A€ Mpun(F)and z = (21,...,2,) € F", we define Ax € F™ to be the element of
F™ whose i-th component (Ax); is the dot product of the i-th row of A with x:

alq aig ... QA1n 1 111 + a19T9 + - - - + a1y
921 929 Ce Qon ) a1 + a929T9 + -+ aA92p,Tn
Ax = . . . . =
Am1 Am2 - Qmp Tn 121 + Q22 +---+ AmpnTn
= (CLHJ}l + aj9re + -+ -+ A1nlyp, 2171 + a9y + -+ - + ATy« oy A1 1 + Qoo +

The latter equals sign is just making the identification of column vectors with elements

79

e + amn‘xn)‘
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of F™. Equivalently,

a1 a12 Q1n

a1 a22 A2p
Ax =1 + 9 4+ 4z,

am1 Am2 Amn

We could similarly, convert the above notation into a statement about a linear com-
bination of m-tuples in F™ instead of using column vectors.

Definition. Let A € M,,.,(F'). The linear associated with A is

Ly: F*" — F™
T — Azx.

Exercise. The reader should perform the routine check that L, is a linear function:
La(x+ Ny) = La(x) + ALa(y).

Examples.

(1) The matrix

2 -5 4
A‘(s 0 2)

has corresponding linear mapping

La: F? — F?

2z — 5y + 4z
(@y.2) = ( 3¢ + 22 )

Recall that we are identifying To save space, we could we will write this as

Ly: F? — F?
(z,y,2) = (2 — by + 4z, 3x + 2z).

(2) Note that if you were given the linear function L4, you could easily recover the
matrix: just read off the coefficients of each component of L4(z) to find the rows
of A. (We will see another way of recovering A below.) For example, find the
matrix corresponding to the linear function ¢: F3 — F? defined by ¢(u,v) =
(4u — 3v, 6u + 2v, 3v).
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Solution. Reading off the coefficients of each component of ¢ gives our matrix.
Defining

it is easy to check that ¢ = L 4.

(3) Here are some important special cases of this correspondence between linear func-
tions and matrices:

La(x) = 22,5z, Tx) s A=1| 5

Lp(w,z,y,2) =w+2x — 4y + 2 s B:(l 2 —4 1)
Lo(t) =8t s C=(8).
We have formally defined the linear mapping L, associated with a matrix A, and

from the examples above, it may be clear how to go in the other direction to find the
matrix of a given linear function. Here is the formal definition:

Definition. The matrix associated with the linear function L: F™ — F™ is the
element A € M,,,(F) whose j-th column is L(e;) where e; is the j-th standard basis
vector for F™.

Examples. Consider the first two examples given above.

(1) Consider the linear function L: F? — F? given by L(z,y,2) = (20 —5y+4z,3r+
2z). Evaluate L at the three standard basis vectors for F®:

L(e1) = L(1,0,0) = (2,3)
L(es) = L(0,1,0) = (=5,0)
L(es) = L(0,0,1) = (4,2).

Use these three vectors to form a matrix:

2 —5 4
A:<3 0 2)'

Thus, L = L.
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(2) Consider the linear function ¢: F® — F? given by ¢(u, v) = (4u—3v, 6u+2v, 3v).
Then,
6(1,0) = (4,6,0) and 6(0,1) = (~3,2,3).

Place these vectors as columns to get the matrix

4 =3
6 2
0 3

We have, thus, created a bijective correspondence between linear function F™ — F™
and matrices in M, (F).

MATRICES FOR LINEAR FUNCTIONS V — W.

Let V and W be vector spaces with ordered bases B = (vy,...,v,) and D =
(wy, ..., wy), respectively. Taking coordinates with respect to these bases yields
isomorphisms ¢ : V. — F" and ¢p: W — F™. For instance, if v € V, we
write v = Y, a;v;, and then ¢g(v) := (ai,...,a,). Now suppose we have a lin-
ear function f: V' — W. So up to now we have three mappings we are considering:

v w

¢Bl2 Zl¢D
Ve £

We now describe how to use this diagram to create a linear function L: F™ — F™.
Since ¢p is an isomorphism, we can invert it and then define L by starting at F™,
applying ¢gl to go up the left-hand side of the diagram arriving at V', then applying f
to go to W, and finally using ¢p to go from W to F™. More succinctly, define:

L:=¢po fogg
In sum, we have the following important commutative diagram:

v — w

¢Bl2 2l¢v

Fr L Fm

Saying the diagram is commutative means the no matter which path we take from V
to I, we arrive at the same place, i.e.,

Lo¢s=¢pof.
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Now L is a mapping between tuples and, thus, has a matrix, as discussed at the
beginning of this lecture. To keep track of all of the input data, we use the following,
necessarily complicated, notation for this matrix:

[f]5 := matrix corresponding to L.

How do we compute this matrix? The algorithm for computing [f]? is summa-
rized in the diagram below:

vi 7 ()

v aw

:' ¢Bl2 zl% take coords. wrt. D
oo Y5, o

gj . __y j-thcol of [f]E

In words: since [f]% is a matrix, its j-th column is given by [f]Z(e;). By definition,

[f]5(ej) = ¢p o fodz'(e;) =dp (f (05 (e;)))
We have ¢p(v;) = e;. Hence, ¢5'(e;) = v; € V. So,
[f]5(ej) = ¢ (f (85'(¢))) = ¢p (f(v;))-

So here is the algorithm for computing [f]%:

To find the j-th column of [f]5 compute the coordinates of f(v;) with
respect to D = (wy, ..., wy,) for each v; € B = (vy,...,v,).

Example. Consider linear function f: R? — R? given by the matrix

A:<;§)

Thus, f(x,y) = (x + 4y, 2z + 3y. Using the notation above, we are letting V=W =
R2. Take the same ordered basis for both V' and W given by

B=D=((11),(~2,1)).

Find the matrix representing f with respect to this choice of bases for domain and
codomain.
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Solution. To conform with our earlier notation, we take v; = (1,1) and v = (=2, 1).
First apply f to each of the basis vectors for V:

flo) = (5,9)
flv2) = (2,-1).
Next, take the coordinates of these vectors with respect to the basis B for W:

(5,5) = 5v; +0- vy
(2,—1) =0- V1 — V2.
Hence,
¢s(v1) = (5,0)
op(ve) = (0,—1).

These are the columns for our matrix:

mg:(g _(1))

We arrive at the commutative diagram:

Rz L R2

¢Bl2 Zl(bzs
R? —L R?

Where L is the linear function corresponding to [f]%, i.e.,

Example. Consider the linear mapping
[ Rlz]<e = Rlz]<s
D — xTp.

Thus, f consists of multiplying a polynomial by x. Choose bases B = (1,z,2?%) for
the domain and D = (1,z, 2%, 23) for the codomain. Thus, ¢z(a+bx +cz?) = (a, b, c)
and ¢p(a + bz + cx® + dx3) = (a,b,¢,d). To find [f]E, compute the images of the
elements in B and express them as linear combinations of elements of D:

f)=2=0-14+1-2+0-2°+0-2°
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fx)=2>=0-14+0-2+1-2°+0-2°
f(x2):$3:0'1+O‘l‘—|—0~x2—|—1.x3_

Therefore,

[f(D)]p = (0,1,0,0)
[f(z)]p = (0,0,1,0)
[f(2*)]p = (0,0,0,1).

These vectors are the columns for our matrix:

0

=

iv)

I
OO =
o~ O O
—_ o O O
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Recall from last time that given a linear mapping f: V' — W and ordered bases B =

(U1, ..., vn) and D = (wy, ..., wy,) for V and W, respectively, we have a commutative
diagram
v L w

¢Bl2 Zl¢v
ot

where

L= ¢po ooy
The matrix representing L is denoted [f]5 and its calculation is displayed in the
following diagram:

Uj f(vy)
I V L} W
: ¢Bl2 zlqﬁp take coords. wrt. D
D

oo sy e
€ .., j-thcol of [f]§

We compute [f]E by finding each of its columns: To find the j-th column of [f]%
compute the coordinates of f(v;) with respect to D = (wy, ..., w,,) for each v; € B =
(U1, ..., Up).

Commutativity of the diagram says that for each v € V

/18 (¢5(v)) = ¢ (f(v)).

Recall our notation for the coordinates of a vector with respect to a ordered basis,
we can rewrite that above as



Week 6, Wednesday 87

Example. Consider the linear function

[ Rlz]<e = R[z] <3
p— xp+2p.
Choose ordered bases B = (1,z,2?) and D = (1,z,2% 23) for the domain and

codomain, respectively. Find the matrix representing f with respect to these bases,
and use the matrix to computer f(3 + 2z + z?).

Solution. Compute the images of the basis vectors in B:

f)=z-1+2(1) =2
fx)=a-z+2() =242
f(2?) =2 2* +2(2%) = 2° + 42
Next, find the coordinates of each of these with respect to D:
[z]p = (0,1,0,0)
[LC2 + 2]17 = (27 07 17 O)
[2® + 4]p = (0,4,0,1).

Therefore,

=

&9

I
OO = O

_— O N
— O RO

Here is a helpful way to think about this matrix:

The columns are labeled by the images of the basis vectors of the domain, and the
rows are labeled by basis vectors of codomain.

To find f(3 + 2x + x?), we first do the calculation using coordinates:

[f(3+2x+2%)]p = [fIF[3 + 2z + 27|
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020
104 3
010 )
00 1
4
N
| 2
1

It follows that
f(3+2x+2%) =4+ Tx + 227 + 23

Check using the definition of f:

f(34 2z +2°%) = 2(3 + 22 + %) +2(3 + 22 + %)’
= 3z +22° +2°) + 2(2 + 27)
=4+ Tz + 22" + 2°.

We would next like to prove that the rank of a linear function is equal to the rank of
any matrix representative of that function. Recall that the rank of a linear function
is the dimension of its image, and the rank of a matrix is the dimension of its column
space (which we saw is equal to the dimension of its row space—it is the number of
pivot columns in the reduced row echelon form of the matrix).

Proposition. Let VV and W be finite-dimensional vector spaces with ordered bases B
and D, respectively. Let f: V — W be a linear transformation. Then

rank(f) = rank([f]3).

Proof. We first consider the special case of a linear mapping L4: F"™ — F™ where A €
M sen. Thus, La(z) = Az. We saw last time that the image of L, is the span of the
column of A, i.e., the column space of A. Thus, the result holds in this case:

rank(L ) := dim(im(L,)) = dim(colspace(A)) = rank(A).

Now consider the general case. We have the commutative diagram

v L s w

¢Bl2 Zl¢’D

LA, pm
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where, in this case, A = [f]§. Since ¢ and ¢p are isomorphism and the diagram

commutes,

vank(L ) = dim(im(L4)) = dim(im(L 103)) = dim(im(épof)) = dim(im(f)) = rank(f)
We have seen that rank(L4) = rank(A). So the result follows, in general. O
Corollary. With notation as above, let A = [f]E € M,xn(F).

(a) f is surjective if and only if rank(A) = m = dim(W).
(b) f is injective if and only if rank(A) = n = dim(V).
(c) fis an isomorphism if and only if rank(A) = m = n.

Proof.

(a) The function f being surjective means that im(f) = W, which is equivalent to
saying that dim(im(f)) = dim(W), or that rank(f) = m, and we have just seen
that rank(f) = rank(A).

(b) We know that f is injective if and only if dim(ker(f)) = 0. By the rank-nullity
theorem,

n=dimV = dim(im(f)) + dim(ker(f)) = rank(f) + dim(ker(f)).

From the Proposition, we have rank(f) = rank(A). Therefore, dim(ker f) = 0 if
and only if rank(A) = n.

(c) This part follows from the previous two.

Composition of linear functions. Consider the linear functions
fiRY = R?
(x,y,z,w) = (20 — 2+ 3w,z —y + 4z2)
and

g: R* - R?
(s,t) — (bs —t,2t, —3s).
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Let’s compute the composition go f: R* — R3:

(9o )z y,z,w) =92z — 2+ 3w, v —y + 4z)

S t

=502r—2+4+3w)— (v —y+42),2(x —y +4z2), —3(2z — z + 3w))
= (92 +y — 9z + 15w, 22 — 2y + 8z, —6x + 3z — w).

The matrices associated with f and g (with respect to the standard bases) are, re-
spectively,

5 —1 9 1 -9 15
(?—(1] _1113)’ o 21, 2 -2 8 0
-3 0 -6 0 3 -9

What is the relation among these matrices? We will take up this question next time.
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The goal today is to formally define the algebraic structure for matrices (linear struc-
ture and multiplication). Multiplication of matrices corresponds with composition of
their corresponding linear transformations.

Composition of linear functions.

Proposition. Let f: V — W and g: W — U be linear functions. Their the compo-
sition go f: V — U is a linear function.

Proof. Let u,v € V and A € F. Then, since f and g are linear,

(g0 f)(u+Av) = g(f(u+ Av))

g9 (f(u) + Af(v))

9(f () + Ag(f(v))

= (g0 f)(u) +Ago f)v).

O

Let f: V. — W and g: W — U be a linear functions. We are interested in a matrices
representing the composition

gof:vLwiLu

Fix ordered bases B = (vy, ..., v,) for V., C = (wy, ..., wy) for W, and D = (uq, ..., Up)
for U. Let
P:=[gf and Q=[flz

Thus, P € M,«¢(F) and @Q € Myy,,. The relevant commutative diagram is

f

W >
¢Bl2 2l¢c Zldm

o9 pt P pm
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Let’s compute [go f]5. To find its j-th column, we find the coordinates of (go f)(v;)
with respect to the ordered basis D:

(90 F)(v;) = g(f(v;))
‘
=g <Z Qk:jwk> ( j-th column of Q)

‘
= Z Qrjg(w)
k=1

L m
= Z Quj (Z Pik“i) ( k-th column of P)
k=1 i=1

So the j column of [go f]% is given by the coefficients of the u; in the above some.
That means that the (i, j)-th entry of the matrix [g o f]%, i.e., the entry in its i-row
and j-th column is

([9 © f]?)ij = ZPikaj-
k=1

Definition. (Multiplication of matrices) Let P € M,,x,(F) and Q € My, (F), then
the product PQ € M,,«,(F) is defined by

¢
(PQ)ij = Z PixQrj-
k=1

Note: The formula says that the (i, j)-th entry of the product P@Q is the dot product
of the i-th row of P with the j-th column of ). That’s what one thinks about when
performing the calculation of P(Q) in practice.

Example. Here is an example of the product of two matrices. For instance, to find
the (2, 3)-entry of the product, we take the dot product of the second row of the first
matrix with the third column of the second:

5 -1\ /o5 o 4 3 9 1 -9 15
0 2 (] | Lo)=( 2-2 8 0
-3 0 —6 0 3 -9
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Recall the relevance of this computation: the first two matrices encode linear func-
tions g and f, and their product is a matrix encoding the composition g o f.

Proposition. Let f: V — W and g: W — U be a linear functions, and fix ordered
bases B = (v1,...,v,) for V., C = (wy,...,wy) for W, and D = (uy,...,uy) for U.
Then we have

lgo fl5 = 9lc /15

Proof. The proof is exactly the motivation we just gave for the definition of the matrix
product. O

We summarize some basic properties of matrix algebra.

Proposition. Let A be an m x n matrix, B an n X r matrix, both over a field F,
and A € F.

a

(2) AAB) = (\A)B = A(\B).
(b) A(BC) = (AB)C for all r x s matrices C.

(c) A(B+C)= AB+ AC for all n x r matrices C.

(d) (C+ D)A=CA+ DA for all r x m matrices C' and D.

Proof. We will just prove part (b), associativity of multiplication. So let C' be an r x s
matrix. We have

C))ij = Z A(BC)y,

£ (e(gne)

=3 Aw(BuCyy)

k=1 (=1

3

-

Ai,(BreClj)

1

~
Il

1

ﬁ
e
3 |

(Air Bie)Cj

=1

~

=1

o



Week 6, Friday 94

= Z (AB)iCl;
/=1

]

Warning. Matrix multiplication is not commutative, in general. First of all, if the
dimensions aren’t right, multiplication for both AB and BA might not make sense.

For instance, if
1 0 1 0 2
A_(?)—l) and B—(314>,

then AB is defined, but not BA.

However, even if AB and BA are both defined, it is usually not the case that AB =
BA. Try just about any example with 2 x 2 matrices to see this.

Definition. Let V' and W be vector spaces over a field F'. The set of linear transfor-
mations (homomorphisms) from V to W is denoted £(V, W) or Hom(V, W). It forms
a vector space with operations defined as follows: for f,g € Hom(V, W) and X\ € F,

(f+9)(w)=f(v)+g(v) and (Af)(v) =Af(v)
forall v e V.

Proposition. Let V and W be vectors spaces over F' of dimension n and m, respec-
tively. Then there is an isomorphism of vector spaces

Hom(V, W) — Mp,xn(F).

Sketch of proof. Choose ordered bases B and D for V and W, respectively. Then an
isomorphism is given by

Hom(V, W) = Myyn(F)
felfls.

This isomorphism will change to a different isomorphism if different bases are chosen.
m



Week 7, Monday: Matrix inversion

Last time, we defined matrix multiplication: if A is an m X p matrix and Bisap xn
matrix, then AB is the m X n matrix with i, j-entry

p
k=1

If m = n, then BA would also be defined, but it is usually that case that AB # BA.
Another peculiar thing is that for matrices, there are “zero divisors”, i.e., matri-
ces A, B such that AB = 0, but neither A nor B is a zero matrix. For example,

00 01y (00

0 1 00/ \0o0)/"
Diagonal matrices. The matrix A is a diagonal matriz if its only nonzero entries
appear along the diagonal: A;; = 0if < # j. This terminology makes sense regardless

of the dimensions of A, but is usually used in the case of square matrices, i.e., for the
case where A is an n X n matrix. In that case, we write

A = diag(ay, ..., ay,)

where A;; = a; fori=1...,n (and A;; = 0, otherwise.). For instance,
1 000
. 0400
diag(1,4,0,6) = 00 0 0
0 0 0 6

Identity matrices. The n x n identity matriz is the n X n matrix
I, = diag(1,...,1).

It has the following property: Al, = A and I,B = B whenever these products make
sense. For instance,

95
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<12 3) é? 8 _(1 23)
4 5 6 00 1 4 5 6
and
1 00 1 2 1 2
010 34 |=| 34
00 1 5 6 5 6

Inverses. Let A be an m X n matrix, and let B be an n x m matrix. If AB = I,,,
we say A is a left-inverse for B and B is a right-inverse for A. For example,

1 1
A:(éii) and B=|0 o0
0 1

Then
1 -1

111 10
AB:( ) 0 0 :< )
011 0 1 01

Hence, A is a left-inverse for B and B is a right-inverse for A. On the other hand,

1 -1 1 00
BA={(0 0 ((1) } 1)2 0 00
0 1 011

So B is not a left-inverse of A and A is not a right-inverse of B. (In fact, B does
not have a left-inverse and A does not have a right-inverse. This has to do with their
ranks not being high enough. The connection with solving systems of equations we
describe below explains that.)

We will mainly be interested in inverses for square matrices. Suppose that A isannxn
matrix. Suppose B is a right-inverse. So B is an n X n matrix such that AB = I,,.
Since matrix multiplication is not commutative, the value of BA is not immediately
clear. However, in fact, we have the following important result:

Theorem. Let A and B be n x n matrices. The following are equivalent:

(a) AB = 1I,.
(b) BA=1,.

If AB = I,, we say A and B are invertible and write A~! = B and B~! = A. The
following are equivalent:
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(i) A is invertible.
(ii) rank(A) =n.
(iii) The reduced echelon form of A is I,,.

The proof of this theorem will follow from an elegant algorithm for computing the
inverse of a matrix which we present below. The equivalence of the last to items on
the list is something we already know.

Calculating the inverse. Our problem now is to determine whether an inverse for a
matrix exists, and if so, to calculate that inverse. The methods we present here would
also be applicable to calculating right- and left-inverses of non-square matrices—it
boils down to solving systems of linear equations, after all—but we will concentrate
on the case of square matrices.

Example. Let

0 3 -1
A=|11 0 1
1 -1 0

0 3 -1 a b c 100
1 0 1 de fl=1010
1 -1 0 g h 1 0 01
So we need to find the entries a,b,...,i. We can break this into three problems:

0 3 -1 a 1

1 0 1 d|=1020

1 -1 0 g 0

0o 3 -1 0

1 0 1 e | =11

1 -1 0 h 0

0 3 —1 c 0

1 0 1 f1=10°0

1 -1 0 7 1

Equivalently, we need to solve three systems of linear equations:

Oz +3y —2=1
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r+0y+2=0
r—y+0z=0
Or+3y—2=0
r+0y+z2=1
r—y+0z=0
Ox+3y—2=0
r+0y+2=0
r—y+0z=1

Their augmented matrices would like:

_ O O

0 3 -1
, 1 0 1
1 -1 0

_ O W

-1
1
0

S = O

11 0
1|0 |, 1
00 1

— = O
= O W

The row operations needed to determine the solvability of this system are the same
in all three cases. So we can combine all three of these systems at once in one
“super”’-augmented matrix calculation:

0 3 —1]/1 0 0 1 0 1/0 10
1 0 11010210 3 -1/100
1 -1 0]/0 0 1 1 -1 0/00
1 0 1lo 1 0
LEnTef g 3 =111 0 0
0 -1 —1/0 —1 1
10 1/o1 o0
e g1 110 1 —1
BTN 0 3 —111 0
10 1]o 1 o0
IsorsTin ol g1 100 1 —1
00 —4|1 -3 3
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01 0o 1 0
0o 1 -1
~1/4 3/4 —3/4

7‘34)71”3/4
_—

o O
(el
— =

1 0 0] 1/4 1/4 3/4
nontm oo 1/4 1/4 —1/4
00 1|-1/4 3/4 —3/4

—
=)

r2—Tr2—7T3

Going back to the original systems of equations, we see that we need

N _ N—— N—

a 1/4 b 1/4 c 3/4
d | = 1/4 ], e | =1 1/4 |, d | =1 —-1/4
g —1/4 h 3/4 7 —3/4
In other words, the following matrix is a right-inverse for A:
1/4 1/4 3/4
1/4 1/4 —1/4
—-1/4 3/4 -3/4

The argument we’ve just given for a particular matrix easily generalizes to give the
following algorithm.

Algorithm for computing the inverse of a matrix. Let A be an n X n matrix.
Perform row operations on the “super”-augmented matrix [A | I,,] to compute the
reduced echelon form of A:

(A|In)—><[1|B>.

There are two possibilities: either A = I,, or not. If A = I,,, then B = A~!. Next,
we consider what happens when A # I,. Since B is derived by performing row
operations on [, we have rank(B) = rank(/,) = n. Thus, B cannot have a row of
zeros. If A # I,,, it must have a row of zeros. It follows that the system of equations
is inconsistent, and A has no inverse.

Now suppose that rank(A) so that
(A|I,) — (I, | B) (18.1)

and AB = I,,. Consider trying to find C' so that BC' = [,,. In this case, reverse the
row operations in (18.1) to get

(B[ 1) — (In|A),
and thus, C' = A, i.e., BA=1,.

In summary:
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e If A= I, (equivalently, rank(A) = n) then AB = BA=1I,. (So B = A" and
A=B1)

e If A # I, (equivalently, rank(A) < n), then A has a row of zeros and A has no
inverse.

In particular: A € M, is invertible if and only if rank(A) = n.
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Let V be a vector space with ordered basis @ = (vy,...,v,). Recall the coordinate
mapping
Go: V = F
V=a101 + 0 F apvp > (ar, .., ap).

In particular, we have ¢,(v;) = e;. Consider the special case where V' = F" so that
On: F" — F™,

and each v; is an element of F™. Since ¢, is now a mapping between tuples, is
represented by the n x n matrix M with the property that ¢,(v) = Mv for allv € F™.
The j-th column of M is ¢,(e;) for j =1,...,n.

Proposition. With notation as above, let P be the n x n matrix whose j-th column
isvjfor j=1,...,n. Then M = P~1.

Proof. If X is any matrix, then Xe; is the j-th column of X. So in our case, Pe; = v;.
Since the v; form a basis, the columns of P are linearly independent. So P has rank n
and is, thus, invertible. We have

_ —1 _ —1 _ —1
P@j—?)j = P P@j—P Uj = €j—P Vj.

Therefore, P~'v; = e; = ¢4 (v;) for all j. Since the v; form a basis for F", it follows
that P~'v = ¢, (v) for all v € F™. So P! is the matrix representing ¢, which means
that P~ = M. O

Next, consider a linear function
Lao: F" — F™

given by the m x n matrix A, i.e., La(v) = Av for all v € F™. Let a = (vy,...,v,)
and 5 = (wy,...,wy,) be ordered bases for F™ and F™ respectively. What is the
matrix representing L4 with respect to these new bases? We have the diagram

101
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Fn La Fm

L B
pr Lale pm

For ease of notation, let B := [L4]?. Our main goal today is to give a formula for
calculating B. We already know how to find the matrices representing the vertical
coordinate mappings: let P and () be the matrices whose columns are the elements
of a and f3, respectively, in order. Our diagram becomes

Fr A
P—lll le*1
| L
Therefore, B = Q= *AP. We summarize our result:

Proposition. Let A € M,,«,(F), and consider the linear mapping L: F™ — F™
determined by A, i.e., L(v) = Av for each v € F". Let a = (vy,...,v,) and f =
(wy,...,wy) be ordered bases for F™ and F™, respectively. Let P be the n x n
matrix with j-th column v; for j = 1,...,n, and let () be the m x m matrix with j-th
column w; for j = 1,...,m. Then the matrix B representing L4 with respect to the
bases o and [ is

B=Q AP,

and we have the commutative diagram

Fro—A pr

P71l2 2lQ71

B pm,

Example. Let Q be the field of rational numbers, and consider the linear function

[ Q@ —Q
(x,y,2) = (x 4+ 3y + 22,2y + 2),

1 3 2
A= < 0 21 ) ’
Choose the following bases for the domain and codomain:

Q*: a=1{((1,0,0),(1,1,0),(1,1,1))

with corresponding matrix
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Q2 : pB= <(0>1)7 (1v 1))

To find the matrix representing f with respect to these new bases, create matrices
whose columns are the basis vectors:

Calculate the inverse of @):

0 ]_ ]_ O 172 ]. ]. 0 1 rL—Tr1—"Tr2 1 0 _]_ ].
1 1]0 1 0 1/1 0 01 10/

The matrix representing f with respect to the bases o and f is then:

111
oy (-1 1N [1 32 (-1 -2 -3
B=d AP‘( 10)(021) 8(1)1 _( 1 4 6>'

This agrees with the fact that

£(1,0,0) = (1,0) = —1(0,1) + 1(1,1)
f(1,1,0) = (4,2) = —2(0,1) + 4(1,1)
F(1,1,1) = (6,3) = —3(0,1) + 6(1,1).

An important special case. The special case of the Proposition that arises most
frequently in practice is where m = n and a = . In other, words, we start with
a mapping L4: F" — F"™ represented by the matrix A, and we choose the same
new basis a = (vy,...,v,) for F™ for both the domain and codomain. We are then
interested in the matrix representing L, with respect to this new basis a. In that
case, let P be the matrix whose columns are vy, ..., v,, and we get the commutative
diagram

P

P*llz zlpfl

L pm
and the matrix we are looking for is

B =P AP
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We say B is formed by conjugating A.

Exercise. Say A, B € M, x,(F) are similar and write A ~ B if there exists an in-
vertible matrix P € M,,«,(F) such that P"'AP = B. Prove that ~ is an equivalence
relation. What does an equivalence class represent?

Example. Consider the real matrix

0
A= 1
1

=

1
1
0
What matrix represents the linear function L4: F® — I with respect to the ordered

basis a = ((1,1,1),(1,0,—1), (0,1, —1))?

SOLUTION. Use the vectors of av as columns to define the matrix

1 1 0
P=|11 0 1
1 -1 -1

Compute the inverse of P using our algorithm (omitted):

1 1 1
3 3 3 r 1 1
P—l — % _% _% = — 2 —1 _1
12 1 -1 2 1

3 3 73

Then the matrix representing L4 with respect to the ordered basis « is

2 0 0
B=P'AaP=[0 -1 0
0 0 -1

Notice that the matrix representing L, in the example becomes the much simpler
diagonal matrix after a change of basis. We can then apply an important trick to
compute A* for all integers k. First note that

2 1 1 2 3 3 6 5 5 10 11 11
A2=[1 2 1 ]|, A=(3 23|, A'=|[56 5|, A= 11 10 11
112 3 3 2 55 6 11 11 10

What happens in general? Here is the trick that can be applied here:
B* = (PT'AP)*
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= (P'AP)(P'AP)(P 'AP)--- (P'AP)(P'AP)

(& J/
-~

k times

= PA(PPYHYA(PPYHYAPPY) ... (PPYA(PP Y AP
= P tAFP.

Since B¥ = P71A¥P_ we can solve for A* by multiply both sides of the equality on
the left by P and on the right by P~! to get

1 1 0 2 0 o0\”" ) 1 1 1
AF=pPB¥P~'=11 0 1 0 -1 0 3 2 —1 —1
1 -1 —1 0 0 —1 -1 2 -1
1 1 0 ok 0 0 ) 1 1 1
k
=1 o 1 0 (—1) 0 3 2 -1 -1
1 -1 —1 0 0 (—1)* -1 2 -1
. ok L 2(=1)F 28— (=1)F 2k —(—1)F
=3 28 — (=% 24 2(-1)F 2k — (1)
2k — (—1)F 2k —(=1)F 2k 4 2(—1)*
b b
1 a
:g b a b
b b a

where for k =1,2,3, ..

°9

2k 1+ 92 if k is even 2k —_ 1 if k is even
a= and b=
2k — 92 if kis odd 2F +1 if k is odd.

Exercise. Show that 2¥ 2 and 2* 4 1 are divisible by 3 for k =1,2, ...



Week 7, Friday: Determinants

Definition. The determinant is a multilinear, alternating function of the rows of
square matrix, normalized so that its value on the identity matrix is 1.

To explain this terminology, start with the fact that the determinant is a function of

the form
det: My, (F) — F.

Given a square matrix A € M, «,(F) with rows r1,...,7r, € F", we write det(A) =
det(ry,...,7y), i.e., we consider the determinant as a function of the rows of A. The
determinant function has the following properties:

(a) Multilinear. The determinant is a linear function with respect to each row. Thus,
if r1,...,r, are the row vectors of A (elements of F™), r} is another row vector,
and A € F, then

!
det(r, ..oy Tict, AT+ T Ty ooy Tn) = A det(ry, oo i1, Ty Tig s e ooy T

/
+ det(rl, ey i1, T Ty - ,T’n).

The above expresses the fact that, in particular, the determinant is linear with
respect to the i-th row.

(b) Alternating. The determinant is zero if two of its arguments are equal:
det(ry,...,r,) =0
if r; = r; for some i # j.
(¢) Normalized. det(l,) = det(ey,...,e,) = 1.

We will prove the following theorem later:

Theorem. For each n > 0, there exists a unique determinant function.

106
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For now we will accept this theorem on faith and explore some of the consequences.
The following proposition shows that we can compute the determinant through row
reduction.

Proposition 1. (Behavior of the determinant with respect to row operations.)
Let A, B € Mxn(F).

(a) If B is obtained from A by swapping two rows, then det(B) = — det(A).

(b) If B is obtained from A by scaling a row by a scalar A, then det(B) = Adet(A)
(even if A = 0).

(c) If B is obtained from A by adding a scalar multiple of one row to another row,
then det(B) = det(A).

Proof. For part (a), let ry,...,7, € F™ be the rows of A. For ease of notation, we
will assume that B is obtained from A by swapping the first two rows. The argument
we present clearly generalizes to the case of swapping arbitrary rows. Replace the
first two rows of A with r; + ry to obtain a matrix whose determinant is 0 by the
alternating property:

0 =det(r; + ro,r1 + 172,73, ..., Th).
Expand my multilinearity to get:

Ozdet(rl + 1o, “|—7"277"3u'--77"n)
= det(h,h + 19,73, ... ,'r’n) + det(rg,'rl + 7o, T3, ... 77’n)
=det(ry,r1,73, ..., 1) +det(ry,re, 3, .., 1)
+ det(rq, 11,73, ..., rn) + det(ro, 7o, r3, ... 1)
=0+ det(A) + det(B) + 0.

It follows that det(B) = — det(A).

Part (a) follows immediately from the fact that the determinant is linear with respect
to each row:

det(r1, .y Tim 1, APy Tigty oo oy 1) = AAet(ry, o i1, Ty Tig 1y e oy T

For Part (c), we use multilinearity and the alternating property. For ease of notation,
we’ll consider the case where B is obtained from A by adding a multiple of row 1 to
row 2:

det(B) = det(r1, A\ry + 19,73, ..., 1)
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= Adet(ry, 71,73, ..., 7)) +det(ry, 79,73, ..., Ty)
=0+ det(r,72,73, ..., 70)
= det(A).

]

Corollary. Let A € M, «,(F), and let E be the reduced row echelon form of A.
Then there exists a non-zero k € F such that det(A) = kdet(E).

Proof. The proof is immediate from Proposition 1. O]

Example 1. Here we compute the determinant of a 2 x 2 matrix using the fact that
the determinant is a multilinear alternating mapping with value 1 on the identity
matrix.

det ( .« ) — det((a,b), (¢, d))

=det(ae; +bey,ceq + des)

= a det(ey,ce; +dey) + b det(es, cep + dey)

= ac det(ey, e1) + ad det(eq, e2) + be det(es, e1) + bd det(eq, €3)
= 0+ ad det(eq, e2) + be det(ez, e1) + 0

= ad det(eq, e3) — be det(eq, e2)

10 10
—addet<0 1)—bcdet(0 1)

=ad-1—bc-1=ad- bec.

Example 2. Here is an example of using row reduction to compute the determinant
of a matrix. Let
—2

0

1
A=19
2 4

NSRS )

Using Proposition 1, we see that

1
det(A) =det | 9
2

[N \V)
= O
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Example 3.

det

O O O =

S O ot

O N =

wW O W

1 2 =2
=det| 0 —14 18
0o -2 8

109

= (4-5-2-3)det

=(4-5-2-3)det

—_
|
e~

O =
i)

1/2 —3/2 4
1 1/5 3/5
o 1 3
0o 0 1

o O O

o O O =
o O = O
o = O O
_— o O O

—(4-5-2-3)-1=120.
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A matrix like that in the previous example, which has only zero entries below the
diagonal, is called upper-triangular. So A € M,y (F) is upper-triangular if A;; = 0
whenever 7 > j.

Proposition 2. The determinant of an upper-triangular matrix is the product of its
diagonal elements.

Proof. Let A be upper-triangular, and let E be its reduced echelon form. From
Proposition 1, we know that det(A) = k det(FE) for some non-zero constant k. Imagine
row-reducing an upper-triangular matrix, and you will see that E has a row of zeros
if and only if A has some diagonal entry equal to zero. If F has a row of zeros,
then det(E) = 0. To see this, suppose the rows of E are rq,...,r, with r, = 0. By
multilinearity, we have:

—,

det(F) = det(ry,...,7,-1,0)
=det(ry,...,7-1,0- 6)
=0-det(ry,...,rm1, 6)
= 0.
So if A has a diagonal entry equal to 0, then det(E) = 0, which implies det(A) =
kdet(E) = 0. So the result holds in this case.

Next, suppose that A has no diagonal entries equal to 0. Compute det(A) using
multilinearity:

ailr a2 a1z Qa4 ... QAip
0 Q99 Q923 Q24 ... Qon
0 0 as3 az4 ... A3zp
det(A)=det | o 0 0 ay ... am
ann

1 app/an aiz/an as/an ... ap/an

0 1 023/6122 &24/CL22 . Gzn/am

det 0 0 1 CL34/CL33 c. (Zgn/agg

= (11 G A€ 0 0 0 1 a4n/a44

1

= a1 App det(l,)
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= a11 " Qpp-

Above, it is clear that once we get to the case of all 1s on the diagonal, we can
row-reduce the matrix to the identity by adding multiples of rows to other rows—
operations that do not change the determinant. O

Proposition 3. Let A € M, ., (F'). The following are equivalent:

() det(4) £ 0,
(b) rank(A) =n,
(c) A is invertible, i.e., A has an inverse.

Proof. Given our algorithm for computing the inverse of a matrix, the equivalence of
parts 2 and 3 is evident. To show that parts 1 and 2 are equivalent, recall that by
Proposition 1, we have det(A) = kdet(E) where E is the reduced echelon form of A
and k is a non-zero scalar. Thus, det(A) = 0 if and only if det(E£) = 0. The rank
of Ais n if and only if F = I, in which case det(A) = k£ # 0. The rank of A is
strictly less than n if and only if F has a row of zeros. Since F is upper-triangular,
Proposition 2 implies that F has a row of zeros if and only if det(F) = 0. O

To come:

(a) Define the transpose, A’ of A by Aj; := Aj;. Then det A* = det A, and thus, the
determinant is also the unique multilinear, alternating, normalized function on
the columns of a matrix.

(b) The determinant is multiplicative: det(AB) = det(A) det(B).
(c) The determinant may be calculated by “expanding” along any row or column.

(d) We have the following formula for the determinant

det A = Z Sgn(0'>A1c;(1) T Ano(n)

ceS,

where G,, is the collection of all permutations of (1,...,n) and sgn(o) is the sign
of the permutation ¢ (i.e., 1 if the permutation is formed by an even number of
flips and —1 if it is formed by an odd number of flips).

(e) Over the real numbers, the determinant gives the signed volume of the paral-
lelepiped spanned by the rows (or by the columns) of the matrix.



Week 8, Monday: Determinant of the transpose

Goal: Our goal for the day is to show that the determinant of a matrix and the
determinant of the transpose of that matrix are equal. It then immediately follows
that the determinant is not only a multilinear, alternating, normalized function of the
rows of a matrix (by definition), but it is also a multilinear, alternating, normalized
function of its columns. So one may use both row and column operations to compute
the determinant.

Elementary matrices. An n X n matrix is called an elementary matriz if it is
obtained from the identity matrix, I, through a single elementary row operation
(scaling a row by a nonzero scalar, swapping rows, or adding one row to another).

Here is why elementary matrices are interesting: Let E be an n xn elementary matrix
corresponding to some row operation and let A be any n x k matrix. Then FA is the
matrix obtained from A by performing that row operation. Thus, you can perform
row operations through multiplication by elementary matrices.

Example. Let
1 2 3 4
A=13 0 -1 2
15 6 7
To find the elementary matrix that will subtract 3 times the first row of A from the
second row, we do that same operation to the identity matrix:

1 1
0 Tara T3, -3 — B
0 0

O = O
_= O O
O = O
= O O

Multiplying by E; on the left performs the same elementary row operation on A:

1 00 12 3 4 1 2 3 4
EtA=1 -3 10 30 -1 2 ]=10 -6 —-10 —-10
0 01 1 5 6 7 1 5 6 7

112



Week 8, Monday 113

Next, let E5 be the elementary matrix corresponding to subtracting the first row from

the third:

1 00 1
010 DT, = 0
001 -1
Multiplying E; A on the left by Es performs the corresponding row operation:

= EQ.

o = O
= O O

100 1 2 3 4 1 2 3 4
EyE A = Ey(E1A) = 010 0O -6 -10 =10 | =1 0 -6 —10 -10
-1 0 1 1 5 6 7 0 3 3 3
Next, swap the second and third rows:
1 00 100
010 LEAMEN 00 1| = E;,
0 01 010

and, thus,

100 1 2 3 4 1 2 3 4
010 0 3 3 3 0 -6 —-10 -10

To continue row reduction, we would now scale the second row by %:

100 ; 1 00
01 0| 2B o lo]|=E5
0 0 1 0 01
and, thus,
1 00 1 2 3 4 1 2 3 4
E,E3EyE A = Ey(EsE,EA) =1 0 % 0 0 3 3 3 1=10 1 1 1
0 01 0 -6 —10 —10 0 -6 —10 —10

As illustrated in the example, above, performing a sequence of row operations to a
matrix is equivalent to multiplying on the left by a sequence of elementary matrices.
In particular, if A is the reduced row echelon form of A, then there are elementary
matrices F1, ..., E, such that

A=FE, - E,E,A.
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Determinant of the transpose. If A is an m x n matrix, recall that its transpose
is the matrix A defined by

(A%ij = Aji.
Thus, the rows of A! are the columns of A.
Example If
1 2 3 5 2
A—(4 5 6> and B_(l 3>,
then

1 4
At=1| 2 5 and Bt:(5 1).
3 6 2 3

Our goal now is to prove the non-obvious fact that for an n x n matrix A,

det(A) = det(A").

Example. We have seen that

det(z Z) = ad — be.

Note that we also have

a b\’ a c
det((c d))zdet(b d):ad—bc.

Recall that we can compute the determinant of A by performing row operations and
keeping track of swaps and scalings of rows. Once we have shown that det(A) =
det(A"), it follows that, in order compute the determinant of A, we may also use
column operations (again keeping track of swaps and scalings). That’s because row
operations applied to A! are the same as column operations applied to A.

To prove this fact about determinants of transposes, we need the following theorem,
proposition, and lemma:

Theorem. Let A and B be n x n matrices. Then
det(AB) = det(A) det(B).

Proof. Upcoming homework. O
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Proposition. Let A and B be n x n matrices. Then

(a) (AB)" = B'A",

(b) If A is invertible, then (A*)~1 = (A~1)%

Proof. Upcoming homework. O]
Lemma. Let F be an elementary matrix. Then det(E) = det(E") # 0.

Proof. There are three cases to consider!:

(a) Suppose E is formed from I, by swapping rows i and j. In this case, E' is
also formed from I, by swapping rows ¢ and j. Thus, F = E', and det(E") =
det(E£) = —1.

(b) Suppose E is formed from I,, by scaling row ¢ by A # 0. In this case, E' is also
formed from I,, by scaling row i by A. So in this case, det(E") = det(E) = \.

(c) Suppose E is formed from I, by adding Ar; to r; for rows r; # r;. Then E*
is formed from I, by adding Ar; to ;. So in this case, det(E") = det(E) =
det(1,) = 1.

We can now prove our main result:

Theorem. Let A be an n x n matrix. Then det(A) = det(A").

Proof. Let A be the reduced echelon form for A. Then A = I,, if and only if rank A =
n. So if A # I, we have rank(A) < 0, which means that det(A) = 0. Since row
rank and column rank are equal, we would then have rank(A") = rank(A) < n, which
means det(A") = 0, too. So the theorem holds in that case.

Now consider that case where A = I,. Thus, by applying row operations to A, we
arrive at the identity matrix. Choose elementary matrices E; such that

E;---EyEA=1,. (21.1)
Taking determinants and using the fact that determinants preserve products yields:

det(Ey) - - - det(FEs) det(Ey) det(A) = 1. (21.2)

!The reader is strongly encouraged to create examples of each of these three cases.
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Taking transposes in equation (21.1) gives
AE. B =Tt =1,

Take determinants and use the fact from the Lemma that det(F) = det(E") if F is
an elementary matrix to get

det(A") det(E)) - - - det(E,) = 1. (21.3)

The result follows by equating (21.2) and (21.3) and using the fact that the determi-
nant of an elementary matrix is nonzero (so that we may cancel). O

Corollary. The determinant is a multilinear, alternating, normalized function of the
columns of a square matrix.

For instance, the above corollary says the in order to compute the determinant, one
may use column operations to simplify the calculation, just as we used row operations.
Further, one may mix row and column operations, when convenient, as in the following
example.

Example. Let

1 -1 -1 —1
2 3 0 1
M=1 5 1 4
-5 1 1 5

To compute the determinant of M, add the first row to each other row to get

1 -1 -1 —1

, -1 2 -1 o0
M=1_1 o 3 22|

4 0 0 4

then, in M’, add columns 2, 3, and 4 to column 1 to get

-2 -1 -1 -1

" 0 2 -1 0
M™= o 0 3 =2
o 0 0 4

The types of row and column operations we used to get from M to M” have no effect
on the determinant, and thus,

det(M) = det(M') = det(M") = —2-2-3 -4 = —48.
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Remark. Start with I, and perform a sequence of row operations to get a ma-
trix B € M,x,(F). Then multiplying A € M,«,(F) on the left by B gives the
matrix BA € M,y (F) formed from A by performing the same sequence of row op-
erations. Similarly, one can start with I,,, perform column operations to produce a
matrix C' € M,,«,(F), then multiplying D € M.y, (F) on the right by C give the
matrix DC' € My, (F) obtained by performing the column operations on D.



Week 8, Wednesday: Permutation expansion of the determi-
nant

Definition. A permutation of a set X is a bijective mapping of X to itself. If o
and 7 are permutations of X, then so is their composition ¢ o 7. The collection
of all permutations of X along with the binary operation o given by composition
of functions is called the symmetric group on X. For each nonnegative integer n,
let [n] := {1,...,n}. The symmetric group on [n] is called the symmetric group of
degree n and denoted by G,,.

Example. Here are six elements of G3:

1——1 1><1 1 1
2 —— 2 2 2 25{2

3

1—1 1 1 1 1
2><2 2362 2%2
3 3 3 3 3 3

Note. Define the factorial of a natural number as follows: 0! = 1, and for each
integer n > 0, recursively define n! = n(n—1)!. Thus, 1! =1,2!=2-1,3!=3-2-1=
6,4! =4-3-2-1 =24, etc. Then the number of elements of &,, = n! since we can
uniquely determine every permutation ¢ by first choosing one of n values for o(1),
then any of the remaining values n — 1 for ¢(2), then one of the remaining n — 2
values of o(3), etc.

3—3 3—3 3

Definition. Let ¢ € G,,. The permutation matrixz corresponding to o is the n x n
matrix P, whose i-th row is e,(;). Another way of saying this is that, F, is ob-
tained by permuting the columns of the identity matrix, I,,, according to o: put e;
in column (7).

118
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Example. Let 0 € &3 be defined by o(1) =2, 0(2) = 3, and ¢(3) = 1. Then

P, =

_ o O

1
0
0

o = O

Exercise. Let 0,7 € G,, and let A be an n X n matrix.

(a) If the rows of A are (r1,...,7,), then the i-th row of P, A is r,¢;). In other words,
the multiplying on the left by P, permutes the rows of A in the same way that
the rows of I,, are permuted to form P,. We leave it as an exercise to the reader
to investigate the effect of multiplying A on the right by P.

(b) P,eon) = €;, and P, P, = P.,,. (Note that the order of o and 7 have switched.)

Rook placements. Permutation matrices are exactly those that have a single 1 in
each row and in each column. Thus, if the 1s in a permutation matrix were replaced by
rooks in the game of chess, then no rook would be attacking another. We sometimes
call a permutation matrix a rook placement.

Definition. The sign of 0 € &, is
sign(o) = det(P,) = £1.
A permutation is even if its sign is 1 and odd if its sign is —1.

Every permutation matrix P, may be obtained from I, through a sequence of trans-
positions of columns, i.e., a sequence in which each step consists of swapping two
columns. In the example above, P, is formed by permuting columns 1, 2, and 3 of I3

as follows:
1 1
3 3

This permutation could have been obtained from two transpositions:

1%1><1
2><2 2
3 3——3
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Thus, every permutation matrix can be obtained as the product of permutation ma-
trices corresponding to transpositions. Swapping two columns in a matrix changes the
sign of the determinant. Therefore, even though a permutation ¢ may be realized in
different ways as sequences of transpositions, the parity (evenness or oddness) of the

number of transpositions required is well-defined: the number is even if det(P,) = 1
and odd if det(P,) = —1.

Theorem. Let A be an n X n matrix. Then

det(A) = Z Sign(U)Alg(l)Agg(g) cee Ana(n).

oeS,
Example. Consider the case n = 3. Then

ail aiz Az
A= a21 A2z A3

a31 azz 33

Each term Aj5(1)A2s(2) - - - Ano(n) in the formula in the theorem should be thought of
as the product of the entries corresponding to a rook placement. The permutations,
rook placements, and corresponding summands appear in Figure 22.1.}

Proof of permutation formula for the determinant. We want to compute
det(Allel + A12€2 —+ e+ Alneny e ,Anlel + Angeg R Annen>

Each of the n components in the above expression consists of n summands where
each of the summands has the form a;;e;. Using the multilinear properties of the
determinant, when we expand the above express, we get n! terms, each of the form

AlleQjZ e Anjn det(eljl, 62]'2, ce ,enjn).

If any pair of these ey, is the same, this term will evaluate to 0. Thus, for the nonzero
terms, e1j,, €2j,, - - - , €nj, Must be some permutation of ey, ..., e,. We then have

det(eyj,, €2jys - - -, €Enj,) = £1,
depending on the sign of the permutation o defined by
o(1) =ji, 0(2) =j2, ..., o(n) = jn,
and we can write
Ayj Agjy -+ Ay, det(erjy, €2jy, - .oy €nj,) = 8ign(0) A1) Ae(2)  * * Ano(n)-
O

!'Note that the sign of the permutation is also equal to (—1)¢ where ¢ is the number of times two
arrows cross in the diagram for the permutation in the left-most column.
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1—1
2—2

33— 3

2 2

33— 3

1 1
2}62
3 3
1—1

3 3

Figure 22.1: Computing the determinant of the 3 x 3

e Y e Y e

11
21
a31

11
21
a31

11
21
a31

11
21
a31

11
21
a31

11
21
a31

a2
A22
32

a2
a22
a32

a2
a22
a32

a12
a22
32

a2
a22
32

a2
a22
a32

13
23
a33

13
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matrix A = (a;;) via rook

placements. The determinant is the sum of the terms in the right-most column.
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See the next pages for all of the details of the above proof in the case n = 3.
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Let’s look at the proof again in the case n = 3. The i-th row vector of A is
T = €1+ g€ + a;3€3.
To compute the determinant of A we start by expanding using multilinearity:
det(A) = det(ry, re,73)
= det(aie1 + a1a€s + ai3es, azie1 + agaea + agses, azier + azes + asses)

= det(ajier, age1 + agees + asses, azieq + agaes + asses)
+ det(aizeg, agier + ages + asgses, agier + asses + agses)

+ det(aizes, azier + azses + agses, azier + asaes + asses)

= det(ayi€1, age1, asiey + asses + agses)
+ det(ay1€1, axgea, azier + aszes + asses)

+ det(aq1€1, agzes, azier + aszes + asses)

+ det(aize2, asieq, azier + aszes + asses)
+ det(aize2, aggea, azier + aszes + asses)

+ det(aize9, agses, azier + asaes + agses)

+ det(ai3es, agie1, agrer + asges + asses)
+ det(ayzes, axgea, azier + asaes + asses)

+ det(ai3es, asses, asier + aszes + asses)

There is one more step to go in the complete expansion, at which point, we’ll have 27
terms. For completeness, I'll list these all on the next page.
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= det(ar1e1, as €1, azie)
+ det(ai1e1, azer, azes)

+ det(airer, azier, asses)

+ det(ai1e1, axes, azier)
+ det(ar1e1, azes, azzes)

+ det(ai1e1, axnes, asses)

+ det(ayie1, agses, asey)
+ det(aire1, asses, asses)

+ det(a11e1, aszes, aszes)

+ det(a12e2, azieq, azier)
+ det(aizez, azier, asses)

+ det(aizez, agier, asses)

+ det(aizez, axes, asier)
+ det(a12e2, azzes, azzes)

+ det(aizez, axnes, asses)

+ det(aueg, 9363, a3161)
+ det(ai2e2, asses, azzes)

+ det(aizes, aszes, asses)

+ det(a13€3, a21€1, a31€1)
+ det(aizes, azer, azes)

+ det(aises, azier, asses)

+ det(aizes, axes, azier)
+ det(aizes, axes, ases)

+ det(aizes, axnes, asses)

+ det(aizes, azses, azier)
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+ det(aizes, axses, aszes)

+ det(a1ses, agzes, agzes)
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Use linearity to pull out the constants:

= ay1a91a31 det(eq, eq,€1)
+ anagass det(ey, eq, es)

+ ajjagass det(eq, eq, e3)

+ ajjagaz det(ey, e, e;)
+ aj1agaase det(ey, eq, €2)

+ arnagags det(eq, es, €3)

+ ajragzas; det(eq, ez, eq)
+ aj1as3ase det(ey, es, es)

+ ayyagsass det(eq, es, e3)

+ ajpagas; det(eq, eq,eq)
+ aizasasz det(eq, eq, €2)

+ a12a21a33 det(eg, ey, €3)

+ aipagaz; det(eq, e, €q)
+ ajpagaase det(eg, eg, €2)

+ a12a22a33 det(eg, e, €3)

+ ajpagzaz; det(eq, e3,e1)
+ a12a93a32 det(eg, 3, €2)

+ a1a93a33 det(eg, e3, €3)

+ ajzasias; det(es, eq, eq)
+ ajzan azs det(es, eq, es)

+ ai3agsag; det(es, eq, e3)

+ ajzagnaz det(es, e, eq)
+ aj3agzas32 det(es, eq, €2)

+ ayzaxass det(es, ea, €3)

+ ajzagzas; det(es, ez, eq)
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+ aj3a03a32 det(es, es, e3)

+ a13ag3as3 det(es, es, e3)
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Now we use the alternating property of the determinant. If any row is repeated, the
determinant is 0. Getting rid of those terms leaves:

det(A) = 110922033 det(61, €2, 63)
+ aniagsaszs det(ey, es, e3)
+ 120921033 det(eg, €1, 63)
+ arzaszaz; det(es, e, e1)
+ 1321032 det(eg, €1, 62)

“+ a13a920a31 det(eg, €2, 61).

Next notice that each determinant appearing above is the determinant of a permuta-
tion matrix. For instance, the term

ajpassaz det(eq, es,eq)

contains det(eg, €3, e1), which is the determinant of the permutation matrix for the
permutation o(1) =2, 0(2) = 3, and ¢(3) = 1. We have

a12a93a31 det(eg, €3, €1) = A1(1)020(2)A30(3) det(Fy)

= Q10(1)A20(2)A30(3) sign(o).

In this way, the six terms in the sum can be expressed as follows:

det(A) = Z det(Pa)@10(1)a20(2)a3a(3)

geG3

=) sign(P,)a1,(1)020(2) 030(3)-

geG3
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Laplace expansion of the determinant. Let A be an n xn matrix. For each i,j €
{1,2,...,n}, define AY to be the matrix formed by removing the i-th row and j-th
column from A. Fix k € {1,2,...,n}. Then

det(A) = i(—n’fﬂAM det( A*).

j=1

This expresses det(A) in terms of an alternating sum of determinants of (n—1) x (n—1)
matrices. We call this expanding det(A) along the k-th row. Applying the formula
recursively leads to a complete evaluation of det(A). Since, det(A) = det(A?), you
can also calculate the determinant by recursively expanding along columns.

Example. Let

Let’s calculate the determinant by expanding along the first row:

01 2 1 2 0
det(A)—l-det(1 1)—2-det(1 1)+3-det(1 1)

— (1) —2(1) +3(2) = 3.

To check, let’s expand along the second row, instead, noting the signs:

det(A):—2-det(? ?)O-det(} ?)—1-det(i i)

= —2(—1)+0(=2) — 1(~1) = 3.

Finally, let’s expand along the third column:

2 0 1 2 1 2
det(A)—B-det(1 1)—1~det(1 1)+1-det<2 0)
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= 3(2) — 1(—1) + 1(—4) = 3.

Note: if your matrix has a particular row or column with a lot of Os in it, you might
want to expand along that row or column since a lot of the terms will be 0. For
example, to compute

1
det | 3
1

=~ DN W
S w O

expand along the third column:

1 3

0 (blah) — 3 det ( 1 4

) + 0 (blah) = —3(1) = —3.

The “blah”s are there instead of explicit determinants since they are being multiplied
by 0. Their exact values don’t matter, so we don’t need to waste time calculating
them. We will not prove the formula for the Laplace expansion. It is very similar to
that for the permutation expansion.

Existence and uniqueness of the determinant. Recall the definition that started
our discussion of the determinant:

Definition. The determinant is a multilinear, alternating function det: M, «,(F) —
F' of the rows of square matrix, normalized so that its value on the identity matrix
is 1.

The definition says “the determinant”, but for all we knew, there could be several
different functions M, «,(F) — F all satisfying the criteria of being multilinear,
alternating, and normalized. Or, it is possible there are no functions that satisfy the
criteria? So the definition requires us to prove that, in fact, there exists exactly one
determinant function (for each n).

Just after defining the determinant, we showed that if d: M,«,(F) — F is any
multilinear, alternating, normalized function, then a choice of a row reduction for A €
M «n(F) determines the value of d(A). The subtlety here is that, there are many
different sequence of row operations that would produced the row echelon form for A.
Do each of these produce the same value for d(A) (in other words, is d well-defined)?
We never proved that they would.

So let’s begin again and consider the particular function d: M, ., (F) — F defined
recursively as the Laplace expansion of a matrix along its first row:

n

d(A) == (—1)" Ay, d(AY) (23.1)

=1
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if n > 1, and by d(A) = a if A = [a] is a 1 x 1 matrix. This function d is well-
defined—there are no choices to be made is in calculation.

Exercise. Prove that d is multilinear, alternating, and normalized (i.e., its value
at I,, is 1).

Thus, we see there exists at least one determinant function.

Having defined d by (23.1), now note that in addition to calculating d using the given
recursive formula, since d is multilinear, alternating, and normalize, its value can
be determined via row reductions, just as before. What’s new now is that we see
that no matter which choices are made in the row reduction, we must get the value
determined by (23.1).

In sum, we have shown that a multilinear, alternating, normalized function exists
and is unique. Its value is completely determined by choosing any sequence of row
operations reducing a matrix to its row echelon form, and the choice of the sequence of
row operations does not matter. So far, we have three different methods for calculating
the determinant: using row operations, summing over permutations, and via Laplace
expansion along any row or column.

BONUS CONTENT

Generalized Laplace expansion. Let A € M,.,(F), and fix a subset of k
rows 7, ...,7, of A where 1 < k < n. Let I = {i1,...,i} be the indices of
these rows. For any subset J C {j1,...,jx}, define |J| :== j; + -+ + j, and define

A" =the k x k submatrix of A formed by the intersection of
rows indexed by [ and the columns indexed by J

A7 = the (n — k) x (n — k) submatrix of A formed by the
intersection of rows indexed by {1,...,n} \ I and the
columns indexed by {1,...,n}\ J.

Then
det(A) =) (=) det(A") det(A")
J
where the sum is over all k-element subsets J of {1,...,n}.!

Example. The case where k = 1 is the ordinary Laplace expansion formula.

1Since det(A) = det(A?), there is a similar formula for expansion along a fixed set of k columns.
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Example. Let

7
2
1

Ot DN =
(@20 RN

A=

-]
~ =~ N O

6 3

We will compute det(A) using the generalize Laplace expansion along the first two
rows of A. So, using the notation from above, I = {1,2} C {1,2,3,4}. There are six
choices for a pair of columns:

Je ({1,2),{1,3) ,{1,4} ,{2,3},{2.4},{3,4}).

The term in the expansion corresponding to J = {1,3} would be

(— 1)1 det(A™) det(AM) = (~1)F+2 049 o ( ) ) ) et ( 5 s )

=(-1)(1-2—-0-2)(1-3—6-6) = 66.
The entire expansion is

det(A) = Z(— YT det(AT) det( A7)

Z 3+|J| det A{l Q}J)d t(A{l 2}])
J

= (—1)%+01+2) ge (AT2HLZY) det(ABAHBAY) £ (21)3+043) det(AT2HL3) det( AT AH24}
+ (—=1)>H0+D qet(ATZHLAD) dep(ABAH23Y) 4 (—1)3+2+3) qeg(ATH2HZ3D) e (ABAHLA
(=13 det(ATL2H2AY) dep(ABAHLIYY 4 (L13+0H) et ATL2HI dep(ABAHL2
= det(AT2HL2) qot (ABAHB) _ det(AN2HLIY dep( 4134124}
+ det(ATLBHLAY) qet( ABAH23Y) 4 det(ATL2H23)) et (ABAHLAY)

— det(AM2 2N qep(ABAHY 4 der(AT2HBH ) dop( AB4HL2)
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Continuing the calculation:

1 705
2 2 2 2
A= 51 46
06 7 3

det(A) = det(ALZHL2Y) det(ABHBA) _ det(ATL2HL3Y) det(ABAH2A
+ det(A2HIA) qet(ABAH23Y) 1 det(A12H23)) det(ABAHL4)

— det(A12H2A) det (ALY 4 det(AT2HEI) det( AL
:det(; ;)dﬁ(i g)—d%(; g)det(é g)

v (3] ) v (T ) (3 0)

—det(; g)d%(g Z;)—i—det (2) ;)det(g é)

= (=12)(=30) = (2)(=33) + (=8)(=17) + (14)(15) — (4)(35) + (=10)(30)
= 332.

Example. Let

32100
1 2400
A=1 01 7 0 0
12147
34 2 9 3

The generalized Laplace expansion along the first three rows has only two nonzero
terms, yielding

3 21 47
det(A)=det | 1 2 4 | det ( 9 3 ) :
017
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Parametrizing linear subspaces

Let V be a finite-dimension vector space of dimension n, and let 1 < k < n. Our goal
today is to construct a geometric object whose points are in one-to-one correspondence
with the k-dimensional subspaces of V.

Projective space. We start with the case k = 1. Let W C V be a one-dimensional
subspace of V', and let {w} be a basis for W. Then w # 0 and

W = Span{w} = { w: X € F}.

One might be tempted to say that W is w in the sense that W is completely deter-
mined by w. From that point of view, V' \ {0} would be exactly the geometric object
we are looking for: it points correspond to one-dimensional subspace (by take the
span of a point). We have a mapping of sets

V'\ {0} — one-dimensional subspaces of V
u +— Span{u}.

There only one problem: the above mapping is not a bijection—so it is not the one-
to-one correspondence we are seeking. It is surjective since every one-dimensional
subspace is spanned by some vector, but it is not injective since a one-dimensional
space may have many different bases. How far away is the mapping from being
injective? When do two different nonzero vectors have the same span? The answer:
exactly when the two vectors are scalar multiples of each other.

The above discussion motivates the following equivalence relation:

Definition. If w,w’ € V' \ {0}, write w ~ w' if there exists a nonzero scalar A\ € F
such that w' = \w.

Exercise. The relation ~ is an equivalence relation on V' \ {0}.

Definition. The set of equivalences classes for ~ is projective space on V', de-

noted P(V).

134
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Using the usual notation for a set modulo an equivalence relation, we write

P(V):= (V\{0})/~ ={[w]:weV\{0}}
where [w] is the equivalence class of w, i.e., the set of all nonzero scalar multiples
of w. We then have a bijection of sets

P(V) — one-dimensional subspaces of V'
[u] — Span{u}.

From now on, we use this bijection to identify each point [u] € P(V') with its corre-
sponding one-dimensional subspace Span(u) C V.

We will next consider a special case, which should justify calling projective space a
“geometric” object.

Definition. Real projective n-space P(R™*1), denoted P™.

A point in P” is is a one-dimensional subspace of R"*! which is the same as a line
through the origin. So we think of P" as the set of lines through the origin in R™!,

We explain now why P" should be considered n-dimensional in some sense. For i =
1,...,n+ 1, define
Ui = {[(al, R ,an+1)] e P a; % 0} .
Note that U; is well-defined: if [(ai,...,ans1)] = [(b1,...,bns1)], then there exists
a nonzero A € R such that (ai,...,a,:1) = A(b1,...,bus1). Thus, a; = A\b;, and it
follows that a; #= 0 if and only if b; # 0. Let [(a1, ..., a,y1)] € P". Then there exists
at least one 7 such that a; # 0. We can then scale by ai to get another name for the
same point in projective space: '
1

(al,...,an)w—i(al,...,anﬂ) = [(a1,...,an)] = [(a1/ai, ... a;/a;, ... ans1/a;)])

=[(a1/ai, ..., 1,. . ang1/ai))).

In this way, every point in U; C P" is represented by whose i-th coordinate is 1. We

have bijection R™ <+ U, that sends (b1, . .., b,) to the equivalence class (b1, ..., b;_1,1,b;, ...

(We have just squeezed a 1 between b;_; and b;;1.) The point, finally, is that it only
takes n number to identify any point in Us.

Grassmannians. We know generalize the above discussion to find a space parametriz-
ing k-dimensional subspaces of V for any 1 < k < n. Let W C V' and let (wy, ..., wg)
be a basis for W. We place these basis vectors in as the rows of a k& X n matrix:
Wiy . Win
M =

Wg1 - Wy

 bn)]-
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where w; = (w1, ..., wy,). Conversely, if M is any k X n matrix of rank k, then the
rowspace of M is a subspace of V' of dimension k. So we get a surjection

k x n matrices of rank k — k-dimensional subspace of V'
M +— rowspace(M).

This mapping is not injective because a k-dimensional subspace of V' may have many
different bases. In fact, given M with rows wq,...,w; spanning a k-dimensional
subspace of V', we can describe all of the matrices M’ with the same row space as M:
they are exactly the matrices obtained by performing row operations to M. This, in
turn, means that M’ must be of the form PM where P is k x k invertible matrix. (The
matrix P is the product of elementary matrices corresponding to the row operations
that transform M to M’.) We proceed as we did earlier for projective space (i.e., for
the case k = 1).

Definition. If M and M’ are k x n matrices of rank k, write M ~ M’ if there exists
an invertible & x k£ matrix P such that M’ = PM.

Exercise. The relation ~ is an equivalence relation on the set of k& x n matrices of
rank k.

Definition. The set of equivalences classes for ~ is the Grassmannian, denoted
G(k,n).

Example. If F =R, we have P" = G(1,n+ 1).

If J is a subset of {1,...,n} of size k, let U; be the subset of G(k,n) consisting of
equivalence classes of matrices M such that the submatrix of M consisting of the
columns with indices in J has rank k. (Note: this notion is well-defined, just as the
U; were well-defined, above.) Then each element of U; has a unique representative M
that is a k x n matrix whose submatrix consisting of the columns in J is the identity
matrix.



Week 9, Wednesday: Determinants and volume

The parallelogram spanned by v,w € R? is
P={ v+ pw: A\, pe€|0,1]}
where [0,1] ={z eR: 0 <z <1}

Theorem. Let A(v,w) be the area of the parallelogram spanned by v, w € R?. Then
A(v, w) = | det(v, w)],
where det(v,w) is the determinant of the matrix with rows v and w.

Note: Since the determinant of a square matrix and its transpose are the same,
A(v,w) is also the absolute value of the matrix whose columns are v and w.

Proof of theorem. Define SA(v,w) to be the signed area defined in the worksheet.
We show that SA satisfies the properties required of a determinant function. Then,

since the determinant is unique, it follows that SA(v,w) = det(v,w) and the result
follows since A(v,w) = |SA(v, w)|.

e Normalized. We have SA(e,es) = 1:

137
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The sign is positive since the angle from e; to ey is less than 7.

e Alternating. We have SA(v,v) = 0 since in this case, the corresponding
parallelogram is degenerate.
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e Multilinear.
— SA(cv,w) = ¢SA(v,w) and SA(v, cw) = cSA(v,w):

c>0

c<0

The areas are scaled by |c| in either case since the base is scaled by |c| and
the height does not change. The drawing assumes that the angle from v
to w is less than m. There is a similar drawing for the case where the angle
is greater than 7. Either way, in the case where ¢ < 0 note that although
SA(cv, w) and SA(v, w) have opposite signs, SA(cv, w) and ¢S A(v, w) have
the same sign.

Similar drawings show that SA(v, cw) = ¢SA(v,w).

— SA(v 4 u,w) = SA(v,w) + SA(u, w):

Note how to dissect the u-w and v-w parallelograms to get the (v + u)-
w parallelogram: Cut section a in the u-w parallelogram and place it at
section a’, then cut section b in the v-w parallelogram and place it at
section . The result is two parallelograms that can exactly cover the
(v + u)-w parallelogram.
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Of course, our drawing is just one case among the many possible angles
between pairs of v, u, and w.
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Definition. The parallelepided spanned by vy, ..., v, € R"is
P={\vy+ -+ Nv,: N\ €[0,1) fori=1,...,n},

It turns out that the volume of P is given by the determinant of the matrix whose
row (or columns) are vy, ..., Uy:

vol(P) = |det(vy,...,v,)]|

Note that one of the vertices of P is the origin (set Ay = --- = A, = 0). To get an
arbitrary parallelepiped in R” we can just translate by any vector u € R™:

P+u={ptu:pePt={Nvn+- -+, +u:0< )\ <1lfori=1,...,n}.
The volume does not change:

vol(P + u) = | det(vy, ..., v,)]|

Theorem. Let P be the parallelepided spanned by vq,...,v, € R". Let A €
M, xn(R), and let Ls: R™ — R™ be the corresponding linear function, L(z) = Ax.
Then L4(P) is the parallelepiped spanned by the vectors Avy, ..., Av,, and

vol(L(P)) = | det(A)[vol(P).

Moreover, Ls(P + u) = La(P) + La(u). Thus, application of La scales the volumes
of parallelepipeds in R™ be a factor of | det(A)].

Proof. We have © € L,(P) if and only if there exist Ay,..., A\, € [0, 1] such that
r=AMNvy + -+ Ay) = MAv + -+ N Aoy,

i.e., if and only if x is in the parallelepiped determined by Awy, ..., Av,.

Let B be the matrix with columns vy, ..., v,. Then vol(P) = |det(B)|, Note that AB
is the matrix whose columns are Avq, ..., Av,. It follows that

vol(L(P)) = | det(AB)| = | det(A)|| det(B).

We have La(P +u) = La(P)+ La(u) since Ly is linear. O
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Remark. To approximate the volume of an arbitrary shape in R"™, one can try to
dissect the shape into a union of parallelepipeds. One definition of the volume of an
arbitrary shape is derived by taking limits of such approximations. One can then ask
how the volume of a shape S changes under the application of a function f: R" — R™.
If the function is “nice” (differentiable), then at each point p in the shape, one creates
a linear approximation D f(p) of the function f (called the derivative of f at p), akin
to L4, above. Further assuming that f is injective, the volume of the image of the
shape is then given by the change of variables formula in multivariable calculus:

vol(F(8)) = / _ldet(Df ()]

In light of the theorem we just proved, the determinant |D f(p)| should be thought of
as a scaling factor. It tells us how much f scales volumes (infinitesimally) at p.



Week 9, Friday: Eigenvectors and eigenvalues

Definition. Let f: V' — V be a linear transformation of a vector space V over F.
A nonzero vector v € V is an eigenvector for f with eigenvalue \ € F' if

f(v) = .

If A€ M,x,(F), a nonzero vector v € F™ is an eigenvector for A with eigenvalue A €
Fif

Av = .
Thus, eigenvectors and eigenvalues for A are the same as eigenvectors and eigenvalues
for the associated linear function fs: F™ — F™ (defined by fa(v) = Av).

Here is why we like eigenvectors: Suppose that o = (vq,...,v,) is an ordered basis
of eigenvectors for f: V' — V with corresponding eigenvalues Ay, ..., \,, i.e., f(v;) =
A\v; for i = 1,...,n. Then the matrix [f]® representing f with respect to the basis «
for the domain and codomain is the diagonal matrix diag(Ay, ..., \,).

a=(42).

with corresponding linear function

Example. Let

fA: R? — R?

It turns out that (2,3) and (1,2) are eigenvectors for f4 with eigenvalues 2 and 3,

repectvel ) (2= (1) -2(2)
DE)-()-()
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Find the matrix representing f4 with respect to the ordered basis

a = <(2’ 3)? (17 2)>

To do this we write the image of each vector in « as a linear combination of the
vectors in o and pull off the coefficients to create columns:

fa(2,3) = 2(2,3)
fa(1,2) = 3(1,2)

2 (

0-(

2,3) +0-(1,2)
2,3)+3-(1,2).

Hence,

a2 = ( 20 ) — ding(2,3).

That is the point: a basis of eigenvectors gives a matrix representative that is diagonal,
which is the simplest type of matrix to think about. Let’s think abstractly about
what just happened. The matrix A is the matrix representing f4 with respect to the
standard basis, and the matrix

D = diag(2,3) = (g g)

represents f4 with respect to the basis a. Let ¢, be the mapping that takes coordi-
nates with respect to a. We get the commutative diagram:

1,2)— 31,2

—_—
(2,3) Re A o 2(2,3)

¢>al2 Zl(ba
R2 — 25 R2,

(LO) 21,0

Oy 30

Reviewing something we talked about earlier in the semester: The matrix for ¢,
would be a bit of a chore to write down. It’s j-column would be the image of e;.
So we would have to write each e; as a linear combination of the basis vectors in «a.
However, the inverse of ¢, is easy to write down. Take a look at the commutative
diagram. By construction of ¢,, we have

¢ (1,0) = (2,3) and ¢,'(0,1) = (1,2).
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(11

So the matrix for ¢, is P~!. Therefore, another way to write the commutative
diagram is

So the matrix for ¢, ' is

R2 4 4 R2

P

R2 2 4 R2,

From contemplating this diagram, we see that
D =P 'AP.

Summary: having found eigenvectors (2,3) and (1, 2), we place those eigenvectors as
columns in a matrix P, and then P71 AP is a diagonal matrix with the corresponding
eigenvalues on the diagonal.

To generalize:

Let A € M, y,(F) with corresponding linear function f4: F™ — F"™. Suppose

a = (vy,...,v,) is an ordered basis of eigenvectors with corresponding eigen-
values A1, ..., \,, ie., Av; = \jv; for i = 1,...,n. Let P be the matrix whose
columns are vy,...,v,. Then

P 'AP = D,
where D = diag(\1,...,\,), and we have a commutative diagram

A

P [P

Fn Py pn,

How does one find eigenvectors and eigenvalues? Let A € M, ,(F) with
corresponding function fa: F™ — F™ (so fa(v) := Av). We are looking for a nonzero
vector v € F™ and a scalar \ such that Av = Av. To achieve that, the following
argument is of central importance:

Av=X v & (A-XL)v=0 <& wveEker(A—N\v).
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This says that:
A € F' is an eigenvalue for A if and only if ker(A — A\I,,) # {0}.

So we would like to determine those A for which the kernel of A — AI,, is nontrivial,
for which the following is key:

ker(A—\,) #{0} <& rank(A—A[,)<n <&  det(A—A\I,) =0.

Let’s apply this to the matrix A in our example:

w((Z8) () (3 )-(32)
:det(_l_g)\ 63/\)
= (=1 —=X\)(6—)\) —2(—6)

=\ —5\+6

=A=2)(A=3).
Thus, ker(A—AI,,) # {0} if and only if A = 2,3. So the eigenvalues for A are 2 and 3.

Having found the eigenvalues, how do we go about finding corresponding eigen-
values? For each eigenvalue A, there are nonzero elements ker(A — A\I,,). So we just
apply our algorithm for finding the kernel of a matrix:

-1 2 2 0 —3 2
A_212_<—6 6)_<0 2>_(—6 4)'

So we need to find (z,y) € R? satisfying
-3 2 z\ (0
—6 4 y ) \0)°
Therefore, we perform Gaussian elimination:

(%3)-(0 o)
ker(A — 21,) — {<§yy> :yeR}.

Hence,
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For a basis we could take (%, 1), or easier, (2,3).

Similarly for the other eigenvalue:

-1 2 30
A_?’I?:(—es 6>_(0 3)

Hence,

st -3t = { (L) v ).

For a basis we could take (%, 1), or easier, (1,2).

Let A € M,,»n(F). The eigenvalues for A are exactly the solutions A to

det(A — AI,) = 0.

m

ker(A — AL,).

Use our algorithm to find a basis for the matrix A — \I,,.

If A € F'is an eigenvalue, it corresponding eigenvectors are the nonzero vectors




Week 10, Monday: Diagonalization algorithm

Recall from last time: an eigenvector for a linear transformation f: V — V is a
nonzero vector v € V such that
fw) =Xv

for some A € F'. In that case, A is called an eigenvalue for f.

Definition. Let V' be an n-dimensional vector space. A linear mapping f: V — V is
diagonalizable if there exists an ordered basis « of V' such that [f]? = diag(Ay, ..., Ay).
A matrix A € M, «,(F) is diagonalizable if its corresponding linear mapping f4 is
diagonalizable.

Proposition. A linear mapping f: V — V is diagonalizable if and only if V' has a
basis consisting solely of eigenvectors for f.

Proof. Let a be any ordered basis. Then [f]% is diagonal if and only if, for each j =
1,...,n, the j-th column of [f]2 has a single non-zero entry, in the j-th row. That j-th
column is determined by

fj)=0-v14+--4+0-vj14+X-v;+0-vjp1+---+0-0,,
for some scalar \;. However, the above condition is equivalent to f(v;) = A;v;

for j =1,...,n, ie., to a being a basis of eigenvectors. [

Example. Not all linear transformations of a vector space to itself are diagonalizable.
For instance, consider the linear transformation f: R? — R? that is rotation of the
plane by 90°, having matrix

A:((l)_ol).

148
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There is no point 0 # v € R? such that Av = Av for some \. (The matrix is
diagonalizable over C, though. Can you find two eigenvectors? Don’t get your hopes
up, though—there are matrices that are not diagonalizable over C.)

Suppose f: F"™ — F™ is a linear transformation, and let A be the matrix correspond-
ing to f, i.e., the matrix whose j-th column is f(e;) for all j (i.e., the matrix for f with

respect to the standard basis for F). Suppose we can find a basis a = (vy, ..., v,) of
eigenvectors for f with corresponding, not necessarily distinct, eigenvalues A1, ..., \,.
Let P be the matrix with columns vy,...,v,. Then, as we saw last time,

P7'AP = diag(A1, ..., ).

Definition. Two n x n matrices A and B over I’ are similar or conjugate if there
exists an invertible matrix P such that A = P~'BP.

Exercise. The reader should verify that similarity is an equivalence relation.

Remark. Let f: V — V be a linear transformation of a finite-dimensional vector
space, and let a and B be two ordered bases for V. Then we saw earlier in the

semester that the matrices A := [f]% and B := [f]g are conjugate, i.e., the matrices

for f with respect to any two bases for V' are conjugate. The converse is also true:
every matrix conjugate to A is the matrix representing f with respect to some basis.

Finding eigenvectors and eigenvalues. Let A € M, ., (F) with corresponding
linear function

fa: ™" — F"
v — Av.

As mentioned last time, the following argument is of central importance in the story
of eigenvectors and eigenvalues: We are looking for nonzero v € F™ and any A € F'
such that Av = Av. We have

Av=X v & (A-AL)v=0 < veker(A— ).
This says that:

A € F is an eigenvalue for A if and only if ker(A — AI,,) # {0}.
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So we would like to determine those A for which the kernel of A — A1, is nontrivial.
The following is key:

ker(A—M\,) #{0} & rank(A—A[,)<n <& det(A—AI,) =0.

Definition. The characteristic polynomial of A is

pa(z) = det(A — z1,).

We have just seen that

A € F'is an eigenvalue for A if and only if it is a zero of the characteristic
polynomial for A, i.e., if and only if p4(A) = 0.

Example. Let

2 =7 3
A=1 0 -5 3
0 0 2
The characteristic polynomial of A is
2 -7 3 100
pa(t) = det 0 =53 |]—-2|1010
0 0 2 0 01
2 =7 3 x 0 0
= det 0O 53 |—-(0w=x0
0 0 2 0 0 x
2—x -7 3
= det 0 —5—=x 3
0 0 2—=x

=2—-xz)(-5—x)(2—1x)
= —(x —2)*(x +5).

Thus, pa(z) = 0 if and only if x € {2,—5}. So the eigenvalues of A are 2 (with
multiplicity 2), and —5.
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Recall that our goal is to diagonalize A by finding a basis of eigenvectors. That’s
not always possible, but we can try. The first step is to compute the zeros of the
characteristic polynomial, p4(z). This tells us the eigenvalues for A. We then need to
find the eigenvectors to go along with these eigenvalues. Recall that nonzero v € F"
is an eigenvector for A with eigenvalue A if and only v € ker(A — AL,).

Definition. Let A\ be an eigenvalue of the n xn matrix A over F'. Then the eigenspace
for \is
Ey:=FE(A)\:={ve F": Av = v} = ker(A — A,,v).

The eigenspace, being the kernel of a matrix, is a linear subspace of F™.

The second step in trying to diagonalize A is to compute a basis for each eigenspace E).
Example. We have seen that the eigenvalues for
2 =73
A=1|10 -5 3
0 0 2

are 2 (with multiplicity 2) and —5. Let’s compute the corresponding eigenspaces in
the case F' = R.

2 -7 3 2 0 0
A-2l;=|0 =5 3| -0 20
0 0 2 00 2

0 -7 3

—| 0o -7 3

0 00

01 —3/7

— (o0 o

00 0

The first and third variables are free. Hence,

ker(A — 2I3) = {(z,22,2) : 2,2 € R}.
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For a basis we could take {(1,0,0),(0,2,1)}, or easier, {(1,0,0), (0,3,7)}.

E_s
2 =7 3 5 0 0
A—(=5)I=0 =5 3 |+ 0 5 0
0 0 2 0 0 5
7T =7 3
=10 0 3
0O 07
1 =1 0
— 1 0 0 1
0 00
Hence,

ker(A +513) = {(y,y,0) : y € R}.
For a basis we could take (1,1,0).

Thus, we have found three eigenvectors (1,0,0), (0,3,7), and (1,1,0). It turns out
that eigenvectors for distinct eigenvalues are always linearly independent (we’ll see
this later). Hence, we have found a basis of eigenvectors. Thus, A is diagonalizable,
and if we use these eigenvectors as the columns for a matrix:

P =

O O =
N Ww O

1
L,
0
then one may check that
P'AP = diag(2,2, -5).
Example. Now consider a matrix that is just slightly different from A:

2 13
B=10 -5 3
0 0 2

The characteristic polynomial for A and for B are the same:

2—x 1 3
det (B — z13) = det 0 —5—x 3 | =—(z—2>%x+5).
0 0 2—u
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Thus, A and B have the same eigenvalues. Let’s compute the eigenspaces for B
over R.

S NN O
N OO

o o

|
o
o w

/=~ ~
O O N
|
O Ot =
N Lo W
|
O O N

0

—_

1
0
0

o O O

0

Thus, ker(B—213) has basis {(1,0,0)}. It is only one-dimensional. Recall that ker(A—
213) was two-dimensional. This is a crucial difference.

E_5
2 1 3 5 0 0
A—(-5)Iz=10 -5 3 |+ 0 5 0
0O 0 2 0 0 5
71 3
=100 3
007
1 1/7 0
— | 0 01
0 00
Hence,

ker(A — 313) = {(y, —y/7,0) : y € R}.
For a basis we could take (—7,1,0).

Our calculations prove that, at most, we can find two linearly independent vectors
that are eigenvectors for B. Thus, there is no basis for R?® consisting of eigenvectors
for B. Therefore, B is not diagonalizable.
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Diagonalizing Algorithm Let A € M,,.,(F).

(a) Find the eigenvalues of A as the zeros of its characteristic polynomial,

pa(z) = det(A — z1,).

(b) For each eigenvalue A, compute a basis for the eigenspace
E\ =kerA— \,.

(c) The matrix A is diagonalizable if and only if of the total number
of eigenvectors in the bases found in the previous step is n. i.e.,
if and only if the sum of the dimensions of the eigenspaces is n.
If so, the union of these vectors is a basis for F. Create a matrix P whose
columns are these vectors. Then P~!AP = D, where D is a diagonal
matrix with the eigenvalues along the diagonal, and we get a corresponding
commutative diagram:

oA, e

P*llz zlpfl

Fr Py pn

The matrix P~!, considered as a linear function, takes coordinates with
respect to the basis of eigenvalues.

Remark. An n x n matrix A is diagonalizable if and only if it has n linearly inde-
pendent eigenvectors. Step (c) of the diagonalization algorithm depends on a fact we
will prove next time: eigenvectors with distinct eigenvalues are linearly independent.
(We compute bases for each eigenspace, and of course the elements in a basis are
linearly independent. But when we combine the bases for all of the eigenspaces, why
is the resulting set independent?)
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Before getting started, we make an observation which should have probably already
been mentioned:

Proposition. Let A, B be n X n matrices representing a linear function f: V — V
with respect to different bases. Then their characteristic polynomials are the same:

pa(r) = pp(x).
Proof. We have A = P~!BP for some n x n matrix P. Then

pa(z) = det
= det

(A~ al,)
(P'BP —z1,)
=det(P'BP —zP'I,P)
=det(P'BP — P '(z1,)P) (x is a scalar)
=det(P~Y(B — x1,,)P)
= det(P ') det(B — x1,,) det(P)
(B

= det(B — z1I,).

For the last step, recall that det(P~!) = det(P)~!, which follows from multiplicativity
of the determinant:

1 = det(I,) = det(P~'P) = det(P~ ") det(P).
[

Thus, it makes sense to talk about the characteristic polynomial of a linear
transformation: it the characteristic polynomial of any matrix representing the
transformation.

Last time, we discussed the following algorithm that determines whether a matrix is
diagonalizable and, if it is, shows how to diagonalize it.

155
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Diagonalization Algorithm Let A € M, ., (F).

(a) Find the eigenvalues of A as the zeros of its characteristic polynomial, p4(z) =
det(A — x1I,).

(b) For each eigenvalue A, compute a basis for the eigenspace E\ = ker(A — \I,,).

(¢c) The matrix A is diagonalizable if and only if of the total number of
eigenvectors in the bases found in the previous step is n. In other
words, A is diagonalizable if and only if ), dim F\ = n where the sum is over
all eigenvalues \ of A. If so, then the union of these vectors is a basis for F".
Create a matrix P whose columns are these vectors. Then P~'AP = D, where D
is a diagonal matrix with the eigenvalues along the diagonal, and we get a cor-
responding commutative diagram:

oA, e

P*llz zlpfl

D opm

The matrix P!, considered as a linear function, takes coordinates with respect
to the basis of eigenvalues.

As mentioned last time, Step (c) of the diagonalization algorithm depends on the fact
that eigenvectors with distinct eigenvalues are linearly independent. (Thus, when we
combine the bases for all of the eigenspaces, we end up with a linearly independent
set.) We now prove this.

Proposition. Let V' be any vector space, and let f: V' — V be a linear transforma-

tion. Let vy,...,vr € V be eigenvectors for f with corresponding eigenvalues \;:
fvi) = Nivg

for i = 1,..., k. Suppose \i,..., \; are distinct. Then vy, ..., v are linearly inde-

pendent.

Proof. We will prove this by induction on k. The case k = 1 is OK since, by definition,
an eigenvector is a nonzero vector. Suppose vy, ..., vx_1 are linearly independent for
some k > 1 and that

avy + - +apv =0
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for some a; € F. Let idy be the identity transformation defined by idy(v) = v for
all v € V. Apply the linear transformation f—\;idy to the above dependence relation
to get

(f — )\kidv>(a1?}1 + -+ akvk) = (f — )\kldv)<0) =0

= flayvy + -+ + agog) — Mddy (aqv1 + - -+ + agog) =0

= (@ A\ + -+ - 4 apAgvg) — (@ A\g01 + <+ + apAgvg) = 0

= ar(A — Ae)vr + - A apo1 (Ae—1 — M) vp—1 + ar(Ae — Ag)vr = 0
= al()\l — )\k>U1 + -+ ak—l()\k—l — )\k)vk_l =0

Since vy, ..., v;_1 are linearly independent, all the coefficients are zero:
CL1(>\1 — )\k> = e = ak_1<)\k_1 — >\k) = O

Since the \; are distinct, this implies a; = --- = ax_; = 0. Therefore, the original
equation, ajvy + - -+ + apvry = 0 becomes apvy = 0. Since vy is an eigenvector, it is
nonzero. Hence, ap = 0, as well. O

Corollary. Suppose dimV =mn and f: V — V is a linear transformation. Then if f
has n distinct eigenvalues, it is diagonalizable.

Proof. Each eigenvalue has at least one corresponding eigenvector. From the above
proposition, if f has n distinct eigenvalues, then it has n linearly independent eigen-
vectors. Since V' has dimension n, these eigenvectors form a basis for V. Let a be an
ordered basis consisting of those eigenvectors. Then [f]% is diagonal. O

Remark. The Proposition implies that the union of bases for the eigenspaces of A
forms a linearly independent sets. For instance, for convenience, suppose that A has
three (distinct) eigenvalues Aj, Ay, and A3, and suppose the corresponding eigenspaces
have bases {u1,...,u,}, {v1,...,v,}, and {wy, ..., w,}, respectively. We would like
to show that the union of these sets is linearly dependent. So suppose we have a
relation

ajuy + -+ apup + bivg + - 4+ bgvg + crwy + -+ cw, = 0.

Let w = Y% au;, v =>7 b, and w = Y., cqw;. Then we have u € E),,
v € E),, and w € E), and
u+v+w=0.

By the Proposition, must have u = v = w = 0. Otherwise, this relation would be
a nontrivial linear relation among eigenvectors with distinct eigenvalues. (Note that
the only element of an eigenspace that is not an eigenvector is the zero vector.)
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Warning. The converse to the corollary is not true. For instance, consider the
identity function on F™. Its matrix is I,,, which is already diagonal, and 1 is its only
eigenvalue:

pr, (z) = det(l,, — z1,) = det (1 — x)I,,) = (1 — x)" det(l,) = (1 — x)".

So I, is diagonalizable (in fact, it’s already diagonal) even though its eigenvalues are
not distinct.

CRAMER’S RULE

Definition. Let A € M, ,(F). For i,j € {1,...,n}, let A € M,_1)xn-1)(F) be
the matrix formed by removing the i-th row and j-th column of A. The i, j-th minor
of Ais det(A¥), and the 4, j-th cofactor of A is (—1)" det(AY). The adjugate of A
is the matrix adj(A) € M, «,(F) with 4, j-th coordinate

adj(A);; = (—1)" det(AT).
(Note we are using A7%, not A%.)

Theorem (Cramer’s rule). Let A € M, (F) be an invertible matrix, and let b €
F™. Then the solution to the system of linear equations Az = b is given by

_ det(M))
YT et (A)

for j = 1,...,n where M; € M,,(F) is the matrix formed by replacing the j-th
column of A with b.

Corollary. If A € M, (F) is invertible, then

U
= Qe A

where adj(A) is the adjugate of A, defined by

Corollary. If A € M, (F) is invertible and F' = R of F' = C, then

(a) the solution for the system of equations Az = b is a continuous function of the
entries of A and b, and

(b) the entries of A™! are continuous functions of the entries of A.

Proof. The entries in the determinant of a matrix B are polynomials in the entries
of B. A quotient f/g of polynomials f and g is a continuous function wherever g is
nonzero. [
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Example. Consider the matrix

3 -1 6
A= -7 1 2
2 0 2
The adjugate of A is
2 2 =8
adj(A) = 18 —6 —48
-2 =2 -4

For instance, to find the 1, 2-entry of adj(A) is

(=1)"*2 det(A21) = (—1)3det< o > _ 9.

Using Cramer’s rule to compute the inverse of A, we get

) L[ 2 2 -8 1 "B 3

Al = adj(A)=——| 18 =6 —-48 | =| -3 1 2
det(A) 24\ 5, 5 _4 L1

12 12 6



Week 10, Friday: Algebraic and geometric multiplicity. Jor-
dan form.

When does a transformation fail to be diagonalizable? We now introduce a sequence
of ideas that will allow us to answer this question.

Example. Earlier, we considered the linear transformation R? — R? given by the

matrix
0 -1
A_(l ) )

Geometrically, it rotates the plane counterclockwise by 90° and, hence, has no eigen-
vectors: an eigenvector would not rotate—it would just be scaled. The characteristic
polynomial of A is

pa(z) Zdet( _15” :i ) =a2*+ 1.

The equation 22 + 1 = 0 has no solutions over R, and hence, the transformation has
no eigenvalues.

Now consider the linear transformation f: C2 — C? given by the same matrix A.
Over C we can solve 22 + 1 = 0 to find two eigenvalues, i. Each of these will
have at least one eigenvector, and eigenvectors for distinct eigenvalues are linearly
independent. Since C? has dimension 2, that means we will get a basis of eigenvectors.
Let’s compute a basis for the eigenspace for ¢:

. o _Z _1 T14>72 1 _2 To4>ro+1ir] 1 _Z
A_’IQ_<1 —z> 9(—z‘ —1) 5(0 0)‘

So the kernel of A —il, is {(iy,y) : y € C}, which has basis {(4,1)}. Similarly, the
eigenspace for —i has basis {(—i,1)}. Check:

()= ) G)=0)=0)
(V) =(0 ) ()= ) =)

160



Week 10, Friday 161

T —1
(i)
i [0

pap- (50,

This example illustrates one obstacle to diagonalization: the characteristic polynomial
may not have enough roots in the field F'.

Letting

we get

Definition. A polynomial p € F[z| splits over F' if there exist ¢, A1,..., \, € F such
that

p(x) =clxy — A1) -+ (z — \p).
Equivalently, p(z) had n roots (zeros), A1, ..., A,, in F. These A; need not be distinct.

Remark. Let I’ be any field, and let p(x) be a polynomial whose coefficients are
in I, ie., p(x) € Flz]. It turns out that there exists a field F' C K such that p(z)
splits over K.

Example. The polynomial p(z) = 22 + 1 splits over C but not over R.
A useful fact from algebra:
Theorem. (Fundamental theorem of algebra) Every p € C|x] splits over C.

Proposition. Let V' be a vector space over F' with dimV =mn, and let f: V — V
be a linear transformation. If f is diagonalizable, then its characteristic polynomial
splits over F.

Proof. Let D = diag(\1,...,\,) be a diagonal matrix representing f. Then the
characteristic polynomial for f (which, as we saw earlier, in the last lecture, does not
depend on the choice of matrix representative) is

ps(x) = pp(r) = det(D —zly) = (A =) - (A = @) = (=1)" (21 = A1) -+ (2 = An).-
O

The converse of this proposition is not true:

(1)

Example. Let
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The characteristic polynomial of A is

pa(z) = det(A — x1y)

1—=zx 1
—det< 0 1—x)

= (z— 1)~
Thus, the characteristic polynomial splits over any field F'. There is one eigenvalue, 1,
which occurs with algebraic multiplicity 2 (the precise definition of algebraic mul-
tiplicity appears below). Let’s proceed with the algorithm for diagonalization by
computing a basis for the eigenspace for 1, i.e., for ker(A — I5):

11\ (10) (01
0 1 01) \0O0)
Therefore, ker(A — Iy) = {(2,0) : € F'}. A basis is {(1,0)}. Thus, there is no basis

for F? consisting of eigenvectors: our theory says any eigenvector would have to have
eigenvalue 1, and the space of eigenvectors with eigenvalue 1 is only one-dimensional!

Definition. Let dimV < oco. The algebraic multiplicity of an eigenvalue A € F' for
a linear transformation f: V — V (or for any matrix representing f) is the largest
number m such that ps(x) = (z — X)™¢g(x) for some polynomial ¢(z) € F|x].

The geometric multiplicity of X is the dimension of the eigenspace E\(f) for A:
dim Ey\(f) = dimker(f — Aidy).
So if A is a matrix representing f, then the geometric multiplicity of A € I is

dim E)(A) = dimker(A — X\ 1,,).

Remark. To rephrase something we already know: A € M, (F') is diagonalizable
if and only if the sum of its geometric multiplicities is n. That’s because this
is the only case in which we have enough linearly independent eigenvectors to form a
basis of eigenvectors.

Proposition. Let dim V' < oo, and let A be an eigenvalue of a linear transformation
f:V — V. Then the geometric multiplicity of A is at most the algebraic multiplicity
of \.
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Proof. Let vy, ..., v be a basis for ker(f — Aidy ), and extend it to a basis vy, ..., v,
for all of V. We have f(v;) = Av; for 1 = 1,...,k. So with respect to our chosen
basis, the matrix representing f has the form

(), B
=0 2)

where B and C are (n — k) x (n — k) matrices. So the characteristic polynomial for f

1S
prta) = o (A B

= det((A — z)1}) det(C' — x1,,_y)
= (A —2)"det(C — xl,_;)

= (A —2)*q(x),

for some polynomial g(z). (To see the second equality, above, expand the determinant
in line 1 along the first column—there will only be one term, which will be A—x times a
smaller determinant. Expand that determinant along its first column. Repeat k times,
each time picking up a factor of A\ — z.) This shows that the algebraic multiplicity
of A is at least k, the geometric multiplicity of . O]

Corollary. Let A € M, «,(F). Then A is diagonalizable if and only if its characteris-
tic polynomial splits over F' and the geometric multiplicity and algebraic multiplicity
of each eigenvalue are equal.

Proof. Suppose that A is diagonalizable. We saw earlier in this lecture that the
characteristic polynomial for A then splits over F'. So we can write

7

pale) = (=1)" ] (& = X)™

where A1, ..., Ay are the distinct eigenvalues of A. The degree of p4 () is n (exercise!),
from which it follows that Zle m; = n, i.e, the sum of the algebraic multiplicities
is n.

Let g; be the geometric multiplicity of eigenvalue \;. Since A is diagonalizable, we
know that the sum of its geometric multiplicities is also n.
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Therefore, we have n = Zle gi = Zle m; = n, and by the Proposition, g; < m; for
all 7. Since the m; are nonnegative, it follows that m; = g¢; for all .

Conversely, suppose that p(x) splits and that the algebraic and geometric multiplic-
ities of each eigenvalue are equal. Factor ps(z) as above and use the same notation
for algebraic and geometric multiplicities. As before, since the degree of pa(x) = n,
we have n = Zle m;. By assumption, m; = g; for all 2. So it follows that the sum of

the geometric multiplicities is n, and hence, A is diagonalizable. O

Jordan form. What can we say when a linear transformation is not diagonalizable?
Can we still choose a basis to make the matrix for the transformation simple in some
sense? We give one answer here. First, we need a couple definitions. A Jordan
block of size k for X € F is the k x k matrix with As on the diagonal and 1s on the
“superdiagonal”:

A1 00 -+ 00
OxXx10 -+ 00
00 X1 .-+ 00
J(\) = . .
0000 - Al
00 00 0 A
For example,

3100

03 10

@ =10 031

000 3

Note the following example of the special case of a Jordan block of size 1:

A matrix is in Jordan form if it is in block diagonal form with Jordan blocks for
various A along the diagonal:

0 0
Je,(A2) - 0
0 ' 0
0 (

For example, here is a matrix in Jordan form:
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21000000
0200000 O0
00210000
0002¢000O0O0
00005000
000O0O04T10
000O0O0¢O0A471
00 0O0O0O0O0 4

It has two 2 x 2 Jordan blocks for 2, a 1 x 1 Jordan block for 5, and a 3 x 3 Jordan

block for 4:
J2(2) 0 0 0
0 J2(2) 0 0
0 0 J1(5) 0
0 0 0 J3(4)

Theorem. Let dimV < oo. Suppose f: V — V is a linear transformation over F'
and that the characteristic polynomial for f splits, i.e., the field F' contains all of
the zeros of the characteristic polynomial. Then there exists an ordered basis for V'
such that the matrix representing f with respect to that basis is in Jordan form. The
Jordan form is unique up to a permutation of the Jordan blocks.

So a matrix is diagonalizable if and only if its characteristic polynomial splits and all
of its Jordan blocks have size 1. We also know that a matrix such as

S O ot
S Ot =
N OO

which is already in Jordan form but not diagonal, is not diagonalizable.



Week 11, Monday: Walks on graphs

We have devoted a lot of energy to the problem of diagonalizing a matrix. One major
motivation for diagonalization is that it makes taking powers of a matrix easier.
Explicitly, suppose that A € M, (F) is diagonalizable. So there exists a matrix P
such that

P'AP = D = diag(\1, ..., \n).

It is easy to take powers of a diagonal matrix: D* = diag(\{,...,\Y). Here is the
important trick:

D' = (P'AP)’
= (P'AP)(P 'AP)(P'AP) ... (P'AP)(PT'AP)
= P7'A(PP YHYA(PP Y)A(PP™Y)--- (PP H)AP
=P lA'P.
Therefore,
AY = PD'P7! = Pdiag(\[,..., X )P

In general, there will be many fewer arithmetic operations required on the right-hand
side of this equation than on the left-hand side.

This lecture will consider one application of this idea.

Walks in graph. A graph (or network) consists of vertices connected by edges. Here
is an example with 4 vertices connected by 5 edges:

166
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U3
V4 (%)

U1
The diamond graph.
A walk of length ¢ in a graph is a sequence of vertices uguy . ..u; where u; 1 is con-

nected to u; for 2 = 1,...,¢. So the length is the number of edges traversed. In our
example, the following are walks from v; to v4:

vivg  and v UaU3V4.

The first has length 1 and the second has length 3. We are interested in counting the
number of closed walks between vertices.

Definition. Let G be a graph with vertices vq,...,v,. The adjacency matriz of G
is the n x n matrix A = A(G) defined by

~J 1 if there is an edge connecting v; and v;
Y 0 otherwise.

For example, the adjacency matrix of the diamond graph is

V1 U2 V3 Vg
U3

v/ 0 1 0 1
vl 1 0 1 1
v v A=yl 0101
m\1 1 10
U1
Theorem. Let A be the adjacency matrix for a graph G with vertices vy, ..., v,, and

let £ € Z > 0. Then then number of walks of length ¢ from v; to v; is (A*);;.

Proof. Homework. O]

Example. Consider the diamond graph and its adjacency matrix A, displayed above.
Then
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A'=1,, A=

_ O~ O
—_ = O
—_— O = O
O = ==
— N = N
N = W
— N~ N
W~ N~

=,

I
(23 NORNG B V)
Ot UL = Ot
[S2 0 \CRNG) B \V)
= Ot Ot Ot

The highlighted entries in the matrix say there is 1 path of length 2 from vy to w3
and there are 4 paths of length 3 from v; to itself. Can you find them? (The answer
appears at the end of this lecture.)

So to count the number of walks, we need to compute powers of the adjacency matrix.
Here is some good news:

Theorem. If A is an n x n symmetric matrix (A = A*) over the real numbers, then
it is diagonalizable over R.

Proof. We may prove this later in the semester. (To look it up online, search for the
“spectral theorem”, which is usually stated for the more general class of Hermitian
matrices. Over the real numbers, the Hermitian matrices are exactly the symmetric
matrices.) O

This means that we can find a matrix P such that P~'AP = D, where D is the
diagonal matrix of the eigenvalues. Then A’ = PD‘P~!. So we can find a nice
closed form for the number of walks of length ¢ between any two vertices as a linear
expression in the /-th powers of the eigenvalues of A. If the eigenvalues are Ay, ..., Ay,
the equation A* = PD’P~! immediately implies that for each pair of vertices v; and v;
there exist real numbers ¢4, ..., ¢,, independent of £, such that the number of closed
walks of length ¢ from v; to v; is

M+ el
The special case of closed walks is particularly nice.
Definition. A walk is closed if it begins and ends at the same vertex.

Definition. Let A be any n xn matrix. Then the trace of A is the sum of its diagonal
entries:

=1

Proposition. Let A be the adjacency matrix of a graph G. Then the number of
closed walks in G of length £ is tr(A).
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Proof. For each ¢ = 1,...,n, the number of closed walks from v; to v; is (Ae)iz-.
Summing over ¢ gives the total number of closed walks. ]

Proposition. Let A be any n x n matrix. Then the trace of A is the sum of its
eigenvalues, each counted according to its (algebraic) multiplicity.

Proof. Homework. m

Corollary. Let A be the adjacency matrix of a graph G with n vertices, and
let Ai,..., A, € R be its list of (not necessarily distinct) eigenvalues. Then the
number of closed walks in G of length £ is > 1" | AL

Proof. The number of closed walks of length ¢ is tr(Af), which is the sum of the
eigenvalues of A°. By homework (an easy induction argument), if A is an eigenvalue
of A, then X\ is an eigenvalue of A’ with unchanged eigenspace. It follows that the
eigenvalues for A are \{, ... \¢. O

Example. Let A be the adjacency matrix of the diamond graph GG. The characteristic
polynomial of A is

det(A — xl}) = 2* — 52 —dw = x(x + 1)(2® — 2 — 4).
Using the quadratic equation, we find the eigenvalues for A:

L1t VIT 1-/17
’ 2 2
Therefore, the number of closed walks in G of length ¢ is

V4 V4
w(l) = (0)" + (=1)" + (%) + (iﬁ> ,

0, —

2

where

(0 = 1 ifl=0
o ife>o.

The following table gives the number of closed walks for £ = 0,1,...,6:

(01 2 3 4 5 6
w() |4 0 10 12 50 100 298

Exercise. The complete graph, K,,, has vertices 1,...,n and an edge between every
pair of vertices. How many closed walks are there in K, of lenght ¢7

Questions.
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(a) How would you generalize today’s ideas to the case of a directed graph (in which
the edges have directions)?

(b) How would you generalize today’s ideas to the case in which the edges have
weights? (A special case would be to let the weight of edge (u,v) be the prob-
ability that the edge is traversed given that the starting point is u. Another
possibility is to think of the weight as a cost for traveling across the edge.)

Answer to example on page 2: vyv,v3 has length 2 and the following have length 3:
V2U3V4V2, V2U4V3V9, U2V1UV4V2, and VaU4V1V3.



Week 11, Wednesday: Inner product spaces

We now add structure to a vector space allowing us to define length and angles.

Definition. Let V be a vector space over a field F' where F' is either R or C. An
inner product on V is a function

(, ) VXV —>F
(z,y) = (z,y)

satisfying for all x,y,2 € V and c € F":

(a) linearity: (x +y,z2) = (z,2) + (y, 2) and (cz,y) = c(z,y).

(b) conjugate symmetry: (z,y) = (y, ).

(c) positive-definiteness: (z,x) € Rxg, and (z,z) = 0 iff z = 0.
Note. If FF = R, then an inner product is known as a non-degenerate symmetric
form. If F = C, an inner product is known as a non-degenerate Hermitian form.

Examples.

e The ordinary dot product on R™: Here, V' = R" and

<(x17'"7xn)7(y17"'7yn)> =Ty = leyz = T1% +ee +xnyn-
=1

For example, in R?, we would have

((1,2,3),(2,3,4)) =24+6+12=20 and ((1,2,3),(—2,1,0)) = —242+40 = 0.

e The ordinary inner product on C": Here, V = C" and

<(x17'"7xn)7(y17"'7yn)> = I’g = legz = xly_l + e +xny_n
=1

171
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For example, in C?, we would have

(1+4,1—4),(1+2i,4)=(1+)(1+20)+(1—4)4
=(14+)(1-2)+(1—1)4
(3—14)+ (4—4i)=7—bi.

e Let V = Cg([0,1]) = {f:[0,1] = R: f is continuous}, the vector space of R-
valued continuous functions on the interval [0, 1], and

<f,9>_/0 f(t)g(t)dt.

To check positive-definiteness, note that if f # 0, then f2(¢) > 0 for ¢ in some
open interval in [0, 1]. Hence,

. f) = / F2(t)dt > 0.

o V =NR2? and
((z1,22), (Y1, y2)) = 3T1y1 + 22192 + 2291 + 42290
For positive-definiteness, we have
(21, 22), (21, 2)) = 322 + 4w 119 + 423,

Complete the square:

with equality if and only if x; = x5 = 0.

e Let F=RorC,andlet V = M,,«,(F). For A € M,,»,(F), define the conjugate
transpose of A by o
Af = At
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where the overline means taking the conjugate of each entry of A. If A has only
real entries, the A* = A’. Next, define the inner product,

n

(A,B) =tr(B*A) = Z(B*A)“

i=1

(Note: The special case m = 1 gives the usual inner product on R™ or C™.)
Proof of positive-definiteness is left as an exercise.

Proposition. Let (V,(, )) be an inner product space over F' = R or C. Then for
all z,y,z € V and c € F,

(a) (z,y+2) = (z,y) + (z,2).

(b) (z,cy) = ez, y).

(¢) (2,0) = (0,y) =0,

(d) If (z,y) = (x,2) for all x € V, then y = z.

Proof. For part (a), notice that the definition of an inner product only guarantees
sums on the left distribute. However, using properties of conjugation,

(x,y+2z)=(y+ 2z, )

Parts (b) and (c) are left as exercises. For part (d), (z,y) = (z, 2) for all = implies

0= (z,y) = (z,2) =

for all . In particular, let © = y — z to get (y — 2,y —z) = 0. By positive-
definiteness, y — z = 0. m



Week 11, Friday: Lengths, distances, components, angles

Definition. Let (V,(,)) be an inner product space over F' = R or C. The norm or

length of x € V' is
[z = V{z,2) € Ro.

Two vectors z,y € V are orthogonal or perpendicular if (z,y) = 0. A unit vector
is a vector of norm 1: so x € V is a unit vector if ||| = 1, which is equivalent
to (z,z) = 1.

Examples of norms.

e V=R" (z,y) =x -y, the usual dot product. Then for = € R,

2l = \fa? + -+ a2

o V=C" (x,y) = x -7, the usual dot product on C". Then for z € C",

loll = Vam + ¥z
= VIaP+- 4 [zl

If z; € C is written as z; = x; + 4y; with x;,y; € R, then |z[> = 25 + 7. So
then

lall = \fa? g2+ a2,
Thus, if we identify C" with R?" via the isomorphism
(141, T+ 1Yn) = (1,91, -+, Tny Yn),s

then the isomorphism preserves norms.

Proposition. (Pythagorean theorem) Let (V, (,)) be an inner product space over F' =
R or C, and let x,y € V' be perpendicular. Then

(1 + llyll* = llz + yl*

174
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Proof. Since x and y are perpendicular, we have (x,y) = 0. It follows that (y,z) =
(x,y) = 0, too. Therefore,

I
/\?/\
=
_I_
B
=
+
<
=
+
<
£

[]

Suppose we are given two vectors x,y in an inner product space. A useful geometric
operation is to break x into two parts, one of which lies along the vector y. Given
any number ¢, the vector cy lies along y and we can evidently write x as the sum of
two vectors: x = (x — cy) + cy). In addition, though, we would like to require, by
adjusting ¢, that the vector x — cy is perpendicular to y. The picture in R? would be:

X

0 cy y
We can calculate the required scalar c:

(z,y) (z,y)

(x—cy,y) =0 (2,y) —c(y,y) =0 <= c= = c= :
(Y, y) y]2

which makes sense as long as y # 0.

Definition. Let (V,(, )) be an inner product space over F' = R or C, and let x,y € V'
with y # 0. The component of x along y is the scalar

{ny) (zy)

iyl
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The orthogonal projection of x to y is the vector cy.

Example. Let x € V = R" or C", and let e; be the j-th standard basis vector. Then
(v,e;) _m
— ===z,
<€j? ej) 1

Thus, ; is the component of x along e;, and z;e; is the projection of z to e;.

Example. Let z = (3,2) and y = (5,0) = 5e; in R? with the usual inner product.
Then the component of x along y is

(x,y) (3,2)-(5,0) 15

(y.y)  (5,0),(5,0) 25

So the projection of x to vy is

15 _3
-

oy =3(5,0) = (3,0),

as expected.

Proposition. Let (V. (, )) be an inner product space over F' =R or C. Let z,y € V
and c € F. Then

(&) ezl = fefll]l-

(b) [|z|| = 0 if and only if x = 0.

(c¢) Cauchy-Schwarz inequality: |[(x,y)| < [|z]||y]l-
(d) Triangle inequality: ||z + y|| < ||z||+]y]|.

Proof. Parts (a) and (b) are left as exercises. Part (c) is tricky. If y = 0, we're
done. So assume y # 0, and let ¢ = (z,y)/(y,y) be the component of x along y.
By construction, x — cy is perpendicular to y and hence to cy. Therefore, by the
Pythagorean theorem,

|z — eyl + eyl = |(z — cy) + cy||* = [|=]*.

Since ||z — cy||* > 0, if we drop that term in the above equation, we get

leyl® < ll=]|*.
Take square roots to get
(z,9) [(z, y)|
|| = leyll = lelllyll = |55 | vl = :
| P ol
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Multiply through by [|y|| to get Cauchy-Schwarz.

For the proof of the triangle inequality, we will need two basis results concerning
complex numbers. Let z = a + bi be any complex number. Then we have (i) z+Z =
(a+bi) + (a — bi) = 2a. So

z+Z = 2Re(2),

and (ii) |z| = Va? +b% > |al. So
Re(z) < |z].
The triangle inequality is then an easy consequence of Cauchy-Schwarz:

o +yl> = (x+y,2+y)

(2, 2) + (2, y) + (Y, 2) + (Y, y)
= [z[|* + (z, y) + (y, ) + |yl
= J[|” + (z, y) + (z,y) + |yl
= ||z[|* + 2 Re((z, y)) + lly|I”
<|lzl” + 2 (=, »)| + Il
< [l + 2z [[llyll + [lylI*
< (ll]l + llyl)>.

Take square roots to get the triangle inequality. O

Distance. Let (V,(, )) be an inner product space over R or C. The distance
between x,y € V is defined to be

d(z,y) =l — gl

The following properties then easily follow from what we have already done:
Proposition. For all x,y,z € V,

(a) Symmetry: d(z,y) = d(y, x).

(b) Positive-definiteness: d(z,y) > 0, and d(z,y) =0 iff z = y.

(¢) Triangle inequality: d(x,y) < d(z, z) + d(z,y).
Angles. Now let (V,(, )) be an inner product space over F' = R. (So we will
not consider the case F' = C in our discussion of angles.) We would like to define

the notion of an angle between x,y € V. Our picture for the component provides
motivation:
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=1
Q¥ - __
<
<

The dashed vertical line and the vector y are perpendicular (by definition of ¢). The
cosine of the displayed angle should be the length of the base, cy, divided by the
length of the hypotenuse, x. That quotient is

lyll _ a9l llyll _ [z, 9)|
el Al Al ll (el iyl

leyll
[l

]

Omitting the absolute value on the real number (z,y) in the numerator provides the
correct signs for the different quadrants (when 6 is not between 0 and 90 degrees).

Definition. Let (V,(, )) be an inner product space over F' = R, and let x,y be
nonzero elements of V. The angle 6 between z and vy is

6 = cos™ (%> |

(@, y) = |[z[l[lyl cos(6).

and thus,

Remarks.
e Cauchy-Schwarz says [(x,y) < ||z||||y||. Therefore,

(z,y)

1< <,
[yl

So the inverse cosine in the definition of the angle always makes sense.

e In the definition of the angle, it might make more sense conceptually to write

In other words, the cosine of the angle between x and y is the inner product
of their directions where the direction of a vector w is taken to be the scalar
multiple of w with unit length, w/||w||.



Week 12, Monday: Gram-Schmidt

Let (V,(, )) be an inner product space over F' =R or C.

Definition. Let S C V. Then S is an orthogonal subset of V if (u,v) = 0 for
all u,v € S with u # v. If S is an orthogonal subset of V' and ||u|| =1 for all u € S,
then S'is an orthonormal subset of V.

Examples.

e The standard basis eq, ..., e, for I is orthonormal with respect to the standard
inner product on F™.

. {\%(1, 1), %(1, —1)} is orthonormal with respect to the standard inner product

3
on R2.

Proposition. Let S = {vy,..., v} be an orthogonal set of nonzero vectors in V,
and let y € Span.S. Then

. JZI <U]7U]

k
Z <y7 U]
2oy
Note that the coefficients are the components of y along each v;.
Proof. Say y = Zle a;v;. Then for j =1,...,k,
k k

(Y, v5) = (Ximy @ivi, v5) = D iy ai{vi, v5) = a;(v5, v;),

since (v;,v;) = 0 for i # j. Hence,

(y, v)) _ (y,v;)

a,~ g g
(v, v;)  ll*’

J

the component of y along v;. O

179
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Corollary 1. If S = {vy,...,v;} is orthonormal and y € Span S, then

k
y=> (v
i=1
Corollary 2. Is S = {vy,..., v} is an orthogonal set of nonzero vectors in V' then S

is linearly independent.
Proof. If Zle a;v; = 0, then for each j =1,... k,

k
0= (0,05) = (Xoimy @i, v5) = a;(vy, v5).
Since v; # 0 and (, ) is positive-definite, we have (v;,v;) # 0. Hence, a; = 0 for
j=1.. k. O
Example. Consider R? with the standard inner product, and let

1 1
u = E(l, 1) and v= E(l, —1).

Then 3 = {u,v} gives an orthonormal ordered basis for R?. What are the coordinates
of y = (4,1) with respect to that basis?

5
“=u
\/§ /\T'.

,
.
Sl
SN

Answer:

y = (y, w)u+ (y,v)v

= (4,1) - (—(1, 1)) u+ (4,1) (

(1,—1)) v

< |~
Nl
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= iu + iv
V2 V2
Check:

(1,1) + 2(1,—1) = (4,1).

l\DIO‘l

50) - (e)-

Gram-Schmidt. Given vectors wy,wy € V, we’d like to compute orthogonal vec-
tors vy, vy such that
Span {wq, ws} = Span {vy, v} .

To do that, let v; = wy, then “straighten out” ws to create vs:

The number ¢ is the component of ws along vy. Recall, ¢ is determined by requiring v,
and v; to be orthogonal:

0 = (vg,v1) = (we — cvy,v1) = (wy, v9) — vy, v1).

Therefore,
(wg,v1) (wg, v1)

(v, o) o2

(We've assumed v # 0.)

The following algorithm generalizes this idea:

Algorithm. (Gram-Schmidt orthogonalization)
INPUT: S = {wy,...,w,}, a linearly independent subset of V.
Let

V1 = W1q.

For k = 2,3,...,n, define v, by starting with wy,, then subtracting off the components
of wy, along the previously found v :

k—
Z wk;Uz '
—  |luil? o
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ouTPUT: S’ = {vy,...,v,} an orthogonal set with Span .S’ = Span S.
or
ouTpPUT: S” = { Hle e ”U"H } an orthonormal set with Span.S’ = Span S.
U1 Un,

Proof of validity of the algorithm. We prove this by induction on n. The case n = 1
is clear. Suppose the algorithm works for some n > 1, and let S = {wy, ..., w,41} be
a linearly independent set. By induction, running the algorithm on the first n vectors
in S produces orthogonal vy, ..., v, with

Span {v1,...,v,} = Span {wy,...,w,}.

Running the algorithm further produces

n

o <7~Un+1, Ui>
Un4+1 = Wp41 — Z W%
i=1 t

It cannot be that v,,; = 0, since otherwise, the above equation we would say
Wp1 € Span{vy,...,v,} = Span{wy,...,w,},

contradicting the assumption of the linear independence of the w;. So v,y # 0.
We now check that v,,.1 is orthogonal to the previous v;. For j =1,... n, we have

n

(wn+1,vi)
(Vnt1,05) = <wn+1 - Z W%Uj

i=1

n

(Wnt1, vi)
= <wn+lvvj> - ot W< iuvj>
(wns1,0))
= (Wnt1,05) — |7|ZU‘|7!2] (vj,v;)
J

= <wn+1,vj> - (wn+1,vj>

=0.
We have shown {vy,...,v,41} is an orthogonal set of vectors, and we would now like
to show that its span is the span of {wy,...,w,1}. First, since {vy,..., 0,41} is

orthogonal, it’s linearly independent. Next, we have

Span {vy, ..., U411} € Span{vy, ..., Uy, Wyt } C Span{wy, ..., wy,, Wyi1} -
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Since Span {vy, ..., v,11} is an (n+1)-dimensional subspace of the (n+1)-dimensional
space Span{wy, ..., Wy, Wy}, these spaces must be equal. O

Corollary. Every nonzero finite-dimensional inner product space has an orthonormal
basis.

Example. Let V = R [z], the space of polynomials of degree at most 1 with real
coefficients and with inner product

(f.9)= /0 f(t)g(t)dt.

Apply Gram-Schmidt to the basis {1, 2} to get an orthonormal basis. Note that 1
and z are not orthogonal:

(1,z) :/OItdt:%#O.

Gram-Schmidt: Start with v; = 1, then let

<:L',U1>
Vo =T — Hlez U1
1
1]
1
_ _fotdt'
Ji
1
=T — —.
2

Check orthogonality:

(12— 1/2) = /Ol(t —1/2)dt =0,

Now scale v; = 1 and vy = x — 1/2 to create an orthonormal basis:

1
ol =1/ [ at=1
0

loall = V& — 1/2,2 — 1/2)
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- \//l(t— 1/2)2 dt
- \//1(t2—t+1/4)dt

=/1/12.

So an orthonormal basis for V is

{1,\/ﬁ(x—1/2)}.



Week 12, Wednesday: Orthogonal complements and projec-
tions

Definition. The direct sum of vector spaces U and W over a field F' is the set
U W ={(u,w) :uelUand we W}
with scalar multiplication and vector addition defined by
AMu,w) = (Au, \w)  and (v, w) + (v, w') = (u+ v, w + w'),
for all u,v’ € U, w,w’ € W, and A € F.

Proposition. Let U and W be subspaces of a vector space V over F' such that: (i)
the union of U and W spans V', and (ii) UNW = {0}. Then there is an isomorphism

UoW =V
(u,w) — u+ w.

Thus, every element of V' has a unique expression of the form v + w with u € U
and w e W.

Proof. Easy exercise. m

Remark. In the case of the Proposition, we says that V is the internal direct sum
of U and W and abuse notation by simply writing V' = U & W. The direct sum as
we first defined it is sometimes called the external direct sum of U and W.

For the rest of this lecture, let (V,(, )) be an inner product space over F' = R or C.

Definition. Let S C V' be nonempty. The orthogonal complement of S is

St={reV:{(x,y)=0foralyecS}.

185
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Exercise. Show that S* is a subspace of V.

Example. Consider R?® with the standard inner product, and let S = {(a,b,c)}.
So S consists of the single vector (a,b,c) € R3. Then

SL:{(x,y,z) €ER?: (z,9,2) - (a,b,¢) =0} = {(2,9,2) € R® : ax + by + cz = 0},

a plane in R? defined by the equation azx + by + cz = 0.

Proposition. Suppose dimV = n and S = {vy,...,v;} is an orthonormal subset
of V.
(a) S can be extended to an orthonormal basis {v, ..., U, Vgs1,...,0,} for V.

(b) If W = Span S, then S" = {vp41,...,v,} is an orthonormal basis for W+.
(c) If W C V is any subspace, then

dimW +dim W+ = dimV = n.

(d) If W C V is any subspace, then (W+)+ =W.

Proof. (a) To prove part (a), extend S to a basis {vy,..., vk, Wgy1,...,w,} for V,
then apply Gram-Schmidt.

(b) The set S" = {vg41,...,v,} is linearly independent since it’s a subset of a basis.
Since {vy,...,v,} is orthonormal, and W = Span{vi,..., v}, we have S’ C W+.

Therefore, Span S’ C W+. For the opposite inclusion, take x € W+. Then since
{v1,...,v,} is orthonormal, we have

r = Z(x,v» v; = Z (x,v;) v; € Span S’
=1 i=k+1

(c) If W C V is any subspace, choose an orthonormal basis {vy, ..., v} for W. Then
apply parts (a) and (b).
(d) It’s clear that W C (W1)+ since

WHtr={zeV:(z,y)=0forallyec W},

Then, by part (c),
dim(WH)* =n — dim W+ = dim W.

Hence, W = (W+)+, O
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Proposition. Let W be a finite-dimensional subspace of V. Then
V=WaeWw".
In other words, for each y € V, there exist unique v € W and z € W+ such that
Yy=u-+z.

We define u to be the orthogonal projection of y onto W.

If uy,...,u is an orthonormal basis for W, then
k
U= Z@, i) Ui
i=1
Proof. By Gram-Schmidt, there exists an orthonormal basis uy, ..., u; for W. Define

u = Zf:1<y,ui> u; and z =y —u. Then v € W and y = u + 2. Further, z € W+
since for each 7 =1,...,k, we have

<Z7uj> = <y - uvuj>

= <y’u]’> - <Zf:1< 7ui> ui>uj>
= (y,u;) = S0 (v, wi) (s, ;)
= (Y, u;) — (Y, uy) (ug, uy)

= (¥, uy) — (¥ wy)

For uniqueness, suppose there exist v/ € W and 2’ € W+ such that
y=u+z=u+7.

Then u —u' =2 — 2z € WNW* ={0}. Thus, u =« and z = 2. (The reason W N
W+ = {0} is as follows: if z € W, then we saw last time that z = 3% (2, u;) ;. If

it is also the case that x € W+, then (z,u;) = 0 for i = 1,...,k since each u; is in W.
Hence, x = 0.) O

Corollary. The orthogonal projection u of y onto W is the closest vector in W to y:
ly —ull <y —wl]

for all w € W with equality if and only if w = w.
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Proof. Write y = u+ z withu € W and z € W+, and let w € W. Then u —w € W
and y —u € W+. Sou —w and z = y — u are perpendicular. By the Pythagorean
theorem,

ly = wl* = | (u+ 2) — w]®
= [[(u—w) + 2|
= [[(w—w)|* + [12]*
> ||2]*
= lly — ul*.
Equality occurs above if and only if |[u — w||* = 0, i.e., if and only if u = w. O

Example. Let V = R? with the standard inner product, and let’s consider orthogonal
projection onto the zy-plane. An orthonormal basis for the xy-plane is {e1,es}. The
projection of a point u = (z,y,2) € R3 is given by

u = ((ZE,y,Z) ’ 61)61 + ((Iayv Z) ’ 62)62 =Te +ye = ($7y, 0)
The distance of (x,y, z) to the zy-plane is

Application. Consider the vector space V of integrable functions f: [0,27] — R

with inner product
1 2

(fi9) = — 0 F(t)g(t) dt.

Thus, the distance between f,g € V is

17—l = \/ [ uw-swra,

which will be small if f(t) ~ g(t) for t € [0, 27].

One may check that S, := {\%, cos(z), sin(x), cos(2x), sin(2x), . . ., cos(nx), Sin(nzn)}
is an orthonormal subset. Given any integrable f € V', the orthogonal projection of f
to the subspace spanned by S, gives the best approximation of the function using

sines and cosines of frequencies 2L for 7 = 0,...,n. Write the projection of f to

2w
Span(S,,) as

PrOjgpanisn (F)(z) = a- % +3 Breos(iz) + 3 isin(ia),
=1 =1
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Since 9, is orthonormal, we may find the coefficients by taking inner products:

_ _ LT
a_<f’1/\/§>_7r i \/§dt
Bi = (f,cos(ix)) = L f(t) cos(izx) dt

~vi = (f,sin(iz)) = %/0 Wf(t) sin(iz) dt.

For instance, consider the function f(z) = z for x € [0, 27]. We find

« 1/27r t dt = /2
= - — dt = /2.
mJo V2

Integrating by parts, we find

1 [ 1 [ tsin(it i) |*"
5 — _/ feos(it)di = - ( s1n.(@ ) N COS.EZ )| 0
T Jo T i i 0
and ) )
1 4 1 t 1t in(st)|”" 2
%= / tsin(it) dt = — (— cos(it) | sinit) |7 _ 2
T Jo s i 2, i
Thus,

n

DrOspuns,) (1)(@) = VEr- = = 37 = sinfia) = 7 — =

i=1 =1

N o
(1=
=,
=)
o~ —~
o~
2

See the next page to compare the graph of f with the graphs of these projections for
various n.



Week 12, Wednesday 190

The plot of projgpas,)(f) versus the plot of f(z) =z for n = 1,2, and 10.

\
\

34\ 7

\\ //

N /
2 \ /
g
N o
T
1 2 3 4 5 6
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Week 13, Monday: Systems of linear differential equations

Suppose that
x(t) = amount of yeast at time ¢

and that rate of growth of yeast (at least in the time frame in which we are interested)
is proportional to the amount of yeast. So there exists a constant a such that

2/ (t) = ax(t).

Integrating, we get

/x/(t) dt:/adt = In(z(t) =at+b

for some constant b. Exponentiating then yields
2(t) = e"c

where ¢ = €. Evaluating at t = 0 shows that c is the initial condition: z(0) = c.

Now consider a two-dimensional system. Let

x1(t) = population of frogs in a pond

x9(t) = population of flies in a pond,

and suppose the rate of change of these populations satisfies the following system of
differential equations:

2y (t) = axy(t) + bao(t)
x5 (t) = cx1(t) + dxo(t).

So we are assuming that the rate of growth of these populations depends linearly on
the sizes of the populations. Letting

- (209) w0 (58

191
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we can rewrite the system in matrix form:

2 (t) = Ax(t)

Az(iZ).

Our problem is to find z(t). The key to solving higher-dimensional systems like this
is the following:

where

Theorem. Let A be an n X n matrix over the real or complex numbers. Then the
solution to 2’ = Az with initial condition x(0) = p is

z = ep.
(Note that p is a column vector here.)

To make sense of this, we need to be able to exponentiate a matrix! To do that, recall
that for a real or complex number a, we have

=1
=g

an infinite series that converges for all a. This formula generalizes: given any n x n
matrix A over the real or complex numbers, define

et = i (At)F = i
k=0 k=0

Each entry of e is a power series in ¢, and that power series turns out to converge
for all . To compute e though, we need to somehow compute all of the powers
of A. As you might expect, diagonalization comes to the rescue.

| —
| —

1 1 1
ARtE =T+ At + —A%% + A3 + — AYY
+ AL+ 5 + 5 + o7 +

>

!

>

!

Computing e4. If A is diagonalizable, then we can write
P'AP = D = diag(\1, ..., \n)
where the \; are the eigenvalues of A. As we have seen earlier, it follows that
A = (PDP™Y)* = pDFP~! = Pdiag(\Y, ..., \F) Pt

Therefore, modulo some technicalities involving convergence, we have

o

At __ k. k k k4k -1 __ Dt p—1
_E HAt E k'(PDP ) P<§ HDt)P = Pe”*P .
k=0 k=0
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Since D is diagonal, an easy calculation shows that

ePt = diag(eM?, ... M),

So
e = Pdiag(eM, ... M) P

Example. Consider the following two-dimensional system:

.CL'l == 42
/
In matrix form,
¥ = Az

where
0 1
4= ( o)
Applying our algorithm to diagonalize A, we find
P'AP = D = diag(1, —1)

where

Therefore,

(1 1 e 0
U1 -1 0 et
1t tet et —et
o\ —et ettet )
So, for example, the solution with initial condition z(0) = (1,0) is

ri(t) \ _ 1 e +et e —e 1Y _1/e+e
za(t) ) 2\ el—et eltet 0/) 2\e—et )’

A plot of that solution (z1(t), z2(t)) in the plane appears in blue in the picture below.
The arrows indicate the following: at each point (z1,z2) € R? we attach the velocity
vector (z},z4) = (x9, 7).

N—= D=
N[—= N~
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The solution in blue has velocity vector z/(0) = (22(0),21(0)) = (0,1) at time ¢ = 0.
To repeat: geometrically, our solution is a parametrized curve in the plane:
z: R — R?
t— x(t) = (z1(t), 22(t)).

The differential equation specifies the tangent (velocity) vectors z/(t) at each time t.
It determines a “flow” as illustrated in the picture. Specifying an initial condition
is like dropping a speck into the flow. We then get a unique solution, which is the
trajectory of that speck over time (shown in blue, above).
Note: the arrows determine new “axes” pointed in the directions of the eigenvec-
tors, (1,1) and (1, —1).
Example. Next consider the following two-dimensional system:

Ty = 19

Th = —x1.
It might approximate frog-fly populations since one would expect the frog popula-
tion z4(t) to increase with the fly population and the fly population to decrease with

the frog population. In matrix form,

= Az

where
01
A_(_l O).

The characteristic polynomial is pa(x) = 22 + 1, so A is not diagonalizable over R.
However, it is diagonalizable over C. So let’s do that to see where that goes. Applying

our algorithm to diagonalize A, we find

P'AP = D = diag(i, —1)
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So starting with equal populations of frogs and flies, x(0) = (1, 1), we have

+(t) = ( _Zifgg ;28 ) ( | ) — (cos(t) + sin(t), — sin(£) + cos(t)).
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Note how this system of equations is not a great model for frogs and flies: starting
at any initial population, the system evolves into one in which there are negative
amounts of frogs or flies. One could hope that it applies locally, say near times at
which the populations for frogs and flies is nearly equal. At any rate, it raises the
question as to whether any linear system of equations would make a good model.
Qualitatively, what are all of the possibilities for a two-dimensional linear system?



Week 13, Wednesday: Cross product

Let vq,...,v,_1 be a set of n — 1 vectors in R™. Define the function
x:R"—= R
x— det(z,v1,...,051).
where we think of the determinant as a function of the rows x, vy, ..., v,_1 of a matrix,

as usual. The 1 x n matrix representing x has the form (a;---a,). We define the
cross product to be the row vector

V1 X s X Uy = (Ag, .. ap).

The mapping x is just dot product with the cross product:

x(z) = (ar---ay) : =(a1,...,an) x= (1 X" XUy_1) T

Tn

matrix multiplication dot product

Theorem. (Properties of the cross product.)

(a) The cross product is a multilinear alternating function of vy, ..., v, 1.
(b) Swapping v; with v; for i # j changes the sign of the cross product.

(c) Adding a scalar multiple of v; to v; for some i # j does not change the cross
product.

(d) The cross product is orthogonal to the subspace spanned by vy, ..., v, 1.

(e) The length of the cross product is the volume of the parallelepiped spanned
by vi,...,Up_1.

196
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(f) Given w € R", the volume of the parallelepiped spanned by w and vy, ..., v, 1
is |w- (v1 X -+ X Up—1)].

(g) Let A be the (n — 1) x n matrix with rows vy, ...,v,_1, and let AY) be the (n —
1) x (n — 1) matrix formed by removing the j-th column of A. Then

UVl X e X Uy = (det(A(l)), —det(A@), det(A®), ..., (=1)" " det(A™)).
Proof. Properties (a)—(c) follow immediately from the properties of det(z, vy, . .., vp_1).
For property (d), note that

(Ul X o+ X Un—l) cV; = det(vi, V1, .- 7Un_1) =0

since v; is a repeated row.

For property (e), let P be the parallelepiped spanned by vy, ..., v,_1, and let @) be
the parallelepiped spanned by vy X -+ X v,_1 and vy, ...,v,_1. Since v; X «++ X v,_1
is perpendicular to P, the volume of () is given by the volume of the base, P, times
the height ||v; X -+ X v,_1]]:

vol(Q) = |jvg X + -+ X v,_1]|| vOI(P). (36.1)

The volume of @ is the absolute value of the determinant of its spanning vectors.
Therefore,

vol(Q) = |det(vy X +++ X Up_1,01,. .., Up_1)|
= ’X(Ul X X Up—1,V1,... ,/Unfl)‘
:(Ul X"'Xvn—l)'<le"'xvn—1)

= [Juy X -+ X v |2
Combining this with equation (36.1) yields the result:
|lvr X -+ X v,_1]] = vol(P).
For property (f), note that
lw - (v X -+ X v,_1)| = |det(w, vy, ..., 0,-1)],

which gives the volume of the parallelepiped in question.

Property (g) follows by expanding the determinant defining y along its first row:

x(x) = det(x,vy,...,0,1)
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= det(AM ) — det(AP)zy + -+ + (—=1)"" det(A™M),
= (det(A(U) _ det(A(Q))’ o (_1>n—1 det(A(n))) . (Ily o ,l'n).
U

The cross product in R3. The cross product is most well-known in the case n = 3.
Here, we have vectors z = (x1, xo, x3) and y = (y1, y2, y3). The cross product is

x Xy = (Tays — T3Y2, T3Y1 — T1Y3, T1Y2 — TaY1) € R®.

The usual mnemonic is

i j Kk
rxy=det| 1 22 x3 | = (X2ys — x3y2)i — (21ys — 2311)j + (21y2 — 221k,
Y Y2 Y3

where i = e; = (1,0,0), j = e5 = (0,1,0), and k = e3 = (0,0,1). We get exactly the
formula given by part (g) of the Theorem. The above is only a mnemonic since we
have not defined a determinant in the case where the entries are vectors of various
dimensions.

The cross product here is perpendicular to the parallelogram spanned by z and v,
and its length is

[l < yll = [lz]l[ly[l sin(®)
where 6 is the angle between x and y. This last formula gives the area of the paral-
lelogram spanned by x and y:

Example. Find an equation for the plane through the points p = (1,2,3), ¢ =
(1,0,—2), and r = (0, 7,2).

SOLUTION: To find a vector perpendicular to the plane, we take the cross product
of g—p and r —p. Below is a picture that illustrates the geometry (with no attempt to
get the actual coordinates correct!). The sides of the base parallelogram are spanned
by the vectors ¢ — p and r — p.
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(¢ =p) x(r=p) r

Compute:

(C] _p) X (T _p) - (O’ -2, _5) X (_1’5a _1)

To double-check, note that the cross product is perpendicular to ¢ — p and r — p:
(0,—-2,-5)-(27,5,—-2) =0 and

The set of all points (z,y, z) perpendicular to the cross product is the plane defined

by

i j k
= det 0 -2 -5
-1 5 —1
=27i+5j—2k
= (27,5, -2).

(27,5,-2) - (z,y,2) =0,

i.e., the plane with equation

This plane passes through the origin, (0,0,0). We want the translation of this plane
that passes through p. (It will automatically then pass through ¢ and r. So we could
choose either ¢ or r for this requirement, instead.) The equation of this translated
plane will have the form

27x + 5y — 22 = 0.

27x + by — 2z =c.

for some constant c¢. Plug in p (or ¢ or r) to solve for c:

¢ =27(1) +5(2) — 2(3) = 31.

So the equation of the plane is

27x + by — 2z = 31.

199

(-1,5,—1) - (27,5,-2) = 0.
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(Check that the equation is satisfied by p, ¢, and r!)

Parametric equation of the plane. As we saw earlier in the semester, we can parametrize
this plane by

f(s,t) =p+s(g—p) +t(r—p)
= (1,2,3) + 5(0, =2, =5) + t(—1,5, —1)
=(1—-1t2—2s+5t3—5s—1).

Thus, we get the function:
f:R* > R?
(s,t) — (1 —1,2—2s+5t,3 —5s —t).

The image of f is the plane passing through p, ¢, and r. One may check that if we
let
r=1—t, y=2-25s+5t, z=3-—5s—t,

then 27z + 5y — 2z = 31, i.e., the point satisfies the equation for the plane.



Week 13, Friday: The Spectral theorem

Theorem (Spectral theorem). Let A be an n x n symmetric matrix over R. Then A
is diagonalizable over R, and there exists an orthonormal basis for R (with respect
to the standard inner product) consisting of eigenvectors for A.

Example. Let

-1 -1 =2
A= -1 -1 2
-2 2 2
The characteristic polynomial of A is
—1—t -1 -2
pa(t) = det —1 —1-t 2 | = +12t+16=(4—t)(-2—1t)*
-2 2 2—t

So the eigenvalues are 4, —2, —2. We next compute bases for the eigenspaces. For A =
4,

1

5 -1 -2 Lo 3
A-4L=| -1 -5 2 |~|01 -1
2 2 2 00 0

So the eigenspace for A = 4 is E4{(—3t,3t,t) : t € R}. One basis is {(—1,1,2)}.
Normalizing gives the basis vector

! (—1,1,2)
v =—(—1,1,2).
VGG
For the eigenvalue A = —2, we have
1 -1 =2 1 -1 =2
A+2L,= -1 1 2 |~ 0 0 0|,
-2 2 4 0 0 O
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and the eigenspace is E_o = {(s + 2t,s,t) : s,t € R}. A basis is {(1,1,0),(2,0,1)}.
Applying Gram-Schmidt to these two vectors yields an orthonormal basis for E_s

consisting of
1 1

=~ (1,1,0), v3=—=
V2 \/5( ) U3 \/g

Now note that something surprising has happened: these vectors are orthogonal to v;.

We arrive at an orthonormal basis {vq,vs,v3} for R? consisting of eigenvectors for A.
Letting P be the 3 x 3 matrix whose columns are vy, v, v3, we have

(1,—1,1).

P AP = diag(4, —2,2).

Since the v; form an orthonormal set, it turns out that P~! = P?, the transpose of P:

1 12 S e e
VI % ViV 100
t 1 1 11 1
Pr=\ 5 u Y v i |[=010
U T 2 5 L 00 1
Vi TV V3 V6 V3

Definition. A matrix P € M, (R) is orthogonal if its columns form an orthonormal
set in R”.

Lemma. P € M,,(R) is orthogonal if and only if P~! = P*.

Proof. Note that (P'P);; = v; - v;. So P'P = I, if and only if the columns of P form
and orthonormal set. O

Restatement of the spectral theorem. If A is a real n X n symmetric matrix,
then there exists a real diagonal matrix D and an orthogonal matrix P such that

A= PDP".

Proof of the spectral theorem. We first prove that the characteristic polynomial of A
splits over R. By the Fundamental Theorem of Algebra, it splits over C. So p4(t) =
[T;_,(Ax —t) for some \; € C. We must show that Ay € R for all k. So let A = ), for
some k. Then there exists a nonzero v € C" such that Av = Av. Recall the standard
inner product on C": for y,z € C", we have (y,z) = y - z. Thinking of y and z as
column vectors, we have (y, z) = z*y where ( )* denotes the conjugate transpose:

n Y1
<y72>:y'522%5i=(51 Zn) : =zY.
k=1 Yn
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Therefore, for an arbitrary n x n complex matrix B, we have
(y, B*'z) = (B*2)"y = 2" (B*)"'y = z*By = (By, 2).
Our matrix, A, is real and symmetric; so A* = A* = A* = A. Therefore,

{y, Az) = (Ay, z).
Going back to Av = \v, we have
Mv,v) = (M, v) = (Av,v) = (v, Av) = (v, \v) = Mo, v).
Since v # 0 and inner products are positive-definite, it follows that A = X, and

hence \ € R.

We now prove the theorem by induction on n, the case n = 1 being trivial. Sup-
pose n > 1 and let \; € R and v; € R” be an eigenvalue-eigenvector pair for A.
Next, complete and apply Gram-Schmidt to construct and ordered orthonormal ba-
sis (vq, -+ ,v,) for R". Let @ be the n x n matrix whose columns are the v;. Then @
is orthogonal. Define

A= Q'AQ = Q"AQ.
Then A is symmetric:

At _ (QtAQ)t _ QtAt (Qt)t _ QtAtQ _ QtAQ _ A

We would like to investigate the structure of A further. To find its first column, we
use the fact that Av} = M\wv;. Let e; be the first standard basis vector of R®. Then
the first column of A is

12161 = QtAQel = QtAUI = Qt>\101 = >\1Qt1}1-
The rows of Q! are the orthonormal set vy, ..., v,. Therefore,

1 ifi=1

0 otherwise.

(Qtvl)i =V V1 = {

So the first column of A is the vector (A1,0,--+,0). Since A is symmetric, its first
column and first row are the same vector. Therefore, A has the form
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where B is an n x n matrix. Since A is symmetric, so is B. So we can apply induction
to find an (n — 1) x (n — 1) orthogonal matrix 7" and a real diagonal matrix F such
that B = TET'. We then have

where the matrices S and T are defined as shown. Since T' is orthogonal, so is S.
Finally, define P = QS. Since ) and S are orthogonal, so is P (check: (QS)(QS) =
SHR'Q)S = SIS = 1,,). We have

A=QAQ" = Q(SDS")Q" = (QS)D(QS)" = PDF",

as desired. n

We now discuss a more general version of the spectral theorem.

Definition. A matrix A € M,,,(C) is Hermitian if A* = A (so A = A?). A
matrix U € M,,«,(C) is unitary if its columns are orthonormal, or equivalently, if U
is invertible with U~ = U*.

Theorem (Spectral theorem) Let A be an n x n Hermitian matrix. Then A = UDU*
where U is unitary and D is a real diagonal matrix.



Homework assignments

Week 1, Friday

As for all Math 201 homework this semester, be sure to show your work for full credit,
and please acknowledge your collaborators and tutors.

ProOBLEM 1. Calculations. For each of the following systems of linear equations

e Find the associated augmented matrix M.

e Compute the reduced row echelon form E for M. Show your work as in
class, specifying your row operations.

e From FE determine whether there are solutions to the system. If there is a
unique solution, state it. If there are infinitely many solutions, express the
set of solutions in two ways: (i) parametrically, as in examples 2.4 and 2.5 in
Chapter One, Section 1.2, and (ii) in vector form as in Chapter One, Section
I.3.

(a)
r—=2y+z=1
—4drxr4+2y—2=0
3r+3y —z=1.

r+y+3z=3
—r+y+z=-1
2z 4+ 3y 4+ 8z = 4.

r+y+3z=3
—r+y+z=-1
20+ 3y +82=T.
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(d)

20 — 2y — 3z = =2
3r =3y —2z+dw="7

r—y—2z—w=-—3.

PROBLEM 2. Some questions about conics.

()

(b)

Let y = px? + gz +r be the equation of a general parabola. By solving a system
of equations, find the constants p, ¢, and r so that the resulting parabola passes
through the points (-2, 15), (1,3), and (2,11).

A (real) plane conic is a set of points of the form
C={(z,y) eR*:az® +bry +cy’* +dx +ey+ f =0}

for some constants a, b, c,d, e, f € R, not all zero. For example, the unit circle
centered at the origin is the conic specified by takinga =c=1,b=d =¢e =0,
and f = —1 to get the defining equation, 2% + 4> — 1 = 0. Note that defining
equation of a conic is only determined up to a scalar multiple: for instance,
222 4+ 2y*> — 2 = 0, the conic witha =c=2,b=d=¢ =0, and f = —2, also
determines the unit circle centered at the origin.

How many points in the plane do you think must be given to determine a specific

conic, in general? Why? (Note: You probably don’t have the tools yet to
rigorously answer this question. What are your thoughts?)
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Week 2, Tuesday
PROBLEM 1. Let L be the line in R? passing through the points (1,1,1) and (2,7, 4).

(a) Find a system of two linear equations whose solution set is L. Show your work.
(Hint: This will likely involve solving a system of linear equations.)

(b) Give a parametrization of L (you should only need one parameter).

PROBLEM 2. Let H be the plane in R3 containing the points (1,1,0), (1,5, —3),
and (1,2, 4).

(a) Find a linear equation whose solution set is H. Show your work.

(b) Give a parametrization of H.

(¢) What happens if we instead consider the three points (1,1,0), (1,5, —3) and

(1,-3,3)? Is there such a plane? How does the process go differently for (a) and
(b)?

PROBLEM 3. Let H be the subset of vectors (xy,...,x,) in R" given by the set of
solutions to the equation

ax1+ -+ agr, =d,
for some constants aq, ..., a,,d, with at least one a; not equal to 0. Such set is called

a hyperplane.

(a) Prove that this set of solutions can be parametrized using n — 1 parameters.

(b) What do you expect the dimension of H to be? (We haven’t defined dimension
precisely, so use your intuition.)

(¢) How many points do you expect need to be given to determine a hyperplane in
R™?
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Week 2, Friday

PROBLEM 1. Let V = R2Z For the following pairs of operations, decide whether
they make V' into a vector space over R. Justify your answer. In what follows, let
(r1,12), (y1,y2) € R* and r € R.

(a)

(w1, 22) + (Y1, 92) = (1 + Y1, w22) and 7 - (x1,22) = (rey, x2).
(b)
(21, 22) + (Y1, ¥2) = (221 + 2y1,322 + 3y2) and 7 - (x1,22) = (rzy, r29).

PROBLEM 2. Here are two templates for showing a subset W of a vector space V'
over a field F' is a subspace:

Proof 1. First note that 0 € W since . Hence, W # (). Next, suppose
that u,v € W. Then . Hence, u+v € W. Now suppose r € F'and w € W.
Then . Therefore, r-w € W. O
Proof 2. First note that 0 € W since . Hence, W = (). Next, suppose
that r € F' and u,v € W. Then . Hence, u+1r-v e W. O

Use one of these two templates for each of the following exercises.

(a) Show that W = {(z,y,2) € R? | 2z — y — 3z = 0} is a subspace of R3.

(b) Show that the set W = {f: R — R : f(t) = f(—t)} is a subspace of the vector
space of real-valued functions of one variable. (You will need to carefully use the
definitions given in Example 1.12, p. 84, of the text.)
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Week 3, Tuesday

PROBLEM 1. In each of the following:

e Determine whether the given vector v is in the span of the set S.

e If v is in the span of S, then explicitly write v as a linear combination of the

vectors in S.
(a) V ="P3(Q), v=a+8z%+ Tz — 18,
S={2*+3x—2,2°+42* —x + 2,2 — 2z + 3}.

-1 3
(b) V = MQXQ(R), V= 2 4 s

{0 =) ()G}

Definition. Let S be a subset of a vector space V. We say S generates V if

Span(S) = V.
PROBLEM 2. Let F be a field and consider S = {(1,1,0),(1,0,1),(0,1,1)} C F3.

(a) Prove that if F'= Q, then S generates Q3.
(b) Prove that if F' = Fy, then S does not generate F3.

PROBLEM 3. Let V' be a vector space over a field F', and let .S; and S5 be two subsets
of V.

(a) Prove that Span(S; N S;) C Span(.S7) N Span(Ss).

(b) Give an example in which Span(S; N.S2) and Span(.S;) NSpan(Sy) are equal, and

one in which they are not equal.
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Week 3, Friday

PROBLEM 1. Determine whether the following sets are linearly dependent or linearly
independent. If they are linearly dependent, find a subset that is linearly independent
and has the same span.

11 0 0\ /0 0 1 0\ /01
@ <o o, (1 1].loo],[1 0], [0 1]} inMs0m@)
00/ \0o 0 11 10/ \o 1

(b) {(1,3,2),(2,-1,2),(1,2,4)} in R3.

(c) {(1,1,0),(1,0,1),(0,1,1)} in (Fq)? (recall that Fy = Z/27Z, the field with two
elements).

PROBLEM 2. Let V be a vector space over R. Let u and v be distinct vectors
in V. Prove that {u, v} is linearly independent if and only if {u + v, u — v} is linearly
independent.

BonNus: Would the same be true over F5?

PROBLEM 3.

(a) For any field F', we have defined the vector space F™ of n-tuples with components
in F. List all elements of (i) F? and (ii) F'* in the case that ' = F,.

(b) Let S = {uy,...,u,} be a set of linearly independent vectors in a vector space
over Fy. How many elements are in Span(S)? Justify your solution.
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Week 4, Friday

PrOBLEM 1. Find the coordinates of each given vector v with respect to the ordered
basis B = (vy,...,v,) of V. Show your work.

a) v=(4,1), B={((1,2),(-2,3)), V=R~

(a)

(b) ( ) B = <(170)’ (071)>7 V=R

(c) v=a*+2rx+3, B={(1,(x—1),(z—1)%,V =Py(R).
)

(d) v=2*+22+3, B=(1,z,2% 2%,V =P3(R).

PROBLEM 2. Let X = {1,2,3}, and consider the vector space of functions
X={f: X = R}.

Recall that for f,g € R¥ and r» € R, the vector space operations are defined as
follows:

(f +9)(x) = f(x) + g(z) and (rf)(z)=r(f(z)).

Also recall that in order to prove that f = g, one would show that f(i) = ¢(i),
for : = 1,2,3—that’s how one shows they are the same function.

The zero function is z € R¥, defined by 2(1) = 2z(2) = 2(3) = 0. It’s the additive
identity for the vector space. Also define the three characteristic functions: x1, X2, X3

by
. 1 ifi=y

for i = 1,2,3. Thus, for instance, y2(1) = x2(3) = 0, and x2(2) = 1. Define B =
{X1, X2, X3} Show that B is a basis for R* by completing the following steps.

(a) (Warm up) Let f € RX be defined by f(1) = 5, f(2) = m, and f(3) = —7.
Write f as a linear combination of elements of B.

(b) Let g be an arbitrary element of R*. Show how to write g as a linear combination
of elements of B. (Thus, B spans R¥.)

(c) Show that B is a linearly independent set by proving that if
axi +bxs +exz =2

for some a,b,c € R, thena=0=c=0.
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PrROBLEM 3. Let V' be a vector space over F' and B a basis for V. Let S C V.

(a) Prove that if B C S, then S is linearly dependent.

(b) Prove that if S C B, then S does not span V.

NOTE 1: The first statement can be read as “a basis is a maximal linearly independent
set in V7. The second statement reads as “a basis is a minimal spanning set for V.”

BONUS (UNGRADED): Prove the converse of both statements. Let B be a subset
of V.

(¢) Suppose that B is linearly independent and for every S with B C S, S is linearly
dependent. Prove that B is a basis.

(d) Suppose that B spans V and for every S with S C B, S does not span V. Prove
that B is a basis.
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Week 5, Tuesday

PROBLEM 1. Let A be an m x n matrix with ¢, j-th entry A;;. The tranpose of A,
denoted A7 is the n x m matrix with 4, j-th entry A;;: the i-th row of A” is the i-th
column of A. Thus, for example,

a b a c e
c d = ( ) .
e f b d f
A matrix A is skew symmetric if AT = —A (notice the minus sign!).

Let W be the set of 3 x 3 skew symmetric matrices over R.

(a) Prove that W is a subspace of the vector space of all 3 x 3 matrices over R.
(b) Give a basis for W.
(¢c) What is dim(W)?

PROBLEM 2. Define the following matrix over the real numbers:

—14 56 40 92
6 —24 —-17 -39

8 —32 —-23 -53
-1 4 3 7

(a) What is the reduced echelon form for M? (You do not need to show your work
for this.)

(b) Compute (i) a basis for the row space of M and (ii) a basis for the column space
of M wusing the algorithm presented in class on Friday of Week 4. (There is a
unique solution if you use the algorithm.)

PROBLEM 3.

(a) Prove that there exists a linear transformation f: R* — R? such that f(2,1) =
(0,—1,3) and f(—1,2) = (1,0,—4). What is f(5,10)?

(b) Is there a linear transformation f: R3® — R? such that f(1,2,1) = (2,3),
f(3,1,4) = (6,2) and f(7,—1,10) = (10,1)? Explain your reasoning.
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Week 6, Tuesday
PrOBLEM 1. For the following functions f:

(i) prove that f is a linear transformation,
(ii) find bases for N(f) and R(f), and

(iii) compute the nullity and the rank of f.

(a) f: R3 — R? defined by f(z,y,2) = (x —y + 2,2y + 2).

(b) f: P2(R) — P3(R) defined by f(p(z)) =z - p(x) + 2p'(x).
(Recall that P,,(F') denotes the vector space of polynomials with coefficients in
F of degree less or equal to n. Here, p/(x) denotes the standard derivative from
calculus.)

PrROBLEM 2. Let V, W and U be finite-dimensional vector spaces over F', and let
f:V —=W,g: W — U be a linear transformations. One can prove! that go f is also
a linear transformation.

(a) Show that
rank(g o f) < min{rank(f),rank(g)}.

(Hint: The rank-nullity theorem is useful for part of this problem.)

(b) Give an example in which the inequality is strict.

PROBLEM 3. Let V and W be vector spaces over F', and let f: V — W be linear an
isomorphism (bijective linear transformation). Let g: W — V' be the inverse function
to f, that is, g satisfies that g o f = idy and f o g = idy. Prove that ¢ is a linear
transformation.

“You don’t have to turn that in, but it is a good exercise for you to try.



HOMEWORK 215

Week 6, Friday

PROBLEM 1. Let P,(R) be the vector space of polynomials in = of degree at most n
with coefficients in R. Define

f: PQ(R) — 7)3(R)

p(z) — /Or p(t) dt.

Note that this is a definite integral, so there is no constant of integration! One can
show f is a linear transformation (but you don’t need to do that for this problem).

(a) Find the matrix representing f with respect to the ordered bases (1,x,xz?)
for Po(R) and (1, z,z?, z3) for P3(R).

(b) Find the matrix representing f with respect to the ordered bases (1+z + 22, x +
22, 2%) for Po(R) and (1 + = + 2% + 23,2 + 2% + 23, 2% + 23, 23) for P3(R).

PROBLEM 2. Let V be a finite-dimensional vector space over F', and let f: V — V
be a linear transformation. Prove that f is one-to-one if and only if it is onto.

PROBLEM 3. Let P(R) be the vector space of polynomials in = with coefficients in R.
Define

f:P(R) - P(R)

p(x)|—>/0 p(t) dt.
and

g: P(R) = P(R)

p(x) = p'(z).

Again, one can show that f and g are linear transformations, but you don’t have to
do that here.

(a) Prove that f is one-to-one, but not onto.
(b) Prove that g is onto, but not one-to-one.
(¢c) What can you say about fog and go f7

NoOTE: Contrast the situation in this problem with that in problem 2.
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Week 7, Tuesday

PROBLEM 1. Recall that if P,Q € M,,«x,(F'), then their sum P + Q € M,,x,(F) is
defined to be the matrix with ¢, j-th entry

(P +Q)ij == Pij + Qi

On the other hand, if P € M,,«,(F) and @ € My, (F') (note the change in dimen-
sions), then their product PQ € M,,x,(F) is defined to be the matrix whose i, j-th
entry is

¢
(PQ)ij = Z PirQy;-
=1

Let A € M,,«(F), and let B,C € Myx,(F). Using only the definition of matrix
addition and matrix multiplication, prove that

A(B +C) = AB + AC.

You do this by proving that the i, j-th entries on both sides are equal. Please use
summation notation, and be careful to specify the correct starting and
ending points for the summation. (The result you are proving is called the left
distributivity property of matrix multiplication.)

ProOBLEM 2. For the following, recall that just as an example usually does not
constitute a proof that something is true, a general discussion does not usually suffice
to proof that something is not true. In the latter case, it is fine (but not necessary)
to give a general discussion, but in the end, you should provide a concrete and simple
counterexample.

(a) Prove that matrix multiplication of 2 x 2 matrices does not satisfy the commu-
tative law, AB = BA.

(b) Prove that matrix multiplication of 2 x 2 matrices does not satisfy left cancella-
tion.
Cancellation: If AB = AC and A is not the zero matrix, then B = C.

PROBLEM 3. Let P,(R) be the vector space of polynomials in = of degree at most
n with coefficients in R. Let f: Po(R) — P2(R) and g: P2(R) — R? be the linear
transformations respectively defined as

fp(2)) = B +a)p/(x) +2p(x) and  g(a+ bz + ca®) = (a +b,c,a —Db).
Let B = (1,z,2%) and D be the standard ordered basis for R3.
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(a) Compute the matrix representing f with respect to the basis B for both the
domain and codomain.

(b) Is f one-to-one? Is it onto?
(c) Compute the matrix representing g with respect to the bases B and D.

(d) Compute the matrix representing go f with respect to the bases B and D. Then
use Theorem 2.7 (Chapter Three, Section IV) to verify your result. (This theorem
says the composition of linear maps is represented by the matrix product of the
representatives of the linear maps.)
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Week 7, Friday

PROBLEM 1. The trace of an n x n matrix A is the sum of its diagonal elements:

i=1
(a) If A and B are n x n matrices, prove that tr(AB) = tr(BA). (Use the definition
of matrix multiplication and summation notation in your proof.)
(b) If P is an invertible n x n matrix, prove that tr(PAP™!) = tr(A).
(¢) Consider the following ordered basis for Myyo(F):

(00) () (E8) ()

The trace defines a function tr: Mayo(F') — F, and it is not hard to check that it is
a linear transformation of vector spaces over F' (you don’t have to prove that here,
although it is a good exercise to do). Compute the matrix representing the trace
function tr: Mayo(F') — F with respect to a for the domain and with respect to the
basis {1} for the codomain.

PROBLEM 2. Let
2

1 3 10 -3 1 1 4
A:<2 —1)’ 32(4 1 2)’ C:(—l —2 0)’ b= _32

Compute, if possible, the following. If it is not possible, explain why.

(a B>
(b

) A

) A

(c) (AB)D,
)
)

(2B + 3C),

(d
(e

A(BD),
AD.
PROBLEM 3. Let V' be a vector space over a field F'. Recall that the identity function

idy: V' — V is given by idy (v) = v for all v € V. This function is linear (if you are
not convinced, prove it, but you do not have to turn in that proof).
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(a)

(b)

Let V be a vector space of dimension n and let B be an ordered basis for V.
Show that the matrix representing idy with respect to the basis B for both the
domain and the codomain is 7, (the n x n identity matrix).

Let V and W be vector spaces of dimension n and let f: V' — W be an isomor-
phism with inverse f=!': W — V. Let B and D be ordered bases for V and W,
respectively. If A is the matrix representing f with respect to the bases B and
D, what is the matrix for f~! with respect to the bases D and B? Justify your
answer.

Consider the linear transformation f: R? — R? given by f(z,y) = 3z +y, —x +
4y). Using part (b), find the inverse of f.
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Week 8, Tuesday

ProBLEM 1. For each of the following matrices, use the algorithm from class to
determine whether they have inverses, and if so, find the inverse. Show your work
(i.e., the row reduction). (Pointer: as with many linear algebra problems, it’s easy
to make arithmetic mistakes, but it’s also easy to check your answer!)

02 4 12 1
(a) 2 4 2 (b) 2 1 —1
331 15 4

PROBLEM 2. Let A and B be n X n matrices such that AB is invertible.

(a) Prove that A and B are invertible. Hint: Use rank.

(b) Give an example to show that A and B of arbitrary dimensions need not be
invertible if AB is invertible.

PROBLEM 3. Given m in R, consider the line L in R? given by those points (x, )
that satisfy y = ma. (If you recall from high school, this is the line through the origin
of slope m.) Let f: R* — R? be the reflection of R? about L. Geometrically, f(x,y)
is the point obtained by taking the mirror image of (x,y) across L, so that the line
segment connecting (x,y) and f(z,y) is bisected perpendicularly by L.

One can prove geometrically (but you don’t have to do that here), that f is a linear
transformation. The goal of this problem is to find a closed formula for f (without
having to use any crazy trigonometry).

(a) What are f(1,m) and f(m,—1)?

(Hint: note that (m, —1) is perpendicular to L, you don’t have to prove this for
the homework, although you might want to figure out why.)

(b) Prove that {(1,m), (m,—1)} is a basis for R

(c) Compute the matrix for f with respect to the ordered basis ((1,m), (m,—1)) for
the domain and the codomain. Then use the change of basis result to compute
the matrix for f with respect to the standard basis for the domain and the
codomain. Conclude by giving a closed formula for f.

(d) Explain why your result makes sense in the cases m = 0 and m = 1.



HOMEWORK 221

Week 8, Friday

PrROBLEM 1. Compute the determinant of the following matrices by using row oper-
ations.

1 47
(a) {2 5 8
3 69
1 3 -1 2
2 4 7 =3
(b) 00 2 0
00 0 6

4 -1 -1 -1

-1 4 -1 -1
@11 21 4
-1 -1 -1 4
n -1 -1
1 n - —1
(d) (BONUS) Generalize part (c) for the n x n matrix | . . .|, with
-1 -1 n

n in the main diagonal and —1 everywhere else.

PROBLEM 2. Let V be a vector space. For each integer » > 0, we now give a
provisional definition of a new vector space called A" V. A spanning set for \"V
consists of expressions of the form v; A --- A v, where vy,...,v, € V. For example,
if u,v,w € V, the following would be typical elements of /\2 V:

w=4uNv—>uANw+T7vAw
p=2uNv+9uNw+6vAw.

Addition is done by combining like terms, and scaling is done by scaling each term.
For instance, continuing the example above, we get

wHp=06uNv+4uNw+13vAw
dw=20uNv—25uNw+35vAw.
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We now add a couple of rules. First, these “wedge products” of vectors are linear in
each component. For v; € V and a € F,

Ul/\.../\Ui_l/\(avi—l—vg)/\vi_,_l/\...vr:

avl/\«~~/\vi,1/\UZ-/\UZ-H/\-~/\UT
+
1)1/\"'/\Ui_l/\U;/\Uﬂ_l/\"'/\’vr.

Second, we declare that v; A--- Av, =0 if v; = v; for some ¢ # j. To illustrate these
rules in action suppose u,v,w € V. Then in /\3 V', we have the following:

uN2u+3v+5w)ANw=uARu)Aw+uA (3v) ANw+uA (bw) Aw
=2uNuNw+3uANVvANWFdUuANWAW
=0+3uANvAw+0
=3uANvAw.

Another example, this time in /\2 %

(u+20) A (u+3v) =uA (u+3v) + (20) A (u+ 3v)
=uANu+uA (3v)+ (20) Au+ (20) A (3v)
=0+3uANv+2vAu+6vAv
=3uANv+2vAu+0
=3uANv+2vAu.

It turns out there is a little more we can do to simplify this last example. By the
second rule, we have (u+v) A (u+v) = 0, since in this expression we have two copies
of the same vector. But linearly expanding this expression, we get

0= (u+v)A(u+v)
=uAN(u+v)+vA(u+wv)
=uANu+uNv+vAu+vAv
=0+uAv+vAu+0
=uANv+vAu.

Thus, u Av+ v A u=0. This means that

UNYV=—vAuU.
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In fact, in a wedge product of vectors, swapping any two locations negates the ex-
pression. (The proof is similar to the one we just gave in the case of r = 2.) For
instance,

UNVANW=—UuUANWAV=wWAUAND=—wAVAuU.

Continuing our example from above, we get

(u+2v) A (u+3v) =... (see earlier calculation)
=3uANv+2vAu
=3uNv—2uAlv

=uAv.
Now for some problems:

(a) Let V =R? and take two vectors u = (a,b) and v = (¢, d) in R% Let e; = (1,0)
and e; = (0,1). Writing v and v as linear combinations of e; and ey, find the
number k in terms of a, b, ¢, d such that

uNv=~ke Aes,

in A*V. What is the relation between k and det ( Z Z )?

(b) Now let V' = R? and take vectors u = (u1,uz,u3) and v = (vy,vq,v3) in R3.
Writing these vectors as linear combinations of the standard basis vectors e; =
(1,0,0), e3 = (0,1,0), and eg = (0,0, 1), find numbers p, ¢, in terms of the u;
and the v; such that

UuNvV=pes Nes—qey Nesg+re;Aes.

(Watch out for the minus sign in front of ¢.) Physics students may note a relation
with the cross product of two vectors in R3.
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Week 9, Friday
1 -1 2 =2
A= ( -2 2 2 4 ) ’

Find elementary matrices Fy,..., Ey such that Ey--- EF3E; A is the reduced echelon
form of A. (Check your work.)

PROBLEM 1. Let

PrROBLEM 2. This exercise will prove that the determinant is multiplicative, that is,
for n x n matrices A and B,

det(AB) = det(A) det(B).
Let B be a fixed n x n matrix over F' such that det(B) # 0. Consider the function
d: Myxn(F) — F

defined by d(A) = det(AB)/det(B). You will prove that d(A) = det(A). For a
matrix A, we write (r1,...,r,) for the rows of A, with each r; € F™.

(a) Prove that d is multilinear on rows, that is, d satisfies that
d(ri, ... ri+ kvl o) =d(ry, Ty ) Ry, )

for all 7,... 7,7 € F" and any k € F.

(Some suggested notation to help in your proof: let ¢q,..., ¢, be the columns
of B. Then (AB)s+ = rs- ¢y, i.e., the s, t-entry of AB is the dot product of the s-
th row of A with the ¢-th column of B. Recall that the dot product is defined
by (x1,...,2%n) - (Y1, Yn) = T1Y1 + -+ + TpYn. Letting A’ be the matrix with
rows (ry,...,r5,...,r,) and A” the matrix with rows (ry,...,r; + kr}, ..., 7)),

s Lo

you will need compare the rows of AB, A’B and A”B.)

(b) Prove that d is alternating on rows, that is, d satisfies that d(ry,...,7r,) = 0 if
r; = r; for some @ # j.

(c) Prove that d(I,,) = 1.

(d) Deduce that for all A, we have that d(A) = det(A), and that det(AB) =
det(A) det(B).

(e) Prove that det(AB) = det(A) det(B) when det(B) = 0. (Hint: You have basi-
cally proved this in an earlier homework.)
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Week 10, Tuesday

ProBLEM 1. Compute the determinants of the following matrices by using the
permutation expansion.

01000
~1 244 3 00200
(a) [1—i 1 M (o000 3
3 2 —1+4i 00040
50000

ProBLEM 2. Compute the determinants of the same matrices as in Problem 1 by
using the Laplace expansion along any row or column. Be clear about which row or
column you are using.

PROBLEM 3. Let p(z1,...,x,) be a polynomial on n variables with coefficients in
a field F. An arbitrary term of this polynomial is of the form az{'z$ ... z%  where

a € F and d; is a nonnegative integer for all .. The total degree of this term is
dy + -+ d,.

For example, the polynomial
p(x1, 29, 23) = 2+ 11 + 3x125 — 4a5xd + 9111073

has five terms of total degree 0, 1, 3, 5, and 3, respectively.

Here is a result from polynomial algebra. If p satisfies the conditions:

(i) p(z1,...,2,) = 0 whenever z; = z; for i # j;

(ii) the total degree of every term is n(n — 1)/2,

then
P, @) = k(z2 — 21) (23 — 21) -+ (T — Tn1)

for some & € F'. Here the product contains all the terms of the form z; —z; with 1 <
i < j < n. Note that the coefficient k is equal to the coefficient of xox2 ...z~ j27!
in p.

For example, when n = 2 and F' = R, p(z1,x2) = 11 — x5 satisfies both properties,
p(xy, m9) = 22 — 23 satisfies (i) but not (ii), and p(xy, z2) = z1 + 22, satisfies (ii) but

not (i).
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Now consider the Vandermonde matrix

1 1 1
X1 X2 Tn
2 2 2
V(zy,...,zn) = 1 23 - T,
n—1 n—1 n—1
Ty ) Ty

Let p(xq,...,2,) = det(V(z1,...,2,)).

(a)
(b)

Using properties of determinants, prove that p satisfies property (i).

Using the permutation expansion of the determinant, prove that p satisfies prop-
erty (ii).

(Hint: As always, it is useful to play around with small cases of n to understand
what is really going on. Try n = 2 and n = 3, and then use what you learn

to argue for the general case. When you write your solutions, you should write
them for arbitrary n.)

It follows from (a) and (b) and the discussion above that

p(xy, ..., x,) = k(xg —x1) (23 — 1) -+ - (T — Tp1)

for some k£ € F'. Find the value of the coefficient k.

(BONUS.) A general polynomial of degree d in one variable over the real numbers
has the form

q(7) = ap + a1 + azx® + -+ + agz?,
where the a; are real numbers. Pick n distinct real numbers x4, ..., z,, and pick
arbitrary (not necessarily distinct) real numbers by, ..., b,. Prove that there is a

unique polynomial ¢(x) of degree n—1 over the real numbers such that ¢(z;) = b,
fori=1,...,n.

(BONUS.) Use the Vandermonde determinant to prove that the collection of
functions {e** : @ € R} is linearly independent. (Recall that the set of functions
from R to R is a vector space. The solution to this problem would show that
this space is infinite dimensional.)
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Week 10, Friday

PROBLEM 1. For each of the following matrices A € M, (F)

(i) Determine all eigenvalues of A.

)
(ii) For each eigenvalue X of A, find the set of eigenvectors corresponding to A.
(iii) If possible, find a basis for F™ consisting of eigenvectors of A.

)

(iv) If successful in finding such a basis, determine an invertible matrix P and a
diagonal matrix D such that A = PDP~1.

(a) A:G ;) for F = R.

0 -2 -3
(b A=-1 1 —1] for F=R.
2 2 5
7 =5
(c) A= (10 _7) for F =R.
7T =5
(d) A= (10 _7) for FF = C.
2 0 -1
(e) A=14 1 —4] for F=R.
2 0 —1

PROBLEM 2. Let f: V — V be a linear transformation. For a positive integer m, we
define f™ inductively as f o f™ 1. Prove that if \ is an eigenvalue for f, then \™ is

an eigenvalue for f™.

PROBLEM 3. Let T: Myxn(R) = M,y (R) defined as T'(A) = A* (taking the trans-
pose). One can prove that T is a linear transformation.

(a) Show that the only eigenvalues of T" are 1 and -1. (Hint: Problem 2 might help.)
(b) For n = 2, describe the eigenvectors corresponding to each eigenvalue.

(c) Find an ordered basis B for My.o(R) such that the matrix that represents 7'
with respect to B is diagonal.
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Week 11, Tuesday

REMINDER: You have a presentation proposal due next Tuesday, November 23. Please
start thinking about the topic of your presentation: an application of linear algebra
to other fields.

PROBLEM 1. Let V' = P5(R), the vector space over R consisting of all polynomials
with real coefficients having degree at most 3. Define the following linear transfor-
mation on V' (in which the prime denotes differentiation),

L:V -V
faf +f.

(a) Write the matrix of L with respect to the ordered basis (1, z, 2, 23) of V.
(b) What are the eigenvalues of L?

(c) Does V have a basis of eigenvectors of L7 If so, give such a basis (written as
polynomials not tuples of real numbers), and if not, explain why not.

PrROBLEM 2. Consider the matrix

B —

S O N

1
3
0

NN =

(a) What are the algebraic and geometric multiplicities of each of the eigenvalues
of B?

(b) Explain whether B is diagonalizable in terms of the geometric multiplicities of
its eigenvalues.

PROBLEM 3. Consider an n x n matrix A over C. As mentioned in class, the
characteristic polynomial of A is of the form

pa(t) = det(A —tL,) = (—1)"t" + by_1t" "' + - + byt + bo.
(a) Prove that by is equal to the determinant of A.

(b) Prove that b, ; = (=1)""'tr(A), where tr denotes the trace.

(HINT: Using the permutation expansion identify where the possible terms of
degree n — 1 arise from.)
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(c) Prove that the product of all eigenvalues of A (with multiplicity) is equal to

det(A). (You may use the fact the characteristic polynomial will factor com-

pletely into linear factors, pa(t) = (=1)"[[_,(t — A;), since we are working
over C.)

(d) Prove that the sum of all eigenvalues of A (with multiplicity) is equal to tr(A).

NOTE: When n = 2, this result says that

pa(t) = t* — tr(A)t + det(A).
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Week 11, Friday

PrOBLEM 1. Consider a sequence of numbers p,, defined recursively by fixing con-
stants a and b, next assigning initial values for py and p;, and then for n > 1 letting

Dn+1 = apn + bpn—l-
For instance, letting a =2, b= —1, po = 0, and p; = 1, we get

po=20
p1=1
Pn+1 = 2pp — Pn—1 for n > 1,

which defines the sequence
0,1,2,3,4,5,6,...

Given any sequence of this form, we can encode the recursive relation in the following

matrix equation:
Pnt1 a b Pn
= . 38.1
()=o) G ) s
)=o) ()
P1 10 po )’
which implies
s\ _(a b\(p\_[(ab a b\ (m\]_(a b\ (nm
P2 - 10 P1 - 10 1 0 Po - 10 Po ’
and so on. In general, we have
Pn+1 a b\" p1
= . 38.2
() =() () (2
a b
A:(l 0).

and suppose A is diagonalizable. Take P so that

So we have

P'AP = D = diag(\1, \2).

We have seen that it follows that A" = PD"P~! so that equation (38.2) becomes

() (2)-0(3 5)(2)
Dn Do 0 A3 Po
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Thus, we get a closed form expression for p, in terms of powers of the eigenvalues
of A (just take the second component of the product on the right-hand side of the
above equation).

Leta=0=1,py=0, and p; = 1.
(a) Write out the first several values for the sequence (p,,).
(b) Write the corresponding matrix equation, as (38.1) above.
(c) Diagonalize the matrix A and compute the corresponding equation for p, in
terms of powers of the eigenvalues of A.
You may find the following notation useful:
1+5 1-+5
2 2

with useful relations ¢¢ = —1, ¢*> = ¢ + 1, and ¢ + ¢ = 1. (Warning: You
will want to make sure you get the diagonalization perfect. This will take some
time. Using the above notation as much as possible will help.)

¢ = and ¢ =

(d) As in the first example above, let @ = 2, b = —1, pp = 0 and p; = 1. What
happens when you try to use the method above to find a closed formula for p,,?

PROBLEM 2. One of the reasons we like diagonalization is because computing the
powers of the matrix is easy if it is diagonalized (see previous exercise). In this
exercise we explore the powers of Jordan blocks. Recall that a 2 x 2 Jordan block is

a matrix of the form
J— Al
N0 N/

(a) For J as above, compute J?, J* and J! For a natural number n, make a
conjecture for the value of J".

for some \ € F.

(b) Prove your conjecture. (Hint: You probably want to use induction.)

(c) (BONUS:) Repeat (a) and (b) above for a 3 x 3 Jordan block:

S O >
S > =
> = O
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Week 12, Tuesday

PrROBLEM 1. Consider the cycle graph Cy:

V4 U3

U1 (%)

(a) Find the adjacency matrix A = A(G).

(b) Compute A* and use it to determine the number of walks from v; to v3 of
length 4. List all of these walks (these will be ordered lists of 5 vertices).

c) What is the total number of closed walks of length 47

(
(d

)

) Compute and factor the characteristic polynomial for A.

e) What are the algebraic multiplicities of each of the eigenvalues?
)

f) Diagonalize A using our algorithm: compute bases for the eigenspaces of each
of the eigenvalues you just found, and use them to construct a matrix P such

that P7YAP is a diagonal matrix with the eigenvalues along the diagonal.

(
(

(g) Use part (f) to find a closed expression for A* for each ¢ > 1.

(h) Take the trace of A to get a formula for the number of closed walks of length ¢
for each £ > 1. (You can check your result against the formula given in class.)

PROBLEM 2. In this exercise we will prove the theorem from class:

“Let A be the adjacency matrix for a graph G with vertices vy, ..., v,, and let £ € Z>,.
Then then number of walks of length ¢ from v; to v; is (A%);;.”

(a) Let p(i,7,¢) denote the number of walks of length ¢ in G from v; to v;. Prove
that for all 4,7 =1,...,nand £ > 1,

p(iaja E) = Zp(i,k,€ - 1)p(/€,j, 1)'
k=1

(Hint: Part of the trick is to parse this formula appropriately.)

(b) Prove the theorem by induction on ¢, using the result from part (a).
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Week 13, Tuesday

PROBLEM 1. Consider the inner product space (R?, (, )) presented as an example in
class, where the inner product is defined as

((x1,22), (y1,92)) = 3w1y1 + 2212 + 22231 + 4221
(a) Compute the lengths of the vectors (1,1) and (1, —1).

(b) Compute the cosine of the angle between (1,1) and (1,—1). Are these vectors
perpendicular?

(¢) Find a non-zero vector perpendicular to (1,1).

PROBLEM 2. Recall the inner product defined on M,,x,(F), where F' =R or C: for
A, B € My,«n(F), we define
(A, B) = tr(B*A),

where B* = Bt is the conjugate transpose. In this problem we will verify that this
function does indeed satisfy the axioms of an inner product.

(a) Prove that this function is linear in the first coordinate: for all A, B,C €
Msn(F) and r € F,

(A+rC,B) = (A, B)+r(C,B).

(b) Prove that this function is conjugate symmetric: for all A, B € M,,x,(F),

(A, B) = (B, A).

(c) Prove that this function is positive-definite: for all A € M,,..,(F') with A # 0,
(A, A) > 0.

PrROBLEM 3. Let (V,(,)) be an inner product space over R, and let v,w € V be
nonzero vectors.

(a) Prove that if the vector
v w

[oll - ]l

is nonzero, then it bisects the angle between v and w.

(b) Mlustrate in R? with the standard dot product.
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Week 13, Friday

PROBLEM 1. Let S = {(1,0,4),(1,2,1)} in C? (with the standard inner product).
Compute S*.

PROBLEM 2. Let V' = P(R) be the vector space of all polynomials with coefficients
in R, with inner product (f(z),g(z)) = fol f(t)g(t)dt. Let W = Py(R). (Warning:
to get this problem right, you will need to be very careful with your calculations and
double-check your solutions.)

(a) Find an orthonormal basis {uy, us} for W.

(b) Find the closest polynomial in W to h(z) = 3 — 2z + 2. Express your solution
in two forms: (i) as a linear combination of u; and wug, and (ii) as a linear
combination of 1 and z.

PROBLEM 3. Let V be an n-dimensional vector space over F' = R or C, and let
(, ) be an inner product on V. Let B = {vy,...,v,} be an ordered basis for V' (not
necessarily orthonormal). Let A be the n X n matrix given by

Aij = {vj, v3).

Recall that for x € V, [z]z denotes the coordinate vector for x with respect to the
basis B, and as usual, we will think of this vector in F™ as an n X 1 matrix.

(a) Prove that for all x,y € V,

(z,y) = (yls)" A([z]s) -

(Recall that for a matrix C', we define C' by C;; = (Cy;), and then we define the
conjugate transpose by C* = C*. Hint: compute both sides using sum notation.
On the right-hand side, you will be computing the (1, 1)-entry of a 1 x 1 matrix.)

(b) Prove that the matrix A satisfies A = A*.
(c) If the basis B is orthonormal, what is the matrix A?

(d) (Bonus) Let D be another ordered basis for V', and let C' be the associated n x n
matrix. How are A and C related?
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