Math 309 - Linear Algebra

A simple description of the subject of (finite dimensional) Linear Algebra might be
the study of matrices and vectors. Matrices are arrays that are (usually) filled with
real or complex numbers:

1 2 3 --- 4 5

6 7 8 --- 9 10
A —

11 12 13 --- 14 15

Vectors are matrices that have either one column or one row:

The reason that we care so much about matrices and vectors is that we can take a
system of linear equations like

2x1+3x2+9x3+4x4:2
4x1+x2+5x3+7x4:5
51‘1+6I2+8(L’3+[L’4:2
3{L‘1+JZ2—|—8$3+3I’4:9

and write them as an equation involving matrices and vectors:

Az =b.

Another related problem is to find nonzero solutions to equations like
Ar = Az,

where )\ is a real number.

The main purpose of this class will be to study equations like this. But why do we
care about these equations? Because they show up everywhere.



If you are interested in applied math, then you are interested in differential
equations. In virtually every interesting application, the differential equations
are too complicated to be solved by hand, so you need to use a computer to
get a numerical solution. The usual way to do this is to solve an equation of
the form Az = b.

If you are interested in pure math, then you’ll need to know about the algebraic
properties of matrices, which will factor prominently in our study of these
equations. We'll look closely at matrix multiplication, inversion, etc.

Problems like Az = Ax are the basis for the Google page rank.

Images can be represented as matrices, and linear algebra is used in the com-
pression of images.

Many economic models are expressed in matrices and vectors.

Many, many, more....

In our study of these equations, we need to answer several questions:

When do these equations have a solution?
How do we find it?
If there is a solution, is it unique?

Among different methods for solving the system, which ones are best for which
situations?

All the things that we study in this class contribute to answering these questions,
although many of the things we study are interesting in their own right.

The first thing that we will study is the sets where the solutions to our equations
live, which are called vector spaces.

Chapter 1: Vector Spaces

Vector spaces are sets, so it is important that we spend a little bit of time making
sure that we know what we mean when we talk about a set. You can be as precise
as you want when talking about sets, even going to the extremes that set theorists
do. However, for our purposes, we’ll just stick with

Definition 1 A set is a collection of objects, called elements.



Notation: We denote that an object x is an element of the set .S by writing z € S.
Sometimes it is convenient to write a set by listing all its elements, such as

S ={2,3,5,7} or X ={z1,29,...,2,}.

However, for sets with large or infinite numbers of elements, it is often easier to
use set-builder notation. For example, let N be the set of natural numbers (whole
numbers greater than zero). Then the set of even natural numbers can be written
as

E =1{2,4,6,8,...}
or

E = {x € N: z is divisible by 2}.

The important thing about sets is which elements they have or don’t have. Therefore,
we don’t care what order the elements are listed in, and we don’t care if an individual
element is listed multiple times.

Operations on Sets: Using the set-builder notation makes it easy to define the
simple operations on sets:

Definition 2 Given two sets S and T, their union SUT is defined by
SUT ={z:x€S orzeT}
Definition 3 Given two sets S and T, their intersection S N'T is defined by

SNT ={z:x€S andx eT}.

Relations between sets: Since the important thing about sets is which elements
they contain, the relationship between sets that is probably the most used is the
subset relation.

Definition 4 If all the elements of a set S are also elements of a set T', then we say
that S is a subset of T', and we write S C T'.

Sometimes it is obvious when one set is a subset of another set, but sometimes it isn’t
as clear. One strategy that can help in dealing with this is to think of set containment
in terms of logic. The statement S C T is equivalent to the statement

if x €S, then x € T.



So, in order to show that the statement S C T is true, we can show that no matter
how we pick z € S, the x we pick is also in 7T". In symbols this reads

reS = xecT.

Logic As has been mentioned, this class is probably the first class where you will
be expected to generate your own proofs. A proof is basically a string of logical
implications that lead to a conclusion, so in writing proofs, it is very important to
understand logic.

The basis of logic is the implication. An implication relates two statements, called the
hypothesis and the conclusion. As the name suggests, the hypothesis is something
that can be assumed to be true. The conclusion is the result that we are trying to
derive once the hypothesis is assumed.

Be careful not to confuse the truth of the implication with the truth of the conclusion.
The implication can be true even though the conclusion is not, such as, “When it
rains, I bring an umbrella.” Just because I don’t have an umbrella today, doesn’t
mean that the statement is false.

Here is a table that shows the truth of the statement P = (@ in relation to the
logical value (true or false) of the statements P and Q).

P Q P =Q
False False True
False True True
True False False
True True True

Note that an implication is true unless the hypothesis being true can lead to the
conclusion being false.

Example: Consider the statement
r>2 = 22 >4

I think we can all agree that this statement is true. Let’s take a look at the logic
table:

x Hypothesis Conclusion

-3 False True
-1 False True
3 True True



Example: Even though it’s pretty clear, let’s go through the logical steps in showing
that [2,3] C [0,4]. We have to show that no matter how we choose a point in [2, 3],
it is also in [0,4]. Let z € [2,3]. Then 2 < 2 < 3. But 0 < 2 and 3 < 4, so
0<3<zx<3<4,or0<az<4, which is the same as = € [0, 4].

Special Sets: Some sets are used so often that they have a special notation associ-
ated with them. Some examples are the natural numbers

N={1,2,3,4,...},

the set of all positive whole numbers, the real numbers, denoted by R, which is the
set of all numbers that have an ordinary decimal representation, and the empty set
() = {}, which has no elements.

Example: Suppose S is any set. Show that § C S.

Just like before, to show that this is true, we have to show that no matter how we
choose = € ), that choice of x is also in S. But since there are no elements in ), we
are done.

Here are two examples illustrating strategies for proving that sets are equal (meaning
that they share all the same elements):

Example: Show that SNT =TNS for all sets S and T'.
We have that

SNT={zx:zeSandseT}={zr:z€Tandzxe S}=TnNS.

In this example, we started with one side of the equality we were proving and changed
the form until it looked like the other side.

Example: Prove that SN @ = () for any set S.

We have already shown that ) € SN @. If we can show the reverse inclusion, then
they must be the same set. Let z € SN (). This means that x € S and = € 0,
so SNP c . The two conditions ) € SN P and SN C O together imply that
SNp=0.

Quick Skip Ahead to Chapter 2
Systems of Linear Equations

We talked briefly last time about how answering fundamental questions about linear
systems of equations (existence, uniqueness of a solution, etc.) is one of the main



focuses of this class. We'll take some time now to talk in more details about these
systems.

You probably have some experience working with systems of equations that have two
or three variables. Most likely, you learned a method for solving such equations that
involved eliminating variables until you knew the value of one variable, and then
substituting the value of that variable back through the proceeding equations until
you knew the value of all the variables.

We're going to develop this method carefully so that we can use it on arbitrarily
large systems of equations. Also, in using this method, we’ll be able to answer a lot
of our questions about a given system, such as whether or not it has a solution and
whether or not a solution is unique.

Let’s begin with an example:

r+y—z=-1
20 + 4y = —4 :
—x+ 3y +2z= -6

We say that equations such as this are linear because the only operations that are
applied to the variables are multiplication by scalars and addition of other such
terms. Of course, our goal here is to find values of z, y and z that satisfy the three
equations simultaneously.

The set where we need to begin to look is called R3. In set-builder notation,
R® = {(2,9,2) : o, y, and z € R},

or in other words, all ordered pairs of three real numbers. But we are looking for
order pairs that satisfy our equations, so the solution set to our equations is

S={(z,y,2) ER* :x+y—2=—1, 20+ 4y = —4, —x + 3y + 2z = —6}.

Any element of S will be a solution to our system. To check if an element of R3
is in S, we simply substitute the z, y, and z coordinates of the candidate solution
into the left-hand side of the equations, and see if the result matches the right-hand
side.

Example: Is (—4,1,-2) € S?
We have
() +(1)—(-2)=-1V
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2(—4) +4(1) = —4 v
—(—4) +3(1) + 2(=2) = 3

It is easy to find elements of R? that are not in S. But how do we find out if there
are any elements in S? The answer is to simplify the system so it becomes more
clear just what a solution looks like. We can do anything we want to to simplify this
system, as long as we maintain the equalities. What this means is that if we change
one side of an equation, we must change the other side as well.

For example, we can replace the third equation with the sum of the first and the
third equations, to get the new system

r+y—z=-1
20 + 4y = —4
dy + 2= -7

We have changed the form of the problem, but we haven’t changed the solution set
S for the problem. Notice that we eliminated x from the last equation. We can
continue to simplify by adding —2 times the first equation to the second to get

r+y—z=-1 Lo T ty—2z2=-—1 r+y—z=-1
R2=—1R2 -
2042z = -2 —3 yt+z=-1 fa=_dfg+ i y+z=-1
dy +2=-7 4y + 2= -7 -3z =-3
R3=1R3 rty—z=-1 R2=R2—R3, R1=R1+R3 r+y=0 R1=R1—-R2 r=2
— y+tz=-1 — y=—2 =2
Z:l z=1 221

This process of simplifying the equations has shown us that S = {(2,—2,1)}. Because
we didn’t change the equalities as we simplified the equations, we did not change S.
The equations we started with and the simple ones we ended with have the same
solution.

Also notice that there is no real reason that we need to write out the variables each
time we take a step to simplify the equations. All the variables really do is hold our
place until we have solved the system. Each variable corresponds to it’s own column
in the equations. Why not let each variable have it’s own column in a matrix? Our
original system could be represented as

1 1 -1 -1
2 4 0 —4
-1 3 2 —6



The vertical line here represents the equals signs in the original system of equations.
The matrix on the left of the vertical line is the coefficient matrix for the system.
The vector on the right of the vertical line is the same as the right-hand sides of the
original equations. Now, instead of writing out the whole system each time we make
a simplification, we can just work with this augmented matrix.

We can solve the system again with the following steps:

1 1 -1 -1 11 -1 -1

2 4 0 4 ~1 0 2 2 -2

-1 3 2 —6 0 4 1 -7
1 0 =2 0 1 00 2

~1 01 1 -1 ]1~1010 —2
00 -3 -3 0 01 1

Since we're working with matrices now, let’s take a moment out to establish some
standard notation. A matrix A is said to be m x n if it has m rows and n columns.
We locate the elements of a matrix by the row and column in which they are located.
If we are interested in the entries of a matrix A, then we denote the (i, 7) entry (the
entry in the ith row and jth column) by a;;.

ail Q12 T a1n—1 A1n
a1 22 T a2 n—1 (57
A=
m-1,1 Om-12 *°° Am—1n-1 Onm-1n
Am1 Am?2 e Qm,n—1 Qmn

The operations that we are can perform that will preserve the equalities in a system
of equations are called elementary row operations on the augmented matrix.

Definition 5 An elementary row operation on an m X n matriz A is any of the

following operations:

1. Interchange rows r and s of A. That is, replace a,1, apa, ..., Ay bY A1, Aso, - - ., Agp

and vice-versa.

2. Multiply rowr of A by c # 0. That is, replace a,1, Gpo, . .., Qpy DY CAp, Cra, . . . ) Clpy .
3. Add d times rowr of A to row s of A, wherer # s. That is, replace a1, Ggsa, . . ., Ugp

by asy + da,, as + days, ..., gy + dag,.



We have seen that performing elementary row operations on a matrix does not change
the solution set of the system it represents. For this reason, if we can get from
one matrix to another by row operations, we call the two matrices are called row
equivalent.

Definition 6 An m x n matriz A is said to be row equivalent to an m X n matrizc
B if B can be obtained by applying a finite sequence of elementary row operations to

A.

Now we know how to apply row operations, but what is our goal? What did we do
in the example above to simplify the system?

Definition 7 An m x n matriz is said to be in reduced row echelon form when it
satisfies the following properties:

1. All rows consisting entirely of zeros are at the bottom of the matriz.

2. Reading from left to right, the first nonzero entry in each row that does not consist
entirely of zeros is a 1, called the leading entry of its row.

3. If rows i and v + 1 are two successive rows that do not consist entirely of zeros,
then the leading entry of row i + 1 is to the right of the leading entry of row i.

4. If a column contains a leading entry of some row, then all other entries in that
column are zero.

Note that there don’t have to be any rows that are all zeros. But if there are, they
must all be at the bottom of a matrix in reduced row echelon form.

The reason that this definition exists is to tell us when we are done with the row
reduction process. When a matrix is in reduced row echelon form, then it is (usually)
easy to see what the solution to the corresponding system of equations is.

So our approach to solving a system of equations is:
e Form the augmented matrix.
e Row reduce the augmented matrix to reduced row echelon form.
e Determine the solution(s) to the system (or if there are any).

This process is usually called Gaussian elimination or Gauss-Jordan reduction.



Example Find the solution to the linear system

r+2y+32=9
2t —y+2=28
3r—z=23

The augmented matrix reduces as

1 2 3 9 1 2 3 9 1 0 1 5
2 -1 1 8 |~ 0 =5 =5 10 ~1 01 1 2
3 0 =113 0 -6 —10 —24 00 —4 | —12
1 00 2
~1010]| -1
0 01 3

Thus, the solution to the system is x =2, y = —1, and z = 3.

Example Find the solution to the linear system

rT+y+2z2—->5w=3

20 + 5y — 2z — 9w = —3
20 +y — 243w = —11
T—3Y+224+Tw= -5

We again row reduce the augmented matrix:

1 1 2 -5 3 1 1 2 =5 3
2 5 -1 -9 | -3 0 3 -5 1 —9
2 1 -1 3 | =11 |70 -1 =5 13 | —17
1 -3 2 7 -5 0 -4 0 12 | -8

10 -3 8 —14 100 2 | =5
01 5 —13 | 17 010 -3 2
“loo0o -20 4 | =60 |7l o0oo01 2] 3
0 0 20 —40 | 60 000 0 0

Notice that this time we ended up with a row of zeros (located at the bottom of
the matrix, as required). If we again interpret this augmented matrix as a system
of equations, then the last equation is saying that 0 = 0, which is hopefully obvious.
This means that one of our equations is unnecessary, in the sense that the information
it contains is already contained in the other equations. So what we really have is
four unknowns, but only three equations.
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In terms of the row-reduced matrix, there is a leading one in every column but the
last. We can think of a variable having a leading one in it’s column as that variable
being fixed once values have been chosen for the rest of the variables. In this example,
there is not a leading one in the column for w, so it can take on any value. This
means that this system has infinitely many solutions.

We write our solution as

r=—-2w—->5, y=3w+2, z=2w+ 3,
where w can be any real number that we choose.
Example: Find the solution to the system

r+2y+3z+4w =5
r+3y+oz+Tw=11.

r—z—2w=—06
1 2 3 4 5) 1 2 3 4 5
1 3 5 7 11 ~ 0 1 2 3 6
1 0 -1 -2 —6 0 -2 —4 -6 —-11
1 0 -1 -2 -7
~ 01 2 3 6
0 0 O 0 1

This time there is a row of zeros in the coefficient matrix, but there is a one on the
other side of the vertical line. If we interpret this as and equation, it says that 0 = 1.
This is impossible, so we are forced to conclude that the system of equations has no
solutions.

A system of equations that has no solution is called inconsistent. If the system
has one or more solutions, then it is called consistent. We can recognize these
different solutions by looking at the reduced row-echelon form of the augmented
matrix. If there is a row that is all zeros except the last element, which is not zero,
then the system is inconsistent. If the augmented matrix in RREF has one or more
rows that consist entirely of zeros, then the system is consistent, but it may have
infinitely many solutions. If the augmented matrix in RREF has a leading one in
every column, there is a unique solution to the system.

Back to Chapter 1

We have been talking about solution sets, so now is the time to develop some ideas
about what the solution sets of some equations look like.

11



Vectors: You've probably had some previous experience in dealing with vectors.
In physics vectors are defined to be a quantity that has both a magnitude and
a direction. It makes sense to add them together and to scale them. Graphically,
vectors from physics are often represented by a directed line segment. Vectors can be
added graphically “tip to tail” and scaled by changing their length by the appropriate
factor.

Our approach here is to define sets of vectors that encompass these examples, but also
examples that show up elsewhere in mathematics, such as in the study of differential
equations. Algebraically speaking, the thing that is important about the vectors from
physics is the way in which they are added and scaled. We have a good idea of what
it means to perform these operations in that setting, but what if instead of directed
line segments, the vectors that we use are something different? Perhaps in that
situation we would also need to change what we mean by addition and scaling.

Because of this, we’re not going to be very specific about what we mean by addition
and scalar multiplication just yet, but we are going to require that these operations
follow some rules.

Definition 8 A wvector space is a set V' with operations of addition and scalar multi-
plication. The elements of V' are called vectors. The operation of addition combines
any two vectors v € V and w € V' to produce another vector in V denoted v + w.
The operation of scalar multiplication combines any real number r € R and any vec-
tor v € V to produce another vector in V denoted rv. A real number used in this
operation is called a scalar. These operations must satisfy the following eight axioms
for allv,w,x € V and r,s € R.

1. v+w=w+v (commutative law of addition)

2. (v4+w)+z=v+ (w+x) (associative law of addition)

3. There is a vector in 'V, denoted 0, such that v+ 0 = v. (additive identity law)

4. For each vector v in 'V, there is a vector in' V', denoted —v, such that v+ (—v) = 0.
(additive inverse law)

5. r(v+w) =rv+rw. (distributive law)

6. (r+ s)v =rv+ sv. (distributive law)

7. r(sv) = (rs)v. (associative law of multiplication)

8. lv =wv. (scalar identity law)

What we are doing here is adding a level of abstraction. We are allowing the vectors
to be more general objects, but we are requiring familiar rules of algebra to continue
to hold in that more abstract setting.

12



This is a good place to point out an important part of this definition: both the
operations of vector addition and scalar multiplication must produce another element
of the vector space. We say that a vector space is closed under the operations of
vector addition and scalar multiplication.

There are lots of easy examples of sets that are closed under the usual definitions of
addition and multiplication, such as the natural numbers, rational numbers, integers,
and real numbers. However, the real numbers are not closed under the operation of
division, since we can’t divide by zero.

If you think that a set is closed under a certain operation (such as addition), then
to prove that this is true, you need to start with an arbitrary element (or elements,
depending on the operation in question) of the set, and show that the result of the
operation is an element of the set.

If you think that a set is not closed under an operation, you need only find one
example of element(s) such that when the operation is applied, the result is not an
element of the original set.

Example: Are the sets [0, 1] and {0, 1,2} closed under normal multiplication?
First we have to decide whether we think the answer is yes or no, and then we have
to come up with a proof of our assertion. In the case of [0, 1], when you multiply
together two of its elements, you get a result that is smaller than either of the original
numbers, but still positive (unless one of the factors was zero). So it should still be
in [0, 1].

Let’s write this out as a proof: Let x1, 25 € [0,1]. Then z125 > 0 because z; and x5
are in [0,1], and z129 < 129 < 1, 80 2129 € [0,1]. This implies that [0, 1] is closed
under multiplication.

How about {0,1,2}? A little experimentation yields a counterexample, which is also
our proof: The set {0, 1,2} is not closed under multiplication because 2 -2 = 4 ¢
{0,1,2}.

Properties of Vector Spaces: We already know about the eight properties that
all vector spaces must have by definition. But are there other properties that all
vector spaces must have, which can be logically deduced from the definition? The
answer is yes, and we’ll work out a few here.

Theorem 1 Suppose V' is a vector space. If v is any element of V', then 0 +v = v.
This might seem like a no-brainer, but there is one step involved.

Proof : One of our assumptions is that v + 0 = v. That is almost what we want,
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but it is in the wrong order. However, another of our assumptions tells us that
v+ w = w+ v for all choices of v and w in V. Therefore, v +0=0+v =v.

Theorem 2 Suppose V' is a vector space. For any v € V there is only one vector
—v in V' that satisfies the additive inverse condition of axiom /4 (i.e., such that v+(-

v)=0).

Proof : This is a proof of uniqueness, and as such, a good strategy is to assume the
opposite and try to derive a contradiction. If assuming that the additive inverse is
not unique leads us to a conclusion that is clearly nonsense, then we know that our
assumption must be wrong, and therefore it must be unique.

Assume that there are two different vectors, z and y, such that
v+x=0and v+y=0.
Let’s look at the first of these equations, and add y to both sides. Then
v+yt+r=y = 0+x=9y = ==y.

Obviously, our original assumption that the vectors were different is wrong. [
Theorem 3 Suppose V' is a vector space. If v is any element of V', then Ov = 0.

Proof : Here are two ways to accomplish this proof.

0v = (0+0)v =00+ Ov
= 0v+ (—0v) = (0v + 0v) + (—0v)
= 0=0v+ (0v+ (—0v))
= 0=0v

OR
0v =0v+ 0= 0v+ (0v+ (—=0v)) = (0v + Ov) + (—0v)

=(0+0)v+ (—0v) =0v+ (—0v) =0.
O

Here are some other useful properties. You will be asked to prove some of them as
exercises, but you might want to prove them all for yourself, just for practice.

14



Theorem 4 Suppose v is any element of a vector space V', and r,s € R. The fol-
lowing results hold:

-v+v=0.

r0=0.

If ro =20, thenr =0 orv=0.
(—1)v = —v.

If —v =wv, then v = 0.
—(—v) =w.

(—rv) = —(rv).

r(—v) = —(rv).

if v #0 and rv = sv, then r = s.

© % RS Crds oo~

Subtraction and Cancellation Since we have defined vector addition and additive
inverses for vectors, we have enough machinery in place to define subtraction.

Definition 9 let V' be a vector space. The operation of subtraction combines two
vectors v € V and w € V to produce a vector denoted v — w and defined by the
formula

v—w =0+ (—w).

Theorem 5 Suppose v, w and x are vectors in a vector space V. Ifv+x =w+ x,
then v = w.

Proof : If v+ 2 = w+ z, then v+ x + (—x) = (w + z) + (—z), which we can
rearrange as v + (¢ + (—z)) = w+ (z+ (—x)), and since x 4 (—x) = 0, we must have
that v = w.

The Euclidean Spaces

When we talked about solving linear equations, we used the space
R? = {(z,y,2) : 7,y,2 € R}.

In particular, we used this set because the system we were solving at the time had
three unknowns. Of course, we might want to solve systems with more than three
unknowns, and in this case it makes sense to use vectors with more components.

Definition 10 The set R™ is defined as
R™ = {(z1,22,...,2,) : T1, %2, ..., T, € R}

for each natural number n.

15



While it is useful as a set, it would be much more useful to have a vector space. For
this reason, we need define the operations of vector addition and scalar multiplication
on R™. Since the entries of the vectors in R™ are just real numbers, the best way to
define these operations is in terms of addition and multiplication of real numbers.
That way we can be sure that things like associativity, distributivity, etc. will work
like we need them to.

Definition 11 If v = (vy,v9,...,v,) and w = (w1, ws, ..., w,) are elements of R™,
we define their sum by
v+ w = (v] +wy, vy + W, ..., Uy + Wy).

If c € R, then we define cv € R™ by

cv = (cvy, cvg, ..., coy).

With these operations defined, R" is a vector space. Let’s verify a few of the re-
quirements, just to make sure. You may want to verify them all for yourself, just for
practice.

Example: Show that addition in R" is commutative.
Remember that commutative means that we get the same answer no matter what
order we add in. Let v,w € R™. Then

V1 + ws w1 + vy
U2+IU2 lU2+U2

v+ w = . = . =w + 0.
Up + Wy, Wy, + Uy

We were able to switch the order of addition of the elements because we already
know that addition of real numbers is commutative.

For the purposes of exploring the vector space R", we don’t care if the vectors are
represented as rows or as columns. They are the same. However, when we start
having vectors and matrices interact via matrix multiplication, then we’ll have to be
careful whether we’re talking about row or column vectors.

Example: Show that each element of R" has an additive inverse.
Let v € R™. Then

U1 —U1 0

V2 —7Va 0
+ =

Up, —Up 0
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In other words, (—v) = —v. Notice that the additive identity (zero vector) in R" is
the one that has all zero entries.

Example: Show that the distributive property r(v+w) = rv+rw holds for v, w € R"
and r € R.
We have that

U1 + w1 T(Ul + U}l)
Vg + Wy (ve + wy)
rlv+w)=r _ =
Up + Wy, (Vs + wy,)
rv] + rw; U1 Wy
TUg + TWo V2 W2
= . = . + . =7rv 4+ rw.
Uy + TW, TV Wy,

More on Matrices First, we need to define the sets of matrices that we will talk
about.

Definition 12 Let m and n be positive integers. We denote by M(m,n) the set of
all rectangular arrays of real numbers with m horizontal rows and n vertical columns.

Since we are able to add vectors and multiply them by scalars, it makes sense that
we should be able to perform these operations on matrices as well, since in some
sense we can think of matrices as vectors that have been “reshaped.”

Let

aji; Qa2 o Qi biy bz - by,

ag1 Qg2 -+ Q2p bay  bay -+ by,
A= ] ] ] and B = ]

Am1 Qm2 = Amp bml bm2 T bmn

be elements of M(m,n). Then we define their sum by

ayp +bnn ap+bia -0 a4+ by
A4 B as1 + bay  ag + by - ag, + bay
am1 + bml Am2 + bm2 ot Amp + bmn
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That is, we add matrices element-wise. Because of this, matrices must have the same
size in order to add them. Also, if » € R is a scalar, then

rai Ta12 s TQyp

rasy TQg2 -+ TAgp
rA = . )

rami TAm2 *** TAmn

Sometimes it is nice to use a shorthand when referring to matrices, especially since
the algebraic operations that we have just defined for matrices are applied element-
wise. We can refer to a matrix A by its elements a;; by writing A = [a;;]. If we add
two matrices A and B, then we can write this as

[ai;] + [bi] = [ai; + by].

It shouldn’t be a surprise that M(m,n) is a vector space when endowed with these
operations.

Example Show that if A, B € M(m,n) and r € R, then r(A+ B) =rA+rB.
Using our shorthand notation, this is straight forward

T’(A + B) = T[aij + bl]] = [r(aij + T’bij)] = [T’Cbij + Tbij] = [Taz‘j] + [Tbij} =rA +rB.

Function Spaces So far we have talked about vector spaces whose elements are
either rows, columns, or arrays of real numbers. In the case of R", we can think of
each element as a function that takes an integer (the index) as input, and outputs
a real number. So it shouldn’t be surprising that we can also define vector spaces
whose elements are functions.

Definition 13 A real-valued function f defined on a set X is a rule that assigns to
each element x € X a unique and unambiguous real number, denoted f(x).

If X =R, then we are just talking about the usual functions that you encountered
in previous algebra and calculus classes. If X = R", then we are talking about a
function of several variables, such as those studied in Calculus III.

A function that is defined on a set X and takes values in a set Y is usually denoted
by f: X — Y. In this case, the set X is called the domain of X, and Y is called the
range. The set of all y € Y that can be realized as f(z) for some z € X is called the
image of the function f.
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Definition 14 Let F(X) be se set of all possible real-valued functions defined on the
nonempty set X.

We will think of the functions in this set (which is very large) as the elements of a
vector space. Therefore, we will need to make sure that we understand how to add
together functions and multiply them by scalars in such a way that the requirements
in the definition of a vector space will hold.

One thing to be careful of is not to confuse the function f with its values f(z). The
function f is an element of F(X), while f(x) is a real number. To know what f is,
we have to know all of its values. For two functions f,g € F(X) to be equal means
that they agree at every point in X, i.e., f(z) = g(z) for all x € X.

Definition 15 Let X be a nonempty set. The sum of two functions f,g € F(X) is
the function (f + g) € F(X) defined by

(f+9)(z) = f(x)+g(x) for all x € X.

If r € R is a scalar, then the function rf € F(X) is defined by

(rf)(z)=r-f(z) for al x € X.

There should be nothing new about these definitions. We are just adding func-
tions pointwise, just like you should be used to doing from Calculus. Also, scalar
multiplication is done pointwise.

Thinking about what function addition looks like graphically depends a lot on what
the functions involved are. Scalar multiplication is a little more straightforward,
though. When you multiply a function by a scalar, the graph of the function is
stretched toward or away from the x-axis. If the scalar is negative, then the function
is also flipped around the z-axis.

Subspaces: Remember that a vector space is a set which has operations of vector
addition and scalar multiplication that satisfy certain properties. When we talked
about sets in general, the important relation between them was the subset relation.
Therefore, we can talk about subsets of a vector space. But since a vector space is
more than just a set, we are most interested in subsets that inherit the properties of
a subspace as well.

Definition 16 A subspace of a vector space V is a subset S C V' such that when
the addition and scalar multiplication of V' are used to add and scalar multiply the
elements of S, then S is a vector space.
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Example: Consider the vector space R3. We know that another vector space is R?,
which is a plane. In fact, R? is, for all intents and purposes, the same as the set

S ={(r1,72,0) : z1, x5 € R},

which is a subset of R3. Since it is so closely related to R2, it seems reasonable that
this might be a subspace of R3. Let’s verify this.

According to the definition, all we have to do to check that a subset of a vector space
is a subspace is verify that it is closed under vector addition and scalar multiplica-
tion. All the other properties of a vector space are inherited from the larger vector
space.

To check that S is closed under scalar multiplication, we choose any two elements of
S, say v and w. Since, they are in S, we know that v3 = w3 = 0. Therefore,

U1 + Wy
v4+w= | vy+ ws € S.
0

To check that S is closed under scalar multiplication, we choose r € R and again let
v be an arbitrary element of S. Then

Since S is closed under vector addition and scalar multiplication, .S is a subspace of
the vector space R3.

This is a general method for determining that a subset of a vector space is a subspace,
so we’ll write it down as a theorem:

Theorem 6 Suppose a subset S of a vector space V' satisfies the following conditions:
1. S is nonempty.

2. S is closed under addition.

3. S is closed under scalar multiplication.

Then S is a subspace of V.

Proof : Since the identities in the axioms for a vector space hold for all elements
of V', they must hold when the elements come form S. That leaves only a couple
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of things to check. First, we have to check that 0 € S. Since S is nonempty, we
can choose a vector v € S. Since S is closed under scalar multiplication, we have
that 0v = 0 € S. The other thing that we need to check is that the elements of
S have additive inverses. If v € S, then so is —1wv, since it is closed under scalar

multiplication. We showed previously that —1v = —v, so v has an additive inverse
in S.

Example: Show that the set of points on the plane 3x + 2y — z = 0 is a subspace
of R3.

Let S = {(2,y,2) : 3x+2y—z = 0}. Obviously S is not empty, since 0 € S. Suppose
that v, @ € S. Then

3v; + 209 —v3 =0 and 3w; + 2we — wg = 0.
To show that S is closed under vector addition, we must show that
3(v1 + wy) + 2(ve + we) — (v3 + w3) = 0.
This is true, because
3(v1 +wq) 4+ 2(vy + wa) — (vs +ws) = (3vy + 209 — v3) + (3w + 2wy —w3) = 040 = 0.
Also, S is closed under scalar multiplication, since if r € R,

3(rvy) + 2(rve) — (rvs) = r(3vy + 2v — v3) =70 = 0.

Example: Show that the set
S = {A € M(272) Q12 = A1 — 0}

is a subspace of M(2,2).
S is nonempty, since the 2 X 2 zero matrix is in S. If we take A, B € S, then

. aiq 0 b11 0 i (111+b11 0
A+B_< 0 a22)+(0 b22>_( 0 a22+b22)'

Since the 1,2 and 2,1 elements are zero, A+ B € S. Also, if r € R, then

T’A:(Tall 0 >7
0 rag9

which is also in S. Therefore, by the subspace theorem, S is a subspace of M((2, 2).
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Example: Show that the set Py of all polynomials of degree 2 or lower forms a
subspace of F(R).
Obviously P(z) is nonempty. Let p,q € Py, say p(z) = p1z? + pex + p3 and q(x) =
q12% + g2 + q3. Then

(p+q)(x) = (p1 + @)a® + (p2 + go)x + p3 + g3 € Po.

Also, if r € R,
(rp)(z) = rp12® + rpex + rpg € Py,

Since Py is closed under vector addition and scalar multiplication, it is a subspace of

F(R).

Example: Suppose that v, v, ..., v, are elements of a vector space V. Show that
the set
S = {61771 + Coly + -+ + Uy ¢ C1,C2,...,Cq € R}

is a subspace of V.
First, S is clearly not empty, since it contains all the vectors vy, vs,...,1,. Let
u,w € S. Then there exist scalars a1, ao,...,a, and by, b, ..., b, such that

ﬁ:a1171+a2172+---+an17n

and
W = b1t + batip + + - - + b, U,.

It follows that
U+ = (ag + by)vh + (az + b2)Vs + - - - + (ay, + b,)v, € S.
Also, if r € R, then
ru = raijvy + ragto + - - + ra,v, € S.

Therefore, by the subspace theorem, S is a subspace of V.

Here are a few useful subspaces of F(X).
C™(X)={f e F(X): f is continuous and has n continuous derivatives on X}
In particular, C°(X) = C'(X) is the set of continuous functions on X.

P, ={f €F(R): f(z) = anz™ + ap_12" " + -+ arz + ao}
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P={f €F(R): fis a polynomial of any degree}

Lines and Planes: Since we have described R? as a set of vectors, we can use the
idea of vectors to describe the lines and planes in R? and R3.

As we have mentioned before, vectors can be added graphically. We add them tip
to tail. When we add two vectors together and connect the tip of the sum with the
tip of the two original vectors with line segments, we end up with a parallelogram.
This is what is known as the parallelogram law for vector addition.

Scalar multiplication also has a geometric interpretation. If ¥ is a vector in R? and
r > 1 is a scalar, then v is a stretched version of ¢’ that is exactly r times longer.
If 0 < r < 1, then ¥ is shortened by a factor r. If r is negative, then v is reflected
through the origin before it is scaled.

The same geometric interpretations of vector addition and scalar multiplication hold
in R3. We can use these ideas and our intuition from experience working with vectors
in R? and R? to get a feeling for how vectors work in R™ for n > 3, where we are
unable to visualize things.

The points that lie on the tips of two vectors v and w always lie on a plane through
the origin, and the sum of those two vectors can be used to form a parallelogram,
just as in R2. Similarly, scalar multiples of a vector in higher dimensions can still
be thought of as lying on a line through the origin and the point at the tip of the
original vector.

Choose any vector 7 in R? or R®. As we multiply this vector by different scalars, the
tips of the resulting vectors trace out a line through the origin that is parallel to .
In fact, we can describe this line as the set

{rv':r € R}

We can use this idea of describing a line as a set of multiples of a given vector in
higher dimensions as well, even when it doesn’t make sense to “draw” the line. For
example, we can think of the set

{rsinz : r € R}
as the line parallel to sin(x) in F(R).

Next, let’s consider two vectors €, = (1,0) and € = (0,1) from R? Now, consider
another vector with components (r, s). Then we have that

ré; + séy =1r(1,0) + s(0,1) = (r,0) + (0, s) = (1, 5).
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Thus, we can “build” any vector in R? from the two vectors €; and &. Another way
of saying this is that €; and & generate R2.

The vectors €; and €& are easy to use to generate R? because it is easy to see what
the choice of scalars should be that generates a given vector. But we could use other
pairs of vectors just as well. Basically, using different vectors is the same as using
different axes. Instead of using a vertical and a horizontal axis, we use two axes that
are not at a right angle. This will work as long as the vectors that we choose are not
paralell.

Since we can generate the entire plane that is R? by taking scalar multiples of two
vectors and adding them, we can do the same thing in R®. Any two vectors ¢ and
w in R3 that are not in the same direction will generate a plane through the origin,
which can be described as the set

{rv+sw:r,s € R}.

Since ¥, W, and 0 are all in this set, it is the plane that passes through those three
points.

What if we are interested in a line or a plane that does not pass though the origin?
Whatever that line or plane is, we can think of it as a line/plane through the origin
that has been shifted. In other words, we add a single nonzero vector « to all the
vectors that lie on the line or plane. For example, the line through the point ¥ that
is parallel to the vector v is the set

{ri+2:r e R}

Similarly, a plane can be translated in the same way. When we translate the plane
{rv/+ sw : r, s € R} by the vector &, it becomes the plane

{rit+sw+x:rseR}

Example: Consider the plane that passes through the points (1,2, 3), (0,2,1), and
(3,—1,1). We can choose any of these vectors to be the translation vector, so let
7 = (1,2,3). Then we need to figure out what the ¢ and @ are for this case, so we
subtract # from the other two vectors, to get v = (0,2,1) —Z = (—1,0 — 2) and
w=(3,—1,1) — Z = (2, -2 — 2). Therefore, the plane in question can be described
as

{ri+sw+x:rseR}

Notice that we get the points that we started with if we make the choices r = s = 0,
r=1, s=0,andr=0, s=1.
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Definition 17 Suppose V' is a vector space. Let ¥ be a nonzero vector in V. The
line through a vector © € V in the direction U is the set {rv+z : r € R}. If v, 0,
and T are three vectors in 'V with neither ¥ nor w being a multiple of the other, then
the plane through ¥ in the directions U and W is the set {rv'+ s+ x : ;s € R}.

Example: Write the set {(z,y,2) € R®: 42 + 2y + 22 = 6} as a plane according to
the definition above.

To do this, we have to determine what the vectors Z, v and « should be. We can
reduce this problem to one that we already solved if we can find three points that
are in this plane. It is easy to verify that the points

(0,3,0), (0,0,3), and (1/2,1,1)

lie on the plane. We now choose one of these vectors to be the shift, say © = (0, 3,0).
Then

v =1(0,0,3)—(0,3,0) = (0,-3,3) and @ =(1/2,1,1)—(0,3,0) = (1/2,-2,1).
With these choices, we have that

{(z,y,2) eR® 4w + 2y + 22 =6} = {rii+ s+ Z: 71,5 € R}.

Chapter 2: Systems of Linear Equations
Section 2.3: Solving Linear Systems

We have already discussed the solution of systems of linear equations at some length.
We have talked about how to write a system of equations as an augmented matrix,
and we have discussed how to row reduce the augmented matrix to reduced row ech-
elon form. We also talked about the different possible outcomes of this process.

1. In RREF, the augmented matrix has an equation that says that 0 = 1. This
means that the system has no solution.

2. In RREF, the augmented matrix has leading ones in each column. In this case,
the solution to the system of equations is unique.

3. The system is consistent, but there is not a leading one in each column corre-
sponding to a variable in the RREF of the augmented matrix. In this case, the
solution is not unique.

The variables whose columns do not contain a leading one are called free vari-
ables. The variables whose columns do contain a leading one are called leading
variables.
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Suppose that a system of equations has an augmented matrix whose RREF is

1100 -2 4

0010 5 -1
0001 3 0
0000 O O

If the unknowns are w1, o, 3, T4, T5, then x5 and x5 are free variables and the rest
are leading variables. Since x5 and x5 are free, we can choose any real value for them.
Lets say x5 = r and x5 = s, where r and s are real numbers. Then we can write the

solution to our system as
r1=-1r+2s+4

To =T

r3 = —5s5—1
T4 = —38
Ty = S

If we write the solution as a vector, then we have

T —r+4+2s+4 -1 2 4
To r 1 0 0
r3 | = —bs—1 =r 0 +s| =5 |+ | —1
Ty —3s 0 -3 0
Ts s 0 1 0

In other words, the solution set for this system of equations is

-1 2 4
1 0 0
S=<r 0 +s| =5 |+| -1 |:rnseR
0 -3 0
0 1 0

Notice that this is just like the set that is a plane in R?, except that the vectors are
in R®. It is customary to call such a set a hyperplane, which is loosely defined to be
a plane in dimensions higher than three.

A system of the form

1121 + A2 + - + ATy = 0
a21T1 + Q12T + - + Aop Ty = 0

Am1T1 + AQpaXe + - - - + App Ty = 0
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where all the constants on the right-hand side of the equations are zero, is called a
homogeneous equation.

The first thing that we should notice is that the zero vector 0 is always a solution of
a homogeneous solution. For this reason, we call it the trivial solution. The question
to answer for a given system of equations is whether or not the solution set to the
homogeneous system contains more than the zero vector.

Notice that when we form the augmented matrix for a homogenous system, the
rightmost column is all zeros. Also, notice that when we perform elementary row
operations, that column of zeros will not change. Therefore, when we solve a ho-
mogeneous system, there is no reason to write that column of zeros. Just remember
that it is there.

Example: Solve the homogeneous system

r—2y—z=20
20 —y+22=0.
r+y+32=0
The coefficient matrix row reduces as
1 -2 -1 1 -2 -1 10 2
2 -1 2 |~ 0 3 4 |~[013
1 1 3 0 3 4 000

From this, we can see that z is a free variable, so let’s say z = r, where r € R is
arbitrary. Then the solution to the system is

. ] R
Y - —§7° =7r -3
z T 1

Theorem 7 A homogeneous system of m linear equations in n unknowns with n >
m has at least one nontrivial solution.

Proof : When a matrix is in RREF, there can only be at most one leading one in
each row. Therefore, the number of columns containing leading ones must be less
than or equal to the number of rows. Since in this case there are more columns than
rows, there must be columns that do not contain leading ones. This means that there
are free variables, so there are nontrivial solutions. [l

Applications: Here are a couple of applications where systems of linear equations
must be solved.

27



Example: Determine a polynomial p whose graph passes through (0, 2) with a slope
of —1 and through (1, 1) with a slope of 2.

Since there are four requirements, it makes sense that a polynomial of degree 3,
having four unknown coefficients, should be able to fill the requirements. Therefore,
let p(z) = ax® + bz + cx + d and p'(x) = 3ax? + 2bx + c¢. The first requirement
implies that

and the second implies that

The requirements at the point (1,1) imply that
a+b+c+d=1 and 3a+2b+c=2.

The augmented matrix for this system is

111 1] 1 1 1 1 1 1 10 -1 -21] 0
3210 2 0 -1 -2 -3 | —1 01 2 3 1
o010 1|7 {oo 1 o/ -1 loo 1 0| -1
00071/ 2 00 0 1 2 00 0 1 2
100 —2] 2 1000] 6
010 3 3 0100/ -3
“loo1 o | -1]7]loo0o10]| -1
000 1 2 0001/ 2

Therefore p(z) = 62° — 322 — x + 2.

Example: A manufacturer makes three kinds of plastics: A, B, and C. Each
kilogram of A produces 10 grams of particulate matter discharged into the air and
30 liters of liquid waste discharged into the river. Each kilogram of B produces 20
grams of particulate matter and 50 liters of liquid waste. Each kilogram of C' produces
20 grams of particulate matter and 110 liters of liquid waste. The Environmental
Protection agency limits the company to 2250 grams of particulate matter per day
and 7950 liters of liquid waste discharge per day. Determine the production levels of
the three plastics that will result in emission levels that reach the maximum values
for both particulate matter and liquid waste.

Let z, y, and z be the number of kilograms produced of plastics A, B, and C,
respectively. Then

10z 4 20y + 20z = 2250 and 30z + 50y + 110z = 7950.
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As an augmented system, this is
10 20 20 2250 1 2 2 225 1 0 12 465
30 50 110 | 7950 0 —10 50 | 1200 01 -5 | —120 /-

Therefore, the solution is

xr = —12r 4465
y =or — 120
z=r

We have infinitely many solutions, but only some of them make sense. We have to
ensure that the values of all the variables are nonnegative. For x to be nonnegative
we must have

r < 38.75,

and for y to be nonnegative, it must be true that
r > 24.

Therefore, the solution set for this system is

—12 465
5 +r | —120 | :24 <r < 38.75
1 0

Example: A patient is injected with 1 gram of a long-lasting drug. At any time
thereafter, a portion of the drug is in use by the body, a portion is stored in the
lever, and the remainder is in circulation throughout the body. Each day, suppose
that of the amount in the circulatory system on the previous day, 20% is stored
in the liver, 30% goes into use, and the rest remains in circulation. Suppose that
20% of the amount in the liver and 10% of the amount in use on the previous day
are released into the bloodstream, with no direct transfer between the liver and the
sites of utilization. Find the amount of the drug in the various locations when the
distribution reaches equilibrium.

Let x be the amount in the circulatory system, y be the amount in the liver, and 2
be the amount in use by the body. Then we have the system of equations

T+ y+ z =1
0.5+ 02y+ 0.1z = =z
0.2z+ 0.8y =y
0.3z+ 09z = =z
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The first equation is obvious, since there is only one gram in the body, and it has to
be split up between the three locations. The last two coefficients in the first column
and the last two coefficients in the first row were given in the problem, as were the
zero coefficients. In the last three equations, each of the columns must add up to
one, so that all of the drug in each location is accounted for, which allows us to fill
in the rest of the coefficients. Because the arithmetic is tedious, I'll skip the row
reduction, but the RREF of the coefficient matrix is

0] 02
0| 0.2
1] 0.6
0

10
01
00
0 0 0

Section 7.1 Mathematical Induction

Mathematical induction is a very useful tool that is often used in proofs. It will be
especially useful when we get to determinants in Chapter 7.

Definition 18 The natural numbers are the positive integers. The set {1,2,3,...}
of all natural numbers is denoted N.

Mathematical induction is most often used to prove statements that claim that some-
thing is true for each value of n € N

Example: Note that
1=1

1+3=4
I1+3+5=9
1+3+5+7=16
1+3+54+7+9=25

From this evidence, we might conjecture that

n

> 2k —1)=n’

k=1

We could certainly check this by hand for a few more examples. We could even write
a computer program that would check it for a whole lot of examples. But we can’t
prove this statement by doing examples, because it would take an endless amount of
time, even for a computer.
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We can think of the situation this way: for each n € N we have a statement, which
we'll call S,,. In the case of the example, the statement is “the sum > ;_,(2k — 1)
is equal to n%2.” A strategy to prove that S, is true for every n € N might be as
follows:

e Show that .S] is true.

e Show that S; being true implies that S5 is true.
e Show that S; being true implies that S5 is true.
e Show that S3 being true implies that Sy is true.

This strategy works in theory, but in practice, there are still infinitely many steps.
What we need to do is shrink all those steps down into one. We do this by proving
that whenever S, is true, it implies that S, is true. Then the steps are

1. Show that S; is true.
2. Show that S, being true implies that S, is true.

Let’s use this method on our example. First, we must show that S; is true, or in
other words, we must show that

1

ZQk—l

k=1

This is easy, since
1

d@k-1)=2(1)-1=1

k=1
Now for step 2. We assume that
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We have that

n+1 n
dRE+1)=> k-1 +2n+1)—1=n"+2n+1=(n+1)"
k=1 k=1

The two steps that are involved in completing a proof by induction are called the
basis step and the induction step. In the induction step, it is some times more
convenient to write it as S,,_1 = S,. The only difference here is in notation.

Example: Show that
PPAREPAES
k=1

for all n € N.

To proceed by induction, we must first check the basis step. If n = 1, then

1
d o t=20=1
k=1

and
o=l — 1,

Next, we proceed with the induction step. In this case we’ll show that

n—1
Z 2k—1 — 2n—1 1
k=1

implies
A |
k=1
We have that
n n—1
ZQk—l — ZQk—l+2n—l — 2n—1 o 1+2n—1 — 2‘2n—1 —1=9"_ 1’
k=1 k=1

and this completes the induction step.

The tower of Hanoi problem concerns three pegs and a stack of 64 rings stacked on
one of the pegs. The rings are of different sizes, and they are stacked in decreasing
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size with the largest on the bottom and the smallest on the top. The problem is to
find a strategy for transferring all the rings from the peg they are on to another peg,
subject to the rules that only one ring can be off the pegs at a time, and they must
always be stacked from largest to smallest.

Example: The Tower of Hanoi puzzle with n rings can be solved in 2" —1 moves.

Of course, we proceed by induction. First, we check the base case where n = 1. This
is simple, since if there is only one ring, we can move it to another pegin 2! —1 =1
move. Now, for the induction step, we assume that we can solve a puzzle with n
rings in 2" — 1 steps, and use this to show that we can solve a puzzle with n+ 1 rings
in 21 —1 steps. At first we ignore the largest ring on the bottom of the stack. Then
we use our n ring solution to move the other rings from the original peg to a new
peg. Then we use one move to take the largest ring to the unoccupied peg. Then
we again perform the n ring solution to move the other rings on top of the largest.
This takes a total of 2" — 1+ 1+ 2" — 1 = 2" — 1 moves.

Example: Show that 4" — 1 is divisible by 3 whenever n € N.

First we check the basis step where n = 1. In this case 4" — 1 = 3, which is obviously
divisible by 3. Next, we assume that 4™ — 1 is divisible by 3 and use that to show
that 4”1 — 1 is divisible by 3. We have that

AT 1 =447 1 =4.4" — A4 3=4(4"—1) +3.

Since both of the numbers in this sum are divisible by three, it must be true that
471 — 1 is divisible by 3.

Chapter 3: Dimension Theory

We have already made reference to dimension several times in class so far, even
though we haven’t given a precise definition for what we mean. We can probably all
agree that a line is a one dimensional object, and that a plane is two dimensional.
But sometimes there are gray areas. For example, if we twist a line into a knot, is
the resulting object still one dimensional, or is it three dimensional?

Fortunately, we can develop a very precise definition for what the dimension of a
vector space is. The mathematical machinery that we develop on the way to making
this definition will be very useful throughout the rest of the course.

Section 3.1: Linear Combinations
Back in Chapter 1, we looked at planes in R?, and we saw that we were able to build

them out of two vectors, as long as the two vectors were not parallel. The way that
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we built the plane form these vectors was to take scalar multiples of the vectors and
add them together. When we did this for all possible combinations of the scalars,
we got a plane. This is an example of a linear combination.

Definition 19 Let {t),7s,...,9,} be a finite set of vectors in a vector space V. A
linear combination of Uy, Vs, ..., U, is any vector of the form

T1171+7’2172+"’+Tn17n,

where r1,79,...,1, € R. The real numbers ri,ra,...,r, are called the coefficients of
the linear combination.

If we want to leave any of the vectors oy, vs, ..., 7, out of the linear combination,
then we simply set its coefficient to 0. Therefore, the vector 0 can be written as a
linear combination of any set of vectors. It is also convenient to say that this is true
even if the set in question is empty.

It is easy to pick scalars and take linear combinations of a set of vectors. The more
interesting question is to determine whether a given vector can be written as a linear
combination of a set of vectors. The problem is to find out if coefficients exist, and
if so to determine them.

Example: Determine whether (8, —2, —7) is a linear combination of (1,1, 1), (—2,0, 1),
and (—1,3,5).

If this is true, then there exist scalars rq, 7 and r3 such that

1 —2 -1 8
T 1 +T2 0 +’I“3 3 = —2
1 1 ) -7

This is equivalent to the system of equations

rn - 27"2 —T3 = 8
71 +3r; = =2,
1+ +57”3 = —7

which has the augmented matrix

1 -2 -1 8 1 -2 -1 8 1 0 3 -2
1 0 3 -2 |~10 2 4 -10 |~ O 1 2 )
1 1 5 —7 0 3 6 —15 000 0



This system of equations is consistent, but the solution is not unique. This means
that the first vector can be written as a linear combination of the other three. In fact,
there are infinitely many different choices of coefficients that will do the job.

The method that we have just used also works in vector spaces other than R".

Example: Determine whether the polynomial defined by ¢(z) = 2 + x + 2 is
a linear combination of the polynomials defined by pi(z) = 2% + 5 and py(z) =
2%+ 2z — 1.

This means that we have to determine whether there are constants r; and ry such
that

P+ 2=r(2® +5) (2’ + 20 — 1) = (11 + o)z + (2r9)x + (5ry —1o).
Since these polynomials are equal, the coefficients must also be equal, so
T’l—f-TQ:]_ 27“2:]_ 57”1—7‘2:2.

The augmented matrix is

11 |1 11 |1 10| 4
0 2 [1|~fl0 2| 1 |]~]01] 1
5 -1 | 2 0 —6 | -3 000

This time there is only one solution, r; = ry = 1/2.

Example: Determine whether the exponential function e” is a linear combination
of the functions defined by f(z) = €* and g(z) = €3*.

If this is true, then there exist constants r; and ro such that
e = rie* + rye’”.
This equation must hold for every value of x. Let’s substitute in a few different
values:
zr=0: 1=7ri+mr

r=1: e=re>+rye

r=2: e =riet+ rye’

As an augmented matrix, this is

1 10 N
e? €3 e ~ 0 e —e? e—e ~ 0 1 e{fe
et ef | e? 0 ef—et | e2—¢t 00 | e®—et+(e* —ef)



In this case, there is no solution. Therefore, e” is not a linear combination of €** and
3x
e’”.

Section 3.2 Span

Now that we know how to take linear combinations of a set of vectors, we want to
know what we get when we take all linear combinations of a set of vectors.

Definition 20 Let {¥),0s,...,7,} be a finite set of vectors in a vector space V.
The subset of V' spanned by {v),Vs,...,0,} is the set of all linear combinations of
U1, Uay ..., Uy. This set is called the span of {Uy, v, ..., U,} and is denoted by

span{ v, Vs, ..., Uy}

We have already seen that the span of of a single vector is a line and that the span
of two nonparallel vectors is a plane. If we take the span of two vectors that are
parallel, we get a line. In R3, the span of three vectors that do not lie in the same
plane gives the whole space R3. If they are in the same plane, then we just get that
plane. If all three vectors are parallel, then we just get a line.

Another example that we have seen before is that the vectors €1 = (1,0) and &, =
(0,1) span all of R?. In other words, every vector in R? can be written as a linear
combination of & and é&. The same thing holds true in R?: each vector in R?® can
be written as a linear combination of the vectors €; = (1,0,0), &5 = (0,1,0), and
és = (0,0,1).

We are often interested in finding a spanning set for a vector space V. That is, we
want to find vectors {vy, ¥, ..., U, } so that V = span{v}, 0s, ..., v,}.

Theorem 8 The span of any finite set {Uy, ¥, ..., U} of vectors in a vector space
V' is a subspace of V.

Proof : We use the subspace theorem. Let S = span{}, ¥, . .., 0, }. First, we know
that S is nonempty, since 0 € S. Let @, v € S. The we can write

ﬁ:a1171+a2172+---+an17n
and
77: 61171+b2172++bn’17n
for some choices of scalars ai,as,...,a, and by, by, ...,b,. We have that

ﬁ~|—17:(a1+bl)171+(a2+bg)172+---+(an+bn)17nGS.
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Also, if r € R, then
ril = (ray)vy + (raz)vy + -+ + (ray)v,. € S

Thus S is closed under vector addition and scalar multiplication. By the subspace
theorem, S is a subspace of V.

The obvious question to answer is when a given set spans the whole vector space in
which it lives.

Example: Show that

o) (oo)(va)(ov)}

spans the vector space M(2,2).

We have to show that given an arbitrary element A € M(2,2) we can find scalars
1,792,173, 74 such that

A_ab_r10+r01+TOO+TOO_7’1r2
“\ed) PL0 O L0 0 L1 0 No 1) \rs oy )

It is clear that this problem always has the solution vy = a, ro = b, r3 = ¢, r4y =

d.

Example: Show that the vectors {(1,—2,3),(1,0,1),(0,1,—2)} span R3,

This means that we must show that every vector (z,y, z) can be written as a linear
combination of these three vectors. In other words, there must exist scalars 1,7y, 73
such that

T 1 1 0
y =1 -2 “+ 19 0 —+ 13 1
z 3 1 —2

This is equivalent to the system with coefficient matrix

1 1
A= -2 0 1
3 1 =2

always having a solution, no matter what we put on the other side of the equals sign.
Then in RREF, A cannot have a row of zeros, because if it did, then we could choose
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a right-hand side so that the last column of the augmented matrix was not zero, and
then the system would not have a solution. We have

1 1 0 1 1 0 10 -1 100
-2 0 1 |~f0 2 1 |]~l01 5 |~[010
3.1 =2 0 —2 -2 00 -1 00 1

Since there are no rows of zeros in the RREF of A, we conclude that the given vectors
span R3.

Generally speaking, if we select three random vectors in R?, they will usually span
all of R?, but this is not always the case.

Example: Write the subspace spanned by {(1,1,1),(—=2,0,1),(—1,3,5)} in the form
of a plane in R3.

If these vectors span a plane and not all of R?, then it must be true that one of the
vectors can be written as a linear combination of the other two, meaning that one
of the vectors lies in the plane generated by the other two. So if the span is a plane,
there must be scalars r; and 7o such that

1 —2 -1
|l 1)+l 0 |= 3 ],
1 1 5

which is equivalent to the augmented system

1 -2 -1 1 -2 -1 1 0] 3
1 0 3 ~1 0 2 4 ~1 01 2
1 1 D 0 3 6 0 010

Since the last vector lies in the plane generated by the first two, we can write the
plane as
{rv +rathy 11,70 € R}

where 7) = (1,1,1) and 0, = (—2,0, 1).

Example: In a vector space V', suppose that ¢ and w are both linear combinations
of Z and ¢. Prove that if {¢, @} spans V', then {Z, 4} spans V.

Let @ € V. We have to show that there exists scalars r; and 75 such that @ = riZ+ryy.
Since v and w are linear combinations of Z and ¥, we can write

U= alf+ Clz'!j, W = blf‘{‘ bgg,
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Since {¥,w} spans V', we can write
U = U + coW.
Therefore,
U= U+ oW = ¢1(a1 7 + agy)) + co(b1Z + bay)) = (c1aq1 + coby)T + (cras + c2bo)7,
so it must be that r; = cja; + ¢2b; and r9 = cjas + ¢ — 2bs.
Section 3.3: Linear Independence

If we take the span of two nonparallel vectors in R?, we get a plane. But if we add
another vector that lies in this plane and take the span, we still just get the same
plane. However, if we add a vector not in the plane, the resulting set spans all of R3.
In this section, we want to make precise this idea some vectors add nothing new to
a span, while others do.

Definition 21 A finite set {U1,7s,...,0U,} of vectors in a vector space is linearly
independent if and only if the equation

T161+T252+"'+Tnﬁn:0

implies that ry = ro = -+ =1, = 0. If it 1s possible for the equation to hold when
one or more of the coefficients is nonzero, the set is linearly dependent.

As a special case, we say that an empty set of vectors is linearly independent. This
is the case where n = 0, and this assumption will be convenient when we talk about
dimension.

Example: Show that {(1,1,0),(1,0,1),(0,1,1)} is a linearly independent subset of
R3.

To do this, we have to take the equation

1 1 0 0
71 1 + 1o 0 +T3 1 = 0
0 1 1 0

and determine whether or not the only solution is 1 = ro = r3 = 0. But this
equation is the same as the homogeneous equation with coefficient matrix

1 10 1 1 0 1 0 1 1 00
101 )]~{0-11T)|~101-11]~10120
011 0 1 1 0 0 2 0 01
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Since there is a leading one in each column, the homogenous system has only the
trivial solution. This implies that the vectors are linearly independent.

Example: Determine if the set of matrixes

)G A

is linearly independent.

We have to examine the equation

L1, 11, 02\ (00
Tl 210 o0 1 -1)7 Voo

and determine whether it is possible to satisfy this equation without all the coeffi-
cients equal to zero. Equating coefficients, we see that the matrix equation above is
equivalent to a homogeneous system of equations with coefficient matrix

1 1 0 1 1 0 10 1
1 -1 2 0 -2 2 01 —1
1 0 1 |71o =11 ]7]o0oo0 o

1 0 -1 0 1 -1 00 0

The RREF form of the coefficient matrix has columns that do not contain leading
ones, so there are nontrivial solutions. This implies that the matrices are linearly
dependent. In particular, if we take ry = —1, 7 = 1 and r3 = 1 the linear combina-
tion is the zero matrix. Notice that if we throw out the last matrix, we will have a
linearly independent set. This would be equivalent to removing the last column of
the coefficient matrix.

If we are trying to determine if a set of polynomials is linearly independent, we can
use their coefficients in the same way that we use the components of vectors in R™.
But when we deal with other functions, we usually have to resort to plugging in
values of the independent variable to get a homogeneous system to solve. If the
system has only the trivial solution, then the functions are linearly independent. If
we can’t find such a system, then it is likely that the functions are linearly dependent,
and we need to look for an identity that allows a linear combination of the functions
to equal zero.

Example: Determine whether the functions defined by sin?

linearly independent set.

x, cos2x, and 1 form a
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We have to determine if the equation
rysin®z + rycos2x + 13 =0

has nontrivial solutions. If we evaluate this equation at + = 0, x = /2, and = = m,
we get
ro+r3=0 1r1—ro+rs=0 ro+17r3=0.

This homogeneous system has the coefficient matrix

0 1 1 1 -1 1 1 0 2
1 -11)~10 1 1 ]~10T11
0 1 1 0 1 1 0 00

Since this equation has trivial solutions, it might be a good indication that the func-
tions are linearly dependent. Therefore, we look for an identity that combines them.
Since cos 2x = 1 — 2sin? z, we see that the functions are linearly dependent.

Theorem 9 The set {v, Uy, ..., U, } of vectors in a vector space is linearly dependent
if and only if one of the vectors can be written as a linear combination of the other
vectors in the set.

Proof : (=) Suppose that the set {¥}, Us, ..., U, } is linearly dependent. That means
that there is a nontrivial solution to the equation

T1171+7’2172+"’+Tn17n:0.

Suppose that r, # 0. Then we can write

71U+ U + v A T U T U+ Tl = —TEU
- -1 -T2, —TE-1 5 —Tk+1 5 —Tn
= Up=—U1+—Vs+-+ Up—1+ U+ + Up,
Tk Tk Tk Tk Tk

Therefore, we have written one of the vectors as a linear combination of the oth-
ers.

(<) Suppose one of the vectors in the set can be written as a linear combination of
the rest of the vectors in the set, say

U, = 1V + 1ol + -+ + 71Ut + T 1 Uyt + 00+ Tl
Then we can rearrange this equation as

7“1’171 + 7“2172 + -+ Tk—l'l_fk—l — ﬁk + Tk+117k+1 + -+ ’l“n'l_fn =0.
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Since not all of the coefficients on the left are zero, we conclude that the set {7y, ¥, ..., U, }
is linearly dependent.

In the case when the set in question contains only two vectors, this theorem implies
that the set is linearly dependent if and only if the vectors are scalar multiples of

one another:
3 27 -
{( _9 ) ; ( 18 >} is linearly dependent,

{( _41 ) , ( _83 )} is linearly independent.

When there are three or more vectors, things are a little more difficult. The set

o) (V)0

is linearly dependent, even though none of the vectors is a multiple of the others. In
this case the third vector is the sum of the first two.

Section 3.4: Basis

Now that we have defined spanning sets and linear independence, we are able to
define a basis.

Definition 22 A finite subset {U, Vs, ..., U,} of a vector space V is a basis for V if
and only if the set is linearly independent and spans all of V.

One way to interpret this definition is to say that a basis is a smallest spanning set
for a vector space. If we take a basis for V' and add any other vector to the basis,
the result is a linearly dependent set, because the vector that we added was already
in the span of the basis.

Definition 23 A wvector space V' has dimension n if and only if there is a basis for
V' containing exactly n vectors. In this situation, we say that V is n-dimensional
and write

dim(V') = n.

Example: Show that {x 4+ 1,2 — 1} is a basis for P;.

First, let us show that this set spans P;. To do this, we show that an arbitrary
element of Py, say ax + b can be written as a linear combination of x + 1 and x — 1.
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In other words, there must exist scalars r; and r9 such that
rz+1)+re(z—1)=ax+b = (r1+r)r+ (r1 —r2) =ax+0>.

Since these two polynomials are equal, their coefficients are equal. This gives rise to
a system of equations with augmented matrix

1 1 |a 11 a 10| a—2?
1 -1 |0 0 -2 | b—a 01 b )

Notice that this system of equations always has a solution, since there are leading
ones in all of the rows of the RREF. Thus the set spans all of P;. We must also show
that the set is linearly independent. But we have already done this, since of we let
a = b = 0 above, this shows that the only solution to the equation

ri(z+1)+ry(z—1)=0

is ry = 19 = 0. Therefore {z + 1,2 — 1} is a basis for P;. This also shows that the
dimension of P; is 2.

Even though we have been saying it for a while, we can finally show that R"™ has
dimension n. We need only find a basis for R™ that has n vectors in it. This is
easy to do, since as we have seen before, the vectors {€1,é,...,¢é,}, where €; is a
vector with a 1 in the jth position and zeros elsewhere span R"™ and are linearly
independent.

Another easy example is to show that the set {1,z,2? ... 2"} is a basis for P,.
Obviously, every polynomial of degree n or less is a linear combination of these
functions. And the functions are linearly independent since the only way to have a
linear combination of them equal to zero (the zero function) is for the coefficients to
be zero (by the fundamental theorem of algebra).

Definition 24 A vector space is finite-dimensional if and only if it contains a finite
basis. Otherwise, the vector space is infinite-dimensional.

Example: Show that {(1,2,3),(0,1,2),(0,0,1),} is a basis for R3.

We can show this by examining the matrix that has these vectors as columns. We
have that

1 00 1 00 1 00
210 |~1010]~1010
3 21 0 21 0 01



Since the RREF of this matrix has a leading one in each row, any system that has
this coefficient matrix will be consistent. This implies that the given vectors span R3.
Also, they are linearly independent, since any system with this coefficient matrix will
have a unique solution, since the RREF has a leading one in each column. Therefore,
we have a basis for R3.

Section 3.5 Dimension

If you were paying very close attention in the last section, you noticed that we said
that the dimension of a vector space was the number of vectors in a basis for the
space. But conceivably there could be bases that have different numbers of vectors.
The following theorem shows that this is not possible.

Theorem 10 Suppose V is a vector space. If{wy,Ws,...,w,} spansV and {vU}, vs, ..
is a linearly independent subset of V', then n > m.

Proof : Let’s assume that the conclusion of the theorem is false and try to derive a
contradiction. So we assume that n < m. Since the w vectors span V', we can write
each one of the ¢ vectors as a linear combination of the w’s, say

anwl + CL12U72 + -+ alnwn = 171
Q21 W1 + G2Wa + « -+ + A2, Wy = Vo

amlu_jl + am2w2 + -+ amnu_jn - Um

The system of equations

a11C1 + A91Co + *** + A1 Cymy = 0
A19C1 + A92Co + * * * + Wp2Cpy = 0

A1pC1 + A2p,C2 + - -+ + A Cry, = 0

will have nontrivial solutions because it is homogeneous with more columns than
rows. Suppose we have such a nontrivial solution ¢y, co,...,¢,. Then we have
that

61771 + 02172 +--+ Cnl_fn

= C (a11w1 + appWo + -+ - + alnwn)
+02(a21151 + CLQQTEQ + -+ agnzﬁn) + -

+Cm (A1 W1 + Qmala + -+ + QW)
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= (c1a11 + C2a91 + * + + + Coplm1 )Wy
+(c1a12 + coa9s + -+ F Cplupa)Wa + - - -
+(cra1p, + 209, + - -+ F Cop Q) W,
= 0 + Oy + - - - + 0w, = 0.

This means that we have found a nontrivial linear combination of oy, v, ..., v,, that
is zero. This contradicts the assumption that the vs are linearly independent, so it
must be that the assumption n < m is false.

This theorem was the first step in proving that the number of vectors in a basis is
unique. Here is part two:

Theorem 11 If {0y, ¥, ..., 0, } and {W,Ws, ..., W,} are bases for a vector space
V', then m = n.

Proof : Since the s span V' and the ws are linearly independent, it must be that
n < m. Also, since the ws span V and the ¢s are linearly independent, we have
m < n. Therefore m = n.

As we have mentioned before, a basis is a smallest possible spanning set. The next
theorem tells us how we can take a spanning set an whittle it down to a basis.

Theorem 12 Supose {U, Vs, ..., U,} spans a vector space V. Then some subset of
{0, Uy, ...,0,} is a basis for V.
Proof : If {#},v,,...,1,} is already linearly independent, then we are done. If not,

then there is a vector, say v; such that
Up =101 + 12U + + - + 1101 + Tig1Uig1 + -+ + Tl

Now we need to show that the subset {v}, s, ..., 0;_1,¥41,...,0,} still spans V.
This is true since if we take any v € V', we can write it as

U= alﬁl + (12’(72 + - +Gn17n
We use the expansion of #; in terms of the rest of the vectors to write
U= alﬁl + CL2172 + -+ (11;1171',1
+a;(r0 + 1ol + -+ i1 Uimn + TiprUign 000+ 1pUn) + i1 Ui + 0+ AUy

= (a1 + air)vh + -+ (aio1 + ari1) Uiy + (@i + airiga) Ui + -+ (a0 + airn) vy
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So we can throw out v; and still have a spanning set. If the remaining vectors
are linearly independent, then we are done. If not, we can repeat this process to
remove another vector. Eventually we will arrive at a linearly independent set, even
if we have to go all the way to the empty set, which is linearly independent by
convention.

Example: An easy corollary of this result is that a vector space is finite dimensional
if and only if it has a finite spanning set. This is easily seen, since if we start with a
finite spanning set, the theorem above implies that we can reduce it to a basis, which
obviously has a finite number of vectors. On the other hand, if we know the vector
space is finite dimensional, then it has a basis with a finite number of elements, which
is itself a spanning set.

Notice that the proof of the theorem above did more than just prove the theorem, it
actually provided an algorithm for constructing a basis from a spanning set.

Example: Let S = span{(1,2,-1),(3,1,2),(2,-1,3),(1,—-3,4)}. Find a subset of
this set that is a basis for S.

In the proof of the theorem, we started with a spanning set, and we found vectors
in the spanning set that could be written as a linear combination of the remaining
vectors. Then we removed these vectors. To see how this can be done for our current
example, let’s form the matrix that has the given vectors as columns and row reduce
it:

1 3 2 1 1 3 2 1 10 -1 -2
21 -1 3 |~10 -5 -5 -5]~|011 1
-1 2 3 4 0 5 5 5 00 0 O

For a moment, ignore the last column and imagine that there is a line before the
third column. Then this is telling us how we can write the third vector as a linear
combination of the first two. If we ignore the third column, then it tells us how
the last vector can be written as a linear combination of the first two. Therefore,
we throw out the last two vectors to get a linearly independent set that still spans

S.

The previous theorem tells us how to take a spanning set and reduce it to a basis.
The next lemma and theorem tell us how to start with a linearly independent subset
of a vector space and expand it to a basis.

Lemma 1 Suppose {01, ¥, ..., 0,} is a linearly independent subset of a vector space
V. Consider a vector v,11 € V. If Upy1 & span{¥y, U, ..., Uy}, then {01, Vs, ..., Uy, Upy1}
15 linearly independent.
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Proof : To determine if the set {t, 05, ..., U,41} is linearly independent, we must
consider the equation

7“1171 + 7“2172 + -+ Tn+117n+1 =0

and decide whether it has a nontrivial solution. If r,.; # 0, we can solve for v,
in the equation above, which would imply that the set {U}, ¥, ..., 0,51} is linearly
dependent. If r,,1 = 0, then we end up with the equation

7’1171+T2172+"'+Tn17n:0,

and since the set {U7, s, ..., ¥, } is linearly independent, this implies that r| = ry =
-++ =1, = 0. Thus, all of the coefficients must be zero, which implies that the set is
linearly independent.

Theorem 13 Suppose {Uy, U, ..., Un} is a linearly independent subset of a finite-
dimensional vector space V. Then we can adjoin vectors Upyi1, ..., Umir SO that
{1, Uy U1y - -+ Umak ) 1S @ basis for V.

Proof : If the set {#},...,0,,} spans V, then we are done. If not, then there
is some vector ¥,,.; € V that is not in span{#i,...,4,}. By the lemma, the set
{V1,...,Upns1} is linearly independent. If this set does not span all of V| then we
repeat the same process again. Eventually the process will terminate because V' is
finite dimensional.

Example: Find a basis for R* that contains the vectors o, = (1,1,1,1) and ¥ =
(0,0,1,1).

A simple way to approach this problem is to use the vectors from the standard
basis €71, €, €3, €4 to fill out the basis. We have two vectors for our basis, and since
dim(R*) = 4, we need two more. Consider the matrix

10100 10 1 00 10 1 00
10010 00 -1 10 01 -1 0 1
110017 ]lo1 =101 oo -110
11000 01 —-100 01 —-100
10 1 0 0 100 1 0
01 -10 1 010 —1 1
“loo-110 | loo1-10
00 0 0 —1 000 0 1



When we have a basis, the matrix that is formed using the basis vectors as columns
row reduces to one that has a leading one in each column. In the matrix above, the
fourth column, which corresponds to €; doesn’t have a leading one, so we throw €,
out. There is no way to tell which of the vectors €; we have to add so that we get a
basis until we do the row reduction, so it is a good idea to add several to the matrix
before we row reduce.

The desired basis is {0}, v, €1, €3 }.

Theorem 14 A subspace S of a finite-dimensional vector space V' is finite dimen-
sional, and dim(S) < dim(V).

Theorem 15 Suppose V' is an n-dimensional vector space. If {Uy,...,0,} spans V,
then it is also linearly independent. If {vUy,...,U,} is linearly independent, then it
spans V.

Section 3.6: Coordinates
Counsider the sets

{3 (D) m o= {(1)())

These are both bases for R?, and therefore we can express any vector in R? as a
linear combination of either basis. For example

(3)=0(0) (V)
(3)=2(7) ()

In the first basis, the coefficients are just the entries of the vector. In the second
basis, it is not as easy to see what the coefficients should be.

and

In this section, for the definition that follows, it is important that the vectors in a
basis be given a certain order.

Definition 25 Let B = {iy,...,u,} be an ordered basis for a vector space V. For

any v € V, write ¥ = riuy + - - - + ruU,. The coordinate vector for v with respect to
B is the element of R™ denoted [U]p and defined by

1
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If we change the order in which the vectors in the basis are listed, we get a different
coordinate vector.

In our previous example, we have

(5),7(5) = (5),- (%)

In order to find the coordinates of a vector with respect to a basis, we have to solve
a system of equations. To find a vector given the coordinates and a basis is much

then
T 2 1 19
(o) =s(1) () =(5):
Theorem 16 Suppose B = {uy,...,u,} is an ordered basis for a vector space V. For
any v € V', there is a unique list of scalars ry,...,r, such that ¥ = rity + - - -+ r,i,.

Proof : Since B is a basis, it spans V', so we can write v = rit; + - - - + r,u,. This
shows that coordinates with respect to B exist. Suppose there is another expansion
of ¥ with respect to B, say

1728161+"'+Snﬁn.

Then
0=0—-0=(r1 —s)U + -+ (ry — $p)Up.

Because B is linearly independent, we know that ry —s; =--- =r, —s, =0, so the
expansions are the same and the coordinate vector is unique.

Example: Find the coordinate vector

3
-8
[
with respect to the basis
1 1 1
B = O,1 1], 1
0 0 1



If B = {u, U, U3}, then we are seeking scalars rq,r9, r3 such that

3
-8 = 7”117:1 + Tgﬁg + 7”3713.
7

As an augmented matrix, this is

1 11 3 100 11 1 00 11
011} -8]~1011}| -8]~1010] —15
001 7 001 7 00 1 7
This implies that
3 11
-8 =\ —15
7 7

Example: Find the coordinate vector for 22 — x + 4 with respect to the basis
B={2*+1,20"+x—1,2° + a}

for ]P)Q .

We seek scalars 71, ry, 73 such that

ri(e® + 1) + e+ — 1) +r3(2® +2) =2° —x + 4.
Gathering like terms, we find

(r1+2ry +1r3)a + (rg +r3)x + (1) — 1) = 2> — 2 + 4.

Upon equating the coefficients, we arrive at the system of equations

T +27”2 +’f’3 = 1
9 T3 = —1.
T —T9 = 4

As an augmented system, this is

1 2 1 1 1 2 1 1 1 0 -1 3
0 1 1 -1 |~10 1 1 -1 |~101 1 -1
1 -1 0 4 0 -3 -1 3 00 2 0



1 00 3
~1 010 | -1
0 01 0
Therefore,
3
2 —x+4lp=| —1
0

Example: Write the coordinates of sinh with respect to the basis B = {e®, e "}.

)

Since sinh(x) = (e* — e7*)/2, we have that

N [—=

[sinh 2] = (

N =

Chapter 5: Matrices
Section 5.1: Matrix Algebra
How should we multiply matrices together?

We could multiply them together element-wise, just like we add them. But it ends
up that if we use a different (and unfortunately more complicated) definition, matrix
multiplication becomes a very useful modeling tool.

Example: A trucking company has the following tables which show the number of
routes between different citites:

‘ Jackson Battle Creek

Albion 3 2
Homer 2 0
Parma 1 1

‘ Chicago Detroit Indianapolis Cleveland
Jackson 2 1 1 3
Battle Creek 4 2 1 1

The number of ways to ship from Albion to Chicago is 3-2+2-4 = 14. The number
of ways to ship from Homer to Chicago is 2-2+0-4 = 4. By the same reasoning, we
can find the number of ways to get from any of the small cities to any of the large
cities.

51



‘Chicago Detroit Indianapolis Cleveland

Albion 14 7 5 11
Homer 4 2 2 6
Parma 6 3 2 4

Before we re-formulate this in terms of matrices, let’s recall a definition that you
might have seen in multivariable calculus:

Definition 26 Given two vectors ¥ and y from R", their dot product is defined by

T-y= Zxkyk: =x1Y1 + XoYa + -+ TplYn.
k=1

The matrix representation of the tables are

14

3 2 7 5 11
A=12 0 ,B:(2113>,andC: 4 2 2
11 6 3 2

6
4 2 1 1 4
Notice that to get the 7, entry of C', we take the dot product of the ¢th row of A
with the jth column of B.

Definition 27 The matriz product of an m xn matric A = [a;;| with an nx p matriz
B = [bji] is the m x p matriz, denoted AB, whose ik entry is the dot product

n
E Clijbjk
j=1

of the ith row of A with the kth column of B.

Notice: The matrix product is only defined when the inner dimensions of the matrices
agree. If we multiply an m X n matrix with an n x p matrix, the result is m x p-it
inherits its number of rows from the first matrix and its number of columns from the
second matrix.

Example:
3 -1 1 7 3
0o 2 4 g 1 B 4 6
5 1 -1 11 9 5
-2 0 0 -4 -2
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2 0 1 3 —1
(1 1 1)(0 9 ):undeﬁned.

Notice that we are able to compute the matrix product column by column. Suppose
that Aisn x m and B is m X p, and the columns of B are the vectors 51, 52, ce gp.
Then

AB = A (BB o B) = (A 4B, - AB).

Each of the matrix-vector products are defined since A is n x n and the columns are
m x 1.

Example: Compute the second row and the third column of the product

7T 1 2 4 2 -1
3 =21 2 5 2
-1 2 0 31 3

The second row of the product is

4 2 -1
3 -21)-( 2 3 -21)-15 3 -21)- 2 =(11 =3 —4),
3 1 3
and the third column is
7 1 2 —1 1
3 -2 1 2 = —14
1 2 0 3 5

We can use the definition of matrix multiplication to write systems of linear equations
as matrix equations. If A = [a;;] is the coefficient matrix and # is the vector of
unknowns for a system of linear equations, then

aip Q2 o Qlp 1 1171 + Q12%2 + -+ -+ A1 Ty
. Q21 Q2 - Q2p T3 (21T + Q22T + - - - + A2pThy
AI’ = = .
m1 Om2 = Qmp T, Am1T1 + Am2T2 + -+ Amndn
Therefore, if the right-hand sides of the equations are by, bs, ..., b,, we can write our

system of equations as
Ax =b.
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Notice that usually when the product AB is defined, the product BA is not. The
only time when both products is defined is when A is m x n and B is n x m. A
special case is when the number of rows and columns is equal.

Definition 28 A square matriz is a matriz in which the number of rows equals the
number of columns.

When we defined vector spaces, one of the important properties was that there be an
additive identity (zero vector), which had the property that whenever it was added
to another vector, the result was the other vector. For matrix multiplication, we
have a multiplicative identity that has a similar property.

Definition 29 For any positive integer n, the n X n identity matriz is the matrix

[n: . . )

whose entries are ones along the diagonal running from upper left to lower right and
zeros elsewhere. If the size of the matrixz is understood, such a matriz is denoted
simply by I.

Theorem 17 Suppose A, A’ € M(m,n), B,B" € M(n,p), C € M(p,q), and r € R.
Then

(a) (AB)C = A(BC) (associative)

(b) (A+ A")B = AB + A'B (right distributive law)

(¢) A(B+ B') = AB + AB' (left distributive law)

(d) (rA)B = r(AB) = A(rB) (associativity of scalar/matriz multiplication)

(e) AL, — A = I1,,A (multiplicative identity)

Proof : (of (b)) Using the compact matrix notation introduced before, we have

(A+A)B = ([ai;]+[aj;]) [bjx] = [aij+ai;][bj] = [Z(%‘ + a;;)b; ] = [Z(%bjk + a;jbjk)]

J=1 Jj=1

+

=D aybu+ Y %’bﬂc] = [Z @ik
j=1 j=1 j=1

Z a;jbﬂ'k] = [aij][bjk]+[a;j][bjk] = AB+A'B.
j=1
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Notice that there is no commutative law for matrix multiplication. For exam-

CEDED-CD DAY

From this example we also see that in matrix multiplication it is possible to multiply
together two nonzero matrices to get the zero matrix.

When it is possible to switch the order in matrix multiplication and still get the same
matrix as a result, we say that the two matrices commute. One easy example of this
is when taking powers of a matrix:

AV= T, A'= A A= AA, A3 = AAA, etc.
Then A™A" = AnA™ — Antm.,

Theorem 18 Suppose that A is an m X n matriz and B is a n X ¢ matriz. Let A’
be the result of applying an elementary row operation to A. Then A'B is the result
of applying the same elementary row operation to AB.

Proof : (for a row interchange) The rows of A and A’ are the same, they are just
in a different order. Therefore, the rows of AB and A’B are the rows of A’B are
rearranged in the same manner as those in A'.

Section 5.2: Inverses

As we saw in the last section, a system of linear equations can be written in the
form

AZ =b.
If A, Z, and b were real numbers and not matrices/vectors, then we would solve

this equation by dividing both sides of the equation by A, or equivalently, we would
multiply both sides by the multiplicative inverse of A:

Af=b = A AT =A% = 7= A"'D.

Definition 30 Let A € M(m,n). The matrix B € M(n,m) is a multiplicative
inverse of A if and only if AB = I,,, and BA = I,,. If the first equation holds, we say
that B is a right inverse of A. If the second holds, we say that B is a left inverse of
A. If A has an inverse, we say that A is invertible or nonsingular.
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Example:
3 =5 25\ (10 2 5 3 -5\ (10
-1 2 1 3) \(01)° 1 3 -1 2 N0 1)/
Thus, the inverse of
3 =5 . 2 5
-1 2 ) ® {13

Theorem 19 An invertible matriz has a unique inverse.

and vice-versa.

Proof : Suppose that A has two inverses, B, and C'. Then
B=BI=BAC=1IC=C.

Theorem 20 If a matriz A is invertible, then A™' is also invertible. In this case,

(AH)= 1 = A,

Proof : Since A~! is the inverse of A, we have that AA™!' = and A~'A = I. But
these are exactly the conditions necessary for A to be the inverse of A1,

Theorem 21 Suppose A, B € M(n,n). If A and B are invertible, then so is AB,
and (AB)™' = B71A™L.

Proof : We have that
ABB 'A ' = ATA "= AA'=1 and B 'A'AB=B'IB=B'B= I,

so (AB)"'=B7'AL.

So far we have defined the inverse of a matrix, but we haven’t said anything about
how to find it. For simplicity of notation, let’s write C = A~!. Then we want to
find C' such that AC' = I. By our previous remarks about matrix multiplication, we
have that

AC = A(Cy Cy---¢y) = (ACy AGy -+ AG).

So if AC' = I, then the columns of C' satisfy
Acy =eé, AGy =éy,...,Ac, = é,.

This means that we can find the columns of C' by solving these n systems of lin-
ear equations. Since each of the systems has the same coefficient matrix, we can
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solve them all at the same time by row reducing the augmented matrix (A[I) ~

(I|A~Y).

Example: Find the inverse of

1 11
A= -1 3 2
2 11
1 1 1]100 1 1 1 1 00 1 0 0 -1 0
-1321010])|~10 4 3 1 10]~l01 1 2 0
2 111001 0 -1 -1 | -2 0 1 00 —1 | =7
100] -1 0 1 -1 0 1
~l 010 -5 1 3 = A't'=[ =5 1 3
001 7 -1 —4 7 —1 —4

Definition 31 The rank of a matriz A, denoted rank(A), is the number of leading
ones in the reduced row-echelon form of the matriz.

Example: Find the ranks of the m x n zero matrix, [,,, and

13 1 1 =2
2 6 2 5 1
o 0 0 3 2
-3 -9 -3 1 4

A:

The zero matrix and I,, are already in RREF, so it is clear that rank(0) = 0 and
rank([,,) = n. For A, we have

1 3 1 1 =2 1 311 =2 1310 -4
4| 2 6 2 5 1 o003 5 Nooo1§
0O 0 0 3 2 0003 2 0000 -3
-3 -9 -3 1 4 0004 —2 0000 -2

At this point it is clear that A will have three columns with leading ones, so rank(A) =
3.

Suppose that A € M(m,n) has rank r. Let S be the solution set to the homogeneous
system of equations A¥ = 0. Then S is a subspace of R”, since it is nonempty
(0 € 9), closed under vector addition:

TjesS = A@+7) =AF+ Aj=0+0=0,
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and closed under scalar multiplication:
reR = A(rZ) =rAz =10 =0.

We can find a basis for this subspace easily. We just solve the homogeneous system
by row reduction and determine which are the free variables. Then we write the
solution as a linear combination using the free variables as coefficients. The vectors
in the linear combination are a basis for S. Obviously they span S, and they are
also linearly independent (to see this, look at the last rows of the matrix formed by
using these vectors as columns).

We get a basis element for S for each column of the RREF of A that doesn’t have a
leading one, and each column that does have a leading one contributes to the rank.

Therefore,
dim(S) + rank(A) = n.

Theorem 22 An n x n matriz A has a right inverse C if and only if rank(A) = n.
In this case the right inverse is unique.

Proof : (<) Suppose rank(A) = n. Then A ~ I,,, and using the same sequence of
elementary row operations, we have (A|I) ~ (I|C) for some n x n matrix C. Let
C= (51 52 tee En) Then

AC =A@ & - &) = (AG AGy -+ AZ,) = (81 & - &) =1.

(=) Suppose that rank(A) # n. Then we need to show that there is no C' such
that AC' = I. Since rank(A) < n, the RREF of A must have rows of zeros. If we
row-reduce the augmented matrix (A|I), the result will be a matrix that has some
rows that start with n zeros. But there are no rows that are all zeros, for otherwise
we would have rank(/) < n. But this implies that some systems Az = €; have no
solution, so there can be no matrix C' such that AC = I.

Theorem 23 An n x n matriz A has an inverse C' if and only if rank(A) = n.

Proof : (<) Suppose rank(A) = n. Then, as proved in the last theorem, (A|I) ~
(I|C). Reversing the sequence of elementary row operations, we find that (C|I) ~
(I|A), which implies that CA = I, and therefore C' is the inverse of A.

(<) Suppose A has inverse C'. Then, in particular, C' is a right inverse of A, so
rank(A) = n by the previous theorem.

Theorem 24 If A and C are n x n matrices with AC' = I, then CA=1.
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Proof : If AC = I, then A has a right inverse, and therefore its rank is n. Since
rank(A) = n, A has a two-sided inverse, which is a right inverse in particular, and

the right inverse is unique, so it must be C'. Therefore, C' is a two-sided inverse for
A.

Before moving on, let’s take a closer look at matrix/vector multiplication. If A €
M(m,n), then the product AZ is defined for any vector Z € R"™. Consider the
set

R(A) ={y:y= Az for ¥ € R"}.

This is the range of the matrix A. Since A0 = 0, we see that 0 € R(A). If Z, 7 € R(A),
then there are vectors @ and ¥ such that ¥ = A« and § = AU. Then A(d + ¥) =
At + AU = Z+ ¢/, which implies that R(A) is closed under vector addition. If r € R,
then A(ru) = rAu = rZ, so R(A) is also closed under scalar multiplication. Therefore
R(A) is a subspace of R™. Since it is a subspace, it has a basis. As we discussed
previously in the chapter, one way to find a basis is to start with a spanning set
and throw out unnecessary vectors until we have a basis. Notice that if we write

A= (a dy --- d,) and given a vector ¥ € R", we have
1171 + Q1222 + - - - + A1 Ty 1121 a12T2 A1n Ty
. 21%1 + A22%2 + + + + A2 Ty (2177 A22%2 QonTy
Am1T1 + Am2T2 + - AmpnTn Am1T1 Am2T2 AmnTn

= xlc_il + x262 +--- 4 xnﬁn

This shows that whenever we form the matrix product AZ, we are actually taking
a linear combination of the columns of A using the entries of & as the coefficients.
This means that R(A) can also be thought of as the span of the columns of A. If we
need to find a basis for R(A), then we can do so by reducing the spanning set (the
columns of A) to a linearly independent set that still spans R(A). As seen before, we
accomplish this by row reducing A and finding out which columns have leading ones
in RREF. We then use the corresponding columns from A as our basis for R(A)

Section 5.3 Markov Chains

Example: A simple migration problem: Suppose the population of a closed society
is composed of a rural segment (initially 60%) and an urban segment (initially 40%).
Suppose that each year 2/10 of the people on farms move to cities, with the remaining
8/10 staying on farms, and 1/10 of the people in cities move to farms, with the
remaining 9/10 staying in cities.
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‘ From farm From city
As a table: To farm 8/10 1/10
To city 2/10 9/10

r=( )

The initial distribution of the population is given by the vector

=)

The population distribution after one year is
L o (81 6\ [ .52
“1_PU°_(.2 .9)(.4>_(.48)'
5 P — 8 .1 52\ [ 464
Tl 9 )\ s )T\ 536 )

On the other hand, we can write

As a matrix:

Similarly,

Uy = P0, = PP, = P*0,
and in general, we have
U, = P,y = P?T,_5 = -+ = P",.
See the text for a table that shows the evolution of the population distribution.

Eventually it approaches the distribution of 2/3 urban, 1/3 rural.

In the example, we can think of the percentages as probabilities that a randomly
chosen individual lives in a rural or urban area.

Definition 32 A Markov chain consists of

1. A list of a finite number r of states,

2. A transition matriz P = [p;;] € M(r,r), and
3. An initial distribution vector vy € R".
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In our example, r = 2 with the states being rural and urban,

8 .1 . .6
P—('2 ‘9> and vo—('4).
Example: A community access television station has four sponsors: a clothing store,
a hardware store, and two grocery stores. The station starts the day with an ad for
one of the grocery stores (chosen by the flip of a coin). At the end of each program
it runs an add for one of the sponsors. Although the station never runs an and for

the same type of store twice in a row, all other sequences of ads are equally likely.
Set up a Markov chain to model this situation.

The states are the adds for the different types of stores. Let’s call them C, H, G,
and G5. The transition matrix is

and 7y =

I
WIFW—WI— O
WIFWI— O Wl

O O
O O
W= O O

Each of the entries of the transition matrix is a probability, so 0 < p;; < 1. The jth
column contains the probabilities for all possible states of the system, so

=1, j=1,...,r
i=1

Also, the entries of the initial distribution vector must add up to 1.

Theorem 25 Suppose a Markov chain with r states has transition matrix P and
initial distribution vector vy. The probability of moving from the jth state to the ith
state in n steps is the ij-entry of P™. The probability taht the system is in the ith
state after n steps is the ith entry of the probability distribution vector P™v.

An equilibrium of a Markov chain is a vector whose entries specify a probability
distribution that will not change as the system evolves. If 5 is an equilibrium, then
P§ = s. Given our experience with the demographic model, it seems reasonable to
expect that the distribution vectors might approach an equilibrium, that is v,, = P
converges to § for any initial distribution vector 7. In particular, this holds true for
the standard basis vectors €; and the columns of P.

In order to be sure that a Markov chain converges to an equilibrium, there is one
condition.
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Definition 33 A Markov chain is reqular if and only if some power of the transition
matrix has only positive entries.

This means that after n steps, it is possible to enter any state from any starting
state.

Theorem 26 Suppose P is the transition matriz for a reqular Markov chain. Then
there is a unique vector § whose components add up to 1 and that satisfies PS = §.
The entries of the columns of P" converge to the corresponding entries of s as n
increases to infinity.

We can find the equilibrium by solving the system of equations Ps = 3.

Example: In the demographic model developed in this section, determine the equi-
librium vector and the limiting matrix for P™ as n increases to infinity.

The system of equations Ps = § is equivalent to the system with augmented ma-

trix
-1 1 (=2 1 -2 1 1—%
2 9-1 ) 2 =1 2 -1 0 O ’
1

552. We also have the constraint that s; + s = 1. Therefore,
(I—s1) = s1 =3 and s, = 2. This implies that P" converges

(1)

We have defined many different vector spaces, and we have made particular use of
the vector spaces R™. In this chapter we will talk about functions that relate different
vector spaces while still preserving the vector space properties and operations that
are important.

This implies that s; =
we end up with s; = %
to

W0 =
W =

Chapter 6: Linearity

Section 6.1 Linear Functions

Definition 34 A function T : V. — W from a vector space V' to a vector space W
is linear if and only if for all ¥, € V and r € R, we have

T+ W) =T0) + T (W) and T(rv) =rT (V).

These two conditions are known as additivity and homogeneity. The domain and
range of a linear function are assumed to be vector spaces, although this is not
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always made explicit. Other names for a linear function are linear map and linear
transformation. A linear function whose domain and range are the same is sometimes
called a linear operator.

The ultimate example of a linear function is a matrix acting on column vectors.

Let
30 1
A_(O 1 —1)'

We define a mapping by T : R® — R? by T'(¢) = Av, then

v v
! 30 1 ! 3v; + 3
T (%) = (%) = .
01 —1 Vg — U3
U3 Vs

We have actually already shown that matrix multiplication is linear in Chapter 5. If
A € M(m,n), 4,7 € R", and r € R, then

A(ii + 7) = Al + Av

and

A(ra) = rAu.

Another example of a linear transformation that we have seen before is the mapping
from a vector to its coordinate vector with respect to an ordered basis. Let B =

{1y, Uy, ...,u,} be an ordered basis for a vector space V. Then if we define C(7)
[U]g. Then if 0,4 € V, we can write

U=rity + 1oty + -+ + 1ptl, and @ = ¢y + cotly + -+ - + Cplly.

A1 C1

) ﬁ Ca
= ds=| . |, lEs=

T?’l C’VL

Therefore
U+ U= (ry+ )iy + (ra+ c)tle + -+ + (1 + Cn)Un,

which implies that

T+ 1 C1
Ll ro + Co ) C2 ,
[U+U]B = = + = [U]B + [U]B
Tn + Cp Tn Cp
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Also if ¢ € R, then

Ccry T
cl = erqtly + crgtly + - -+ + erpil, = [ctlp = . =c . = [V] g.
cr, T

Also, the inverse of this process is a linear operation. If we define a mapping L :
R"™ — v by
1

()
L . = 11Uy + rolly + - - - + Ty,

Tn

Then L is linear. In fact, we can write
L(’I?) :Tlﬁl +T21?2+"'+Tnﬁn = (’Jl ﬁg ﬁn)F: U’F,

where U is the matrix whose columns are the vectors iy, s, . . ., i4,. Since this oper-
ation is just matrix/vector multiplication, it is linear.

Theorem 27 Suppose T :V — W is linear. Then

(a) T(0y) = O,

(b) T(—v) = =T(V) for any v € V.

(¢) T(riv1+rava+- - -4rpvy,) = T (V) +roT(Ua)+- - 41, T (V) for any Uy, s, ..., U, €
Voand ri,re,...,r, € R.

Proof : (a) We have

(b)
IT(=v) = T((=1)7) = (=1)T(¥) = =T(?).

(¢) This follows from repeated use of the additivity and homogeneity assumptions:
T(ri0 4 raty + - - - +1,,0,) = T(r10h) + T (rovs) + - - - + T(rph,)
= TlT(ﬁ‘l) -+ T2T(Z72) + e 4 TnT<Un)

The next theorem tells us that the action of a linear map is completely determined
by its action on a spanning set. This means that if we want to prove something
about a linear map, we can most likely prove it by just showing that it works for the
spanning set.

64



Theorem 28 Suppose {Uy, Vs, ...,0,} spans a vector space V. Suppose T : V — W
and T' : V. — W are linear maps such that T(v;) = T'(¥;) fori=1,2,...n. Then
T=T".

Proof : To show that two functions are equal, we must show that their values
are equal at every point in their common domain. Let v € V. Since the set
{0y, Uy, ...,0,} spans V, there are constants rq, 79, ..., 7, such that

U =101 + roUs + « - - + 7, 0,.
Then
T(@) = T(r1 + o + - + 1) = (@) + 1T(B) + - - + 1T (@)
= T'(01) + 2T (0a) + - - + r, T(0,) = T (1101 + ratly + -+ + 1,0,,) = T'(v).
Example: Suppose that the linear map 7 : R? — R* satisfies
7(0,0,1) =0, 7(0,1,1) =0, 7(1,1,1) =0.
Show that 7'(7) = 0 for all vectors 7 € R3.

By the theorem just proved, we only have to show that

0 0 1
o, 1],]1
1 1 1

is a spanning set. This is clear, since

0 01 1 11 100 1 00
o111 |~f011]~101T1]|J~{01FP0
1 11 0 01 0 01 0 01

implies that any system of equations with this coefficient matrix will have a solution.
Therefore, since T agrees with the zero function on the spanning set, it agrees with
it on all of V = RR3,

Section 6.2: Compositions and Inverses

Definition 35 Suppose f : X — Y is a function from the set X to the setY. The
function f is one-to-one if and only if for any x1,x9 € X,

f(x1) = f(xe) implies x1 = xo.

The function f is onto if and only if for every y € Y there is x € X with f(z) =vy.
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The idea of a function being one-to-one means that the output of the function being
the same at two points means that the two points must be the same. A logically
equivalent way of saying this is

r1# 11 = f(x1) # f(22).

If f: X — Y is a function, then Y is the range. The image of f is the subset
yeY: f(z) =y for some x € X}

of Y. For f to be onto, these two sets must be equal.

Example: Consider the linear function T : R? — R? defined by

r((5))-(""),

Show that 7" is one-to-one and onto.

f((G)=(50)0)

Let’s call this matrix A.

First, note that

T being one-to-one is the same as saying that the equation
AZ=1b

has a unique solution whenever it has a solution. Since

(5o)-Gi)-(t)

we see that there are no free variables in this system, so the solution is unique. To
show that T is onto, we must show that the equation AZ = b has a solution regardless
of how we choose b. But this is true since there are no rows of zeros in the RREF of

A.

D[ COND | =

Note: When the linear mapping 7' is defined by multiplication with a matrix, we can
reformulate the questions about T being one-to-one and onto by asking if A¥ = b
always has a solution, and if that solution is unique.
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Definition 36 Consider two functions f: X — Y andg:Y — Z. The composition
of f followed by the function g is the function go f : X — Z defined by (go f)(x) =
g(f(x)). The identity function on any set X is the function idx : X — X defined by
idx(x) = x. A function g : Y — X is an inverse of the function f: X —Y if

gof=1idx and fog=idy.
Note: Even when both compositions are defined, the functions g o f and f o g need
not be equal. For example,
sin(z?) # sin® z.

If a function f has an inverse, that inverse must be unique. The inverse of a function

f is denoted by 1.

Theorem 29 A function f : X — Y has an inverse if and only if f is one-to-one
and onto.

Proof : (=) Suppose that g is an inverse of f. If f(z1) = f(x2), then

z1 = g(f(x1)) = g(f(22)) = 22,

which implies that f is one-to-one. Let y € Y. Then ¢(y) is mapped to Y, since

flg(y)) =y.

(<=) Suppose that f is one-to-one and onto. Then we can define a function g : ¥ — X
by ¢g(y) = x if and only if f(x) = y. Because f is one-to-one and onto, no matter
how vy is chosen, there is a unique x such that f(z) =y, so g is well defined.

Theorem 30 Suppose S : U — V and T : V. — W are linear maps. Then the
composition T o S : U — W 1is linear.

Proof : Let #,4 € U. Then
(ToS)(T+1) =T(S((Z+9) =T(5(Z) + 5(7))

— T(S(@) + T(S@) = (T 0 S)(@) + (T 0 S)(7).
Also, if r € R, then

(ToS)(rd) =T(S(rx)) =T(rS(@)) =rT(S(Z)) =r(T o S)(Z).

Thus T o S is linear.
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Theorem 31 Suppose the linear function T : V. — W has an inverse function.
Then T—Y: W — V is linear.

Proof : Let w,wy, € W and r € R. Define ¢, = T~ () and vy, = T~ ().
Then
T(171> = T(T_l(w1> = 1171 and T(’UQ) = T(T_l(wg)) = W2y.

Therefore,
T + ) = T~ HT(%y) + T () = T~ T () + v))
=0 + T =T (@) + T ()
and
T71<7“U_))1) = T71<7“T(’171)) = T71<T(T”171)) = 7"171 = TTﬁl(’U_J)l).
Theorem 32 Suppose B = {¥},0,,...,0,} is a basis for a vector space V. Then
for any elements W, W, ..., W, of a vector space W, there is a unique linear map

T:V — W such that T(v;) = w; fori=1,2,... ,n.
Proof : Define a function T': V — W by
T(’J) :Tllﬁl +r27ﬂ2+---+rnu7n,

where r1,79,...,7r, are the coordinates of ¥ with respect to the basis B. Define
B’ = {w, Wy, ..., w,}. Then T(¢) = Lp([v]p), where Lp was defined in Section
6.1. Since T' is a composition of linear functions, it is linear. Also,

We proved previously that a linear map’s action on a spanning set is unique.

Section 6.3: Matrix of a Linear Function

Example: Suppose T : R? — R? is a linear map with

1 9 0 2
r((5))=(0) war((2))= (%)
Compute T'((5,6)) and give a formula for T'((a,b)) in terms of matrix multiplica-

tion.

We have



9 2 57
-o(8)e(5)-(5)
In general,

r((5)) = (e (o)1) = ((5)) = ((9))
. 'a‘(i.)w(z)'(iz*éw-
((3)-(05) ()

Example: Let Ry : R?> — R? be the function that rotates each point in R? counter-
clockwise about the origin through an angle of §. Compute Ry((1,0)) and Ry((0,1)).
Find a formula for Ry((a,b)) in terms of matrix multiplication.

Simple geometry tells us that

1 cos 0 —sinf
mo((0))= () ma (1)) = ()
Therefore,
a 1 0 1 0
mol(5)) = (e (o) +o(7)) =ome((0)) rom (1))
B cos b —sinf \ ([ acost —bsind
~ %\ sing cos 6 ~ \ asinf + bcosd
_( cos —sinf a
~\ sinf cosf b
Theorem 33 Suppose T : R" — R™ is linear. Let {€1,é,...,,} be the standard

basis for R™. There is a unique m X n matriz A such that T'(V) = AU for all v € R™.
The columns of this matriz are the m-tuples T(€1),T(€3),...,T(€,) in that order.
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Proof : Since {é1,é,...,6,} is a basis, there are constants ri,79,...,7, such
that
17:T1€1+T252+"‘+Tn5n.

Therefore,
T("(_f) = T(’f’lgl + 7"252 + -4 Tngn) = TlT(gl) + TQT(gg) + -+ TnT(gn)

—(T@&) T@) - TE) |

Therefore, the columns of A are the vectors T'(€1),T(€3),...,T(€,).

It is nice to know that we can represent linear functions between Euclidean spaces
as a matrix, but where this becomes especially useful is when we are working with
finite dimensional subspaces of vector spaces that are not Euclidean spaces. As we
have seen, we can represent vectors in these spaces in terms of a coordinate vector
once we have specified a basis.

Example: The function T : Py — P3 defined by T'(az? +bx +c¢) = a(x — 1)? + b(x —
1) + c is linear. B = {1,z,2?} is a basis for Py and B’ = {1, z, 2% 2} is a basis for
P3;. We want a matrix A such that for any p € Py we have

()]s = Alpls
1
Ad = Altls = [T =[s = | ¢ |,
0
—1
A8 = Al = [T@lp =l —ls=| | |
0
1
A8 = Al = M@)o = [0~ 1)s = [ ~ 20 + 1o = | 7
0
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This shows that

1 -1 1

0 1 =2

A= 0 0 1

0 0 O
Theorem 34 Suppose B = {uy,Us,--,U,} is a basis for a vector space V and
B = {u},d,,...,ul} is a basis for a vector space V'. Suppose T : V — V' is
linear. There is a unique m X n matriz A such that [T (0)|p = A[v]p for all 7 € V.
The columns of this matriz are the m-tuples [T (uy)] g, [T (42)]pr, - - -, [T(U,)] 5 in that

order.

Proof : We have that
Aey = Aluj]p = [T(i;)] s,

so the matrix A is determined uniquely. Let A be the matrix
A= ([T(u)]p [T(@)]p - [T(Un)]s).

Then
[T(ﬁ])]B/ = Aé} = A[ﬁ]]B, ] = ]_, 2, Lo, n.

This means that the two linear functions [7'(-)]p and A[-]p agree on the basis B.
Therefore, they must be equal.

Definition 37 With the notation as in the previous theorem, A is the matriz of T
relative to the bases B and B'.

Section 6.4: Matrices of Compositions and Inverses

We know that functions that are the composition of linear functions are linear and
that the inverse of a linear function is linear. The next question we need to answer
is how the matrices representing composites and inverses are related to the matrices
representing the functions from which they are built.

Theorem 35 Suppose B = {iy,Us, ..., U,} is a basis for a vector space V', and B' =

Wy, Wy, ..., U, } is a basis for a vector space V', and B" = {u},d}, ..., 4]} is a basis
for a vector space V". Suppose A" is the matriz of a linear map T : V — V' relative
to the bases B and B'. Suppose A’ is the matrixz of a linear map T' : V' — V" relative
to the bases B' and B". Then A'A is the matriz of the linear map T o T : V — V"

relative to the bases B and B”.
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Proof : We know that
[T(U)]b/ = A[U]B forallveV

and
[T/(l_)’/)]B// = A/[Q_}v]B/ for all ’U/ S V/.

Therefore,

(T o T) (@) = [T(T(0))]ar = A[T(@)]5 = A'(Alil5) = A Al

This shows why matrix multiplication is defined the way that it is—because when
defined this way, it represents a composition of linear functions.

Example: Relative to the bases {1, z, 2%} for P, and {1, z, 22 23} for P3, we know
from work in the previous section that T : Py — P3 defined by T'(az? + bx + ¢) =
a(z —1)* + b(x — 1) + ¢ has matrix

o O O

and the differentiation operator D : P3 — P35 has matrix

A=

o O OO
o O O+
S O N O
S W oo

Compute the matrix for the composition D o T directly and verify that it equals the
product A’A.

First, we’ll compute the matrix of the composition. We do this by computing its
action on each of the vectors in the basis {1,z,2?}, and then find the coordinate
vector of the result with respect to the basis B = {1, x, 2% x3}. We have that

S
S
—~
[S—Y
~—
~—
Il
S
—_
~—
I
=
=
Ss!
|
o O O O
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D(T(z))=D(x—1)=1, [l|gp=

o O O

and
-2
D(T(a*) = D((x —17) = D(a* ~ 2 + 1) =202, [2r—2p=| .
0
Therefore, the matrix is
01 =2
» | 00 2
A= 00 O
00 O
Also, we see that
0100 1 -1 1 01 =2
v 4| 0020 o1 -2} 00 2
AT =AA= 000 3 0o 0 1 {00 O
0000 0 0 0 00 0

It should be clear that we can reverse this process, and we can construct a mapping
between any vector spaces V' of dimension n and V" of dimension m using a m X n
matrix A by the formula
T(v) = Ly (Ald]p),

where B = {iy, Uy, ...,U,} is a basis for V| B’ = {u},u,,...,u,} is a basis for V'
and Lpg is the function that uses the entries of an element of R™ as the coefficients
of the elements of B’. Because each of the maps in the composition is linear, L is
linear. Since Lp: is the inverse of the coordinate vector function [-]p/,

[T(V)] s = [Lp A([U]B)] 5 = AlV]B.
This shows that A is the matrix of T relative to the bases B and B’.

Theorem 36 Suppose B = {iu,Us,...,U,} is a basis for a vector space V and
B’ = {u},dy, ..., u,} is a basis for a vector space V'. Suppose A is the matrix of
a linear map T : 'V — V' relative to the bases B and B'. Then T has an inverse
function if and only if A is an invertible matriz. In this case, A~' is the matriz of
T~ relative to the bases B' and B.

73



Proof : (=) Suppose that T" has an inverse, and let A’ € M(n,m) be the matrix
of T~ relative to the bases B’ and B. Then A’A is the matrix of 77! o T = idy
relative to B, and therefore, A’A = I. Similarly, the matrix for T o T~ ! is AA' = I.
This shows that A is invertible and A=! = A’

(<) Suppose A is invertible. Let 7" : V' — V be the map with matrix A~!. For
veV,
[T(T(0))p = AT (0)]p = A7 Alt] 5 = [1]5,

and for any v € V' we have
[T(T"(7")]pr = AT ()] 5 = AA [T]p = [V]p.

The coordinate functions [-]p and || are one-to-one, so T"(T'(v)) = ¢ for all ¥ € V
and T'(T'(v")) = ¢ for all 0" € V'.

Example: The matrix of the linear function T' : P3 — P3 defined by T'(p(x)) =
p(2x + 1) with respect to the basis B = {1, z, 2% 23} is

12
8

o O O =
S O N -
O O s =

The inverse of T is defined by T-*(p(x)) = p(3(x — 1)). Find the matrix A’ of 77!
relative to B and show that this matrix is the inverse of A.

To find A’, we calculate the action of T~! on each of the elements of B, then compute
the coordinates of the results relative to B. We have that

1 1 1 1, 1 1
T' 1) =1, T Yz)==(z=1), T' @) =[=(z—1)) = >(2®>-22+1) = -2®— a2+~
1) =1, T70) = 5e=1). T = (5= D) = j-201) = e g,
1 L 1 3 3 1
T 2% = (é(x — 1)) = §($3 — 32 +3r—1) = gx?’ - gxg + Rt
Therefore,
: 2 :
[T (V)]s = 0 , [T ()] = 5 T @)= 2 | [T )]s =
4
0 0 0
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which implies that

1 -1 1 1

0 12 41 38

A — > 7 s,

0 0 1 3

0 0 0 4

Simple calculation shows that

1111 1 -4 11 1000
aa—| 0246 0 3 —3 &2 |_]0100
00 5 12 o o0 5 -3 0010
000 8 0 0 0 3 0001

This shows that A’ = A~!,
Section 6.5: Change of Basis

At this point, it should be clear that when we find the matrix that represents a linear
function, the result that we get depends on the bases that we use to represent the
vectors in the domain and range spaces of the linear function.

In the special case where T': V' — V| i.e., the domain and range spaces are the same,
it is convenient to use the same basis to represent V' as both the domain and range
space.

The obvious question to ask is, given two bases B and B’ for V', how are the matrices
representing T" with respect to these two bases related?

Theorem 37 Suppose B = {u;,Us,...,u,} and B' = {u},d,,...,d,} are bases for
a vector space V. There is a unique n X n matriz P such that [v]g = P[U]g for
all ¥ € V. The columns of this matriz are the n-tuples [i)] g, [U)]B, - .., [U,)5 in that
order.

Proof : Let P be the matrix of the identity map idy : V' — V relative to the bases
B" and B. Then the jth column of P is [idy («})|p = [@}j|p. As we proved before, P
is the unique matrix satisfying [0]p = [idy (V)| = P[v]p for all v € V.

Definition 38 The matriz P as described in the previous theorem is the change of
basis matriz from the basis B’ to the basis B.

Example: Find the change of basis matrix P for changing from the basis

() ()} w3 (4}
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in R%. Verify directly that

r(5),(%),

As directed in the theorem, we compute

(), = (4),

These are the solutions to the systems of equations

2 0 2 4 101 2 N 2 B 1
0 -1 |2 -1 01121 2 ), S\ =2
Therefore,

We have that
2 4 3 1 2 3 10
2 -1 -2 0 -5 -5 01
and
2 0 3 10
0 —1 —2 01

We see that

r(5), (B0 0)-(3)-(%),

Theorem 38 Suppose P 1is the change of basis matrixz for changing from a basis
B’ to a basis B. Then P is invertible, and P~' is the change of basis matriz for
changing from the basis B to the basis B'.

DO oo
~__
VR
|

N w
~__
oy

Il

VR

3
2
2

Proof : Suppose we have a linear function 7' : R?> — R? whose matrix relative to
a basis B is given. If we want to find the matrix of T relative to another basis B’,
then we can think of T as

idv oT o ldv
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Recall that if P is the matrix representation of the identity function relative to the
bases B’ and B, then P~! is the matrix of idy relative to B and B’. Since composition
of functions corresponds to matrix multiplication of their matrix representations, we
have that P~'AP is the representation of T relative to the bases B’ and B.

Example: Suppose the matrix of a linear function 7' relative to the basis B from

the last example is
1 —4
A= ( 3 2 ) '

Verify that

(SN

o |
(ST

~_

SO

(SIS
(S I
(1N
~~
VR
L =
|
NS
~~
VR
| =
[\

|

(SN

and therefore,

Since

we see that



Theorem 39 Suppose B = {ii,...,u,} and B = {u,...,d,} are bases for a
vector space V. Let P be the change of basis matriz from B’ to B. Suppose A is
the matriz of a linear map T : V — V relative to the basis B. Then P~'AP is the
matriz of T relative to the basis B'.

Proof : By the definitions of the matrix of 7" and the change of basis matrix P, we
know that
[T(V)]s = Alt]s and [v]p = P[v]p

for all ¥ € V. From these two equations, we find that
[T(0))p = P~HT(7)]5.
Therefore,
()5 = PT(@)s = P Ald]s = P AP[i]s.
as desired.
Section 6.6: Image and Kernel

We spent a lot of time in Chapter 3 studying vector spaces and subspaces. In
this chapter, we will study two important subspaces associated with every linear
function.

Definition 39 Suppose T : V. — W is linear. The kernel (or null space) of T is
denoted ker(T) and is defined by

ker(T) = {7 € V : T(#) = 0}.
The image of T is denoted im(T) and is defined by
im(T) ={w € W : @ =T(V) for some v € V}.

Theorem 40 Suppose T : V. — W s linear. Then ker(T) is a subspace of V' and
im(T) is a subspace of W.

The proof of this theorem is a straightforward application of the subspace theo-
rem.

Example: Consider the matrix

s

Il
N =
W =~ =
IS =
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Find bases for the kernel and image of the associated linear map u(z) = AZ.

At this point, it should not be surprising that we can find out all the information
that we need to know about the matrix A by looking at its reduced row echelon
form:
111 111 -1
A=1 2 4 5 |~ 0 2 3 |~

1 3 4 0 2 3

o O =
[ )
O nw

Let’s tackle the image first. Recall that by the definition of matrix-vector multiplica-
tion, the product AZ is a linear combination of the columns of A using the elements
of ¥ as the coefficients. Therefore, the image of A is the same as the span of the
columns of A. A theorem that we have previously proved gave us an algorithm for
finding a basis from a spanning set: we throw out the vectors that can be written as
a linear combination of the other vectors. In the case of A, the RREF tells us that
the third column can be written as a linear combination of the first two, but that
the first two columns are not linear combinations of one another. Therefore, a basis
for im(p) is

1 1
2 1. 4
1 3

Notice that ker(A) is exactly the solution set to the homogeneous equation A% = 0.
The RREF of A tells us that x3 is a free variable. If we let x3 = r, then the solution
0o AT =01is

1 1
L1 ar 3
T2 = —%T’ =7 —%
T3 T 1

In other words, ker(A) = span{(1/2,—3/2,1)}. Since this spanning set consists of
only one vector, it is also linearly independent, so {(1/2,—3/2,1)} is a basis for
ker(A).

Definition 40 The column space of an mxn matriz A is the subspace of R™ spanned
by the n columns of A considered as elements of R™.

Definition 41 The row space of an n X n matriz A is the subspace of R™ spanned
by the m rows of A considered as elements of R".

Theorem 41 Row operations do not change the row space of a matriz.
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Proof : Let v1,..., 4, be the rows of an m x n matrix A. Then any element of the
row space of A can be expressed as

v + - +vam

for some choice of scalars rq,...,7, € R. If we interchange two rows of A, then all
that does is change the order in which the columns of A are written; it does not
change the span. If row ¢ is multiplied by a nonzero constant ¢, then

- - - - Ti, 5 -
U4 T T U, =10+ —(U) + o+ T U,
c

so any vector that was in span{#y,...,7,} is in span{d}, ..., ct;, ..., U, }. If we add
¢ times row ¢ to row j, then

rO A Uit AU AT U = TV (i —ery) Ui - (eUi405) + 7 U,

so span{dy, ..., Uy} = span{¥y,..., v, ..., (cl; + U;),...,Up}. This shows that if a
matrix B can be obtained from A by elementary row operations, then the row spaces
are the same.

This gives us a simple method for finding a basis for the row space of a matrix. We
reduce the matrix to RREF. In doing so, we do not change the row space. But it is
easy to find a basis for the row space of a matrix in RREF. Either the rows are all
zero, or there is a leading one. The rows with leading ones are linearly independent,
since the entries above and below each leading one are zero. Therefore, we obtain
a basis for the row space of a matrix from the nonzero rows of the RREF of the
matrix.

Example: Find bases for the row space and the column space of the matrix

2 -2 -1 -2 8
-4 4 -1 -3 -8
1 -1 -1 =2 5
3 =3 -2 1 3

A—

First, we row reduce A:

2 -2 -1 -2 8 1 -1 -1 -2 5 1 -10 0 3
4 4 -1 -3 -8 o0 1 2 -2 0 0 1 2 =2
1 -1 -1 -2 5 |71o o —=5 —-11 12 |70 0 0 -1 2
3 -3 -2 1 3 o0 1 7 -12 0 0 0 5 —10
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1 -1 00 3
0O 0 1 0 2
0 0 01 =2
0 0 00 0
Therefore, a basis for im(A) is
2 —1 —2
—4 -1 -3
1 Y _1 Y _2 Y
3 -2 1

and a basis for the row space of A is
{(1,-1,0,0,3),(0,0,1,0,2),(0,0,0,1,—2)}.

Theorem 42 The dimension of the row space of any matriz is equal to the dimension
of its column space.

Proof : Both are determined by the number of leading ones in the RREF of the
matrix.

Section 6.7: Rank and Nullity

Definition 42 Suppose T' : V. — W is linear. If ker(T) is a finite-dimensional
subspace of V', then the dimension of ker(T) is called the nullity of T. If im(T) is a

finite-dimensional subspace of W, then the dimension of im(T) is called the rank of
T.

Notice that the rank of a matrix was defined previously to be the number of leading
ones in the RREF of the matrix. In the case that the linear transformation is defined
by matrix-vector multiplication, these two ideas of rank agree.

Theorem 43 (Dimension Theorem) Suppose T : V — W is a linear map whose
domain V is a finite-dimensional vector space. Then

rank(T') + nullity(T) = dim(V').

Proof : Since ker(7) is finite dimensional, it has a basis, say {v1,...,9,,}. By the
expansion theorem, there are vectors v,11, ..., Upnsg in V' so that
{V1,. . Uk t
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is a basis for V. We claim that {T(¥,41,..., T (Unsk)} is a basis for im(7"). Let
w € im(7T). Then there is a ¥ € V such that @/ = T'(¢). There are coefficients
T1,...,"mak such that

U= 7’1?71 +---+ Tm+kUm+k-

Therefore,

W=TO0)=rT0)+ -+ romkT Onik) = rma1 T (Onrr) + -+ Tk T (Trnske) -
This shows that {T(¥41), ..., T (Unsk)} spans im(7). Suppose that

Pt T (@t) + -+ Tk T (Ongr) = 0 = T(rm s + - + Tk Tnsn) = 0

= Tm+1/17m+1 4+ -+ Tm+k'17m+k - ker(T)

This implies that there exists scalars rq,...,r,, so that
T‘m+117m+1 + -+ Tm+k77m+k = T1171 +--+ T’mi_fm,
or in other words,
—T1171 — e — TmUm -+ Tm+177m+1 + -+ Tm—&—kgm—l-k = 6

Since the vectors in the linear combination above are linearly independent, r,, .1 =
-+« = Tmyxr = 0, which implies that the set {T'(Upm41)s ..., T (Umix)} is linearly in-
dependent, and therefore the rank of 7" is k and the nullity is m, and k + m is the
dimension of V. In other words,

rank(7") + nullity(7") = k + m = dim(V).

Theorem 44 A linear map T : V — W is one-to-one if and only if ker(T) = {0}.

Proof : (=) Assume T is one-to-one, and let @ € ker(T'). Then T/(%) = 0, but we
also know that 7'(0) = 0, and therefore 0 = v.

(<) Suppose that ker(T) = {0}. Take two vectors @y, 7, € V such that T(%;) =
T(vy). Then T'(v; — U5) = 0, which implies that v} — U5 € ker(T'), so it must be that
U7 — Uy = 0, or v = U5. This shows that T" is one-to-one.

Example: Prove that a linear map 7' : R® — R? cannot be one-to-one.

If T is one-to-one, then nullity(7") = 0, which means that rank(7") = 3. In other
words, im(7) is a 3-dimensional subspace of a 2-dimensional vector space (R?). But
since this is impossible, it must be that 7" is not one-to-one.

82



Example: Prove that a linear map 7" : M(2,2) — P4 cannot be onto.

For T to be onto would mean that im(7") = P4, which has dimension 5. The dimen-
sion of M(2,2) is 4, so we must have that

nullity (7)) + 5 = 4,

which is impossible.

Example: Suppose a linear function 7' : P, — R® is onto. Prove that T is one-to-
one.

If T is onto, then rank(7") = 5. Therefore,

nullity(7') + 5 = dim(P4) = 5,
so nullity(T) = 0, or in other words, ker(T)) = {0}, which implies that 7" is one-to-
one.

A good approach to showing that a linear function 7' is one-to-one and onto is to
first show that ker(7') = {0} (which involves solving the homogeneous equation

T(%) = 0), and then using the rank-nullity theorem.
Section 6.8: [somorphism

We have now seen several examples of situations where two vector spaces are essen-
tially the same, such as the set

{FeR®: 23 =0}

and R%. Another example is a finite dimensional vector space V and its image under
the coordinate transformation relative to a given basis.

Consider the example where we pair the matrix

(Z Z) e M(2,2)

with the polynomial ax® + bx?® + cx + d € P3. Let’s call this mapping 7. Then
1. T is a well-defined function.
2. T is defined on all of M(2,2).

3. T is one-to-one.
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4. T is onto.
5. T is additive.
6. T is homogeneous.

Therefore, T" is one-to-one, onto, and linear. This means that T" preserves the vector
space structure between these two spaces, and puts them in a one-to-one correspon-
dence.

Definition 43 An isomorphism is a linear map between vector spaces that is one-
to-one and onto. A wvector space V' is isomorphic to a vector space W if and only if
there is an tsomorphism from V to W.

Example: Show that R? is isomorphic to the subspace P = {v € R? : (2,3,5)-v = 0}
of R3.

If (2,3,5) - ¥ =0, then
2171 + 3172 + 5173 = 0.
In other words,

v = —51}2 + 51)3,

3 5 3 5
! —2l2 73 2 2
Vg = Vg = Uy 1 + v3 0
(%} Vs 0 1

These two vectors form a basis for P. One mapping from P to R? is the coordinate
transformation relative to this basis. The coordinate transformation is clearly one-
to-one, onto, and linear.

Isomorphism allows us to say when two vector spaces are essentially the same. In
fact, we can say that the only distinguishing characteristic of finite dimensional
vector spaces is their dimension, since all vector spaces of a given dimension are
isomorphic.

Theorem 45 Suppose V' and V' are finite dimensional vector spaces. Then V is
isomorphic to V' if and only if dim(V') = dim(V").

Proof : (=) Suppose that V and V' are isomorphic, and let 7" : V — V' be
an isomorphism. Because T is one-to-one, nullity(7) = 0, and since T is onto,
rank(7") = dim(V”). Therefore,

dim(V') = rank(7T') + nullity(7) = dim(V").
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(<) Suppose that dim(V') = dim(V’). Let V = {&,...,u,} be a basis for V, and

let V' ={u},...,u,} be a basis for V'. We proved in a previous theorem that there
is a unique linear map 7' : V' — V' that satisfies T'(¢;) = @, for i = 1,...,n. Any
element of V' can be written as ryt; + - - - + r,u, for some scalars rq,...,r,. We have
that

T(rty + -+ rptn) = 1T (@) + - + 1, T (W) = rtly + -+ + rpt,.
This shows that 7" is onto. Also,
nullity(7") = dim(V) — rank(7T) = dim(V') — dim(V") = 0,

which shows that T is one-to-one. Therefore, T is an isomorphism.

Example: Use the classification theorem for finite dimensional vector spaces to show
that R? is isomorphic to the subspace P = {7 € R*: (2,3,5) - ¢ =0} of R

We showed that dim(P) = 2, and dim(R?) = 2, so they are isomorphic.
Chapter 7: Determinants
Section 7.2: Definition

One of our past homework problems was to show that the matrix

- (24)

is row equivalent to I3 if and only if ad — bc # 0. If A ~ I, then A is invertible,
which also means that the system Ax = b has a unique solution for every choice of b.
The next definition generalizes this idea to square matrices of arbitrary size.

Definition 44 The determinant of an n X n matriz A, denoted det(A), is defined
inductively as follows:

o For al x 1 matriz A = |ay], det(A) = ay;.

e For annxn matriv A withn > 1, let A;; denote the (n—1) x (n—1) submatriz
obtained from A by deleting the ith row and the jth column. Then

n

det(A) = (—1)"ay;det(Ay;).

j=1
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What this means is that we compute a determinant by “expanding” along the top
row. Notice that to compute the determinant of an n x n matrix, we have to be able
to compute determinants of (n — 1) x (n — 1) matrices, which in turn means that we
have to be able to compute (n — 2) x (n — 2) determinants, etc. Eventually, we get
down to 1 x 1 determinants, which are easy to compute.

For a 2 X 2 matrix,

det (( CCL Z )> = a det(d) — bdet(c) = ad — bc,

just as we expected.

For a 3 x 3 matrix, we have

a b c
det| d e fl=adet( ¢ ) —pdet(? f bedet €€
g h i h 1 g h

= alei — fh] —bldi — fg] + c[dh — eg] = aei — afh — bdi + bfy + cdh — ceg.

Example: Compute

21 3 4
011 0
det | 1 o 1 1
42 1 -1
31? g 11 0 01 0 01 0
det 10 1 1 =2det| O 1 1 —det, 1 1 1 +3 det 1 0 1
Lol 2 1 —1 41 —1 49 —1
01 1
(80 ) e () (2 )] (2 1)
421
1 11 10
3ldet( 1)} [det(41>+det(42>]

=2[~2+2] — [5] + 3[5] — 4[3 + 2] = 10 — 20 = —10.

Hopefully this example makes clear that the amount of work necessary to compute
an n X n determinant grows very quickly with n. However, there are some properties
of determinants that can help simplify things a little.
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Theorem 46 Suppose A is an n X n matriz.
1. If A has a row of zeros, then det(A) = 0.

2. If two rows of A are interchanged, then the determinant of the resulting matriz
is —det(A).

3. If one row of A is multiplied by a constant ¢, then the determinant of the
resulting matriz is ¢ det(A).

4. 1If two rows of A are identical, then det(A) = 0.

5. If a multiple of one row of A is added to another row of A, the determinant of
the resulting matriz is det(A).

6. det(I,) = 1.
Example: Compute
2913 4
011 0
det | g 1
421 —1
We have that
913 4 101 1 10 1 1
011 0 011 0 01 1 0
det | 1 o ¢ [=7detf o 1 3 4 | =7t g 1 o
491 —1 491 —1 02 —3 —5
10 1 1 101 1 100 0
01 1 0 0110 010 —1
=-det| g o o | TRt g =Mt g gy
00 -5 —5 000 2 000 2
1000
0100
= —10 det 0010 = —10.
000 1

Section 7.3: Properties of Determinants

If you think a little about the definition of a determinant that we gave in the last
section, you will probably ask yourself why it is so important that we expand around
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the first row of a matrix when we find the determinant. The answer is that it is not
important at all. In fact, we can expand around any row or any column of the matrix.
This is very nice, in that it lets us pick the row or column that contains the most
zeros, thus reducing the amount of work we have to do to find the determinant.

In the last section we showed how the determinant works with the elementary row
operations. In this section we’ll show how it works with the other operations we have
defined between matrices, such as matrix multiplication and transpose.

Notation: Recall from the last section that if A is an n x n matrix, then A;; is the
(n—1) x (n—1) matrix obtained by deleting the ith row and jth column of A. Also,
let A;j, denote the (n —2) x (n — 2) matrix obtained by deleting rows ¢ and r and
columns 7 and k from A. See page 278 in the text for a useful diagram describing
how the indexing in A changes after deleting rows and columns.

Theorem 47 The determinant of a square matrix can be computed by expansion
along any row. That is, if A is an n X n matriz, and r € {1,...,n}, then

n

det(A) = (=1)Fa,det(Ayy,).

k=1

Proof : We finally use induction. For our base case, we check that this is true for
a 2 x 2 matrix. Expanding along the first row, we have that

d a11 Qaig i
et = 11022 — A12021.
21 Q22

Expansion along the second row gives

ail Az
det = —az1a12 + a1y,
ag1 A2

so the result holds for 2 x 2 matrices. Suppose that the result holds for matrices of
size (n — 1) x (n — 1), and let A be of size n x n. We can assume that r # 1 (since
that is the definition). We expand the determinant of A along the first row, but then
in the determinants of A, we can expand along row r — 1 (which corresponds to
row r of A). Therefore,

-1

det(A) = Z(—l)IHGM‘ det(Ay;) = Z 1)*ay; ( apy, det(Ayj)

j=1 j=1 k::l

Q
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+ Z (_1)(r—1)+(k—1)arkdet(Alﬂk)) — Z(_l)j-i-r-i-kzaljark det(Ay;,4)
k

=j+1 k<j

+ Z(— 1)j+’”+k_la1jark det(Alij) .

k>j

Now let’s start working from the right-hand side of the equation in the statement of
the theorem. We have

Z(—l)”%rk det(Ax) = Z(—l)”%rk (Z(—1)1+ja1j det(Arx15)

k=1 k=1 j=1

+ Z (—1)1+(j*1)a1j det(ATk71j>> = Z(—1)”kﬂ'*lamaijdet(Ark,lj)

j=k+1 i<k
+ Z(—l)r+k+jarka1j det( A1)
i>k
Since Ay, = Ay, these expressions are the same.
The following result is proved (somewhat) similarly:

Theorem 48 The determinant of a square matriz can be computed by expansion
along any column. That is, if A is an n X n matriz and ¢ € {1,...,n}, then

n

det(A) = (1) a; det(Ay).
i=1
Theorem 49 Suppose A and B are n x n matrices. Then
det(AB) = det(A) det(B).
Proof : There is some sequence of elementary row operations that transforms A to
A’, which is the RREF of A. By our previous theorem, we know that
det(A) = K det(A'),

where K is some constant. If we apply the same sequence of row operations to AB,
we'll get A’B (we proved this in Chapter 5). Therefore,

det(AB) = K det(A'B).
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Because A is a square matrix, A’ is either the identity matrix, or it has a row of
zeros. In the first case det(A) = K det(I) = K, so

det(AB) = K det(A'B) = K det(IB) = K det(B) = det(A)det(B).
In the second case, A’B will have at least one row of zeros, so
det(AB) = Kdet(A'B) = K- 0=0=0-det(B) = det(A)det(B).

Definition 45 The transpose of an m x n matrizc A = [a;;] is the n x m matriz,
denoted AT, whose i,j entry is Aj;. That is,

T
11 Q12 - Qip @11 A21 - Aml
Q21 Q22 - Q2p Q12 Q22 - Am2
Am1 Am2 - Omnp A1n A2n  *°* Amnp

Theorem 50 Suppose A, A" € M(m,n), B € M(n,p), and r € R. Then
(AT = A

(rA)" = r(AT)

(A+ANT = AT + (ANT

. (AB)T = BT AT

. If A is a square invertible matriz, then (A~H)T = (AT)~!

o o

o

Proof : (of part d) The 4, j entry of (AB)” is the dot product of row j of A with
column i of B. The 4, j entry of BT AT is the dot product of the ith row of BT
with the jth column of A”. But since the ith row of BT is the ith column of B

and The jth column of AT is the jth row of A, this is the same as the 7, j entry of
(AB)T.

Theorem 51 Suppose A is an n x n matriz. Then det(A) = det(AT).
Proof : Easy.
Section 7.4: Cramer’s Rule

Theorem 52 For an n x n matriz A, the following conditions are equivalent:
a. A is nonsingular

b. A has a right inverse

c. A has a left inverse

d. rank(A) =n
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e. A can be row reduced to I. f. For any be R", the equation Av = b has a unique
solution v € R™.
g. det(A) # 0.

Let’s consider the problem of finding the inverse of the 2 x 2 matrix

where a # 0:

a b |10 1L 10 10
¢c d| 01 0 d=% | —< 1 01

This means that .
a b\ 1 d —b
c d ~det(A) \ —¢ a )’

or in other words, we can write the inverse of this matrix as one over the determinant
times a new matrix. Questions we should ask ourselves are:

d )
ad—bc ad—bc >
c a .

" ad—bc ad—bc

e [s this the case for any invertible square matrix?
e How do we find the “new matrix” to be able to write down the inverse?

Trying to do the same thing for a 3 x 3 or larger matrix to see if there is a pattern gets
out of hand very quickly (trust me), so instead we’ll write down what the answer
to the second question is, and then we’ll verify that it gives us a formula for the
inverse.

Definition 46 Suppose A is an n X n matriz. Then for integers i and j between 1
and n, the ij-cofactor of A is the real number

(—=1)"* det( Ayj).

The adjoint of A is the n X n matriz, denoted adj(A), whose i, j-entry is the ji-
cofactor of A.

Let’s go back to our 2 x 2 example and see if this definition tells us where the new
matrix comes from. It ends up that

adj(A) = ( 4 )
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Theorem 53 Suppose the square matriz A is nonsingular. Then

1
A =
det(A)

adj(A).

Proof : Let ¢;; be the ij-cofactor of A. If we take det(A) by expanding along row

1, we get
n

det(A) =Y (=1 Fagdet(Au) = ) amca.
k=1 k=1
For i # j, let B be the matrix obtained from A by replacing row j by row 7. Since
B has two identical rows, we know that det(B) = 0. But, if we calculate det(B) by
expanding along row j, we get
0=det(B) =Y (—1)agdet(Az) =) ancj.
k=1 k=1

We can think of these two sums as being the entries of a matrix product, and what
they tell us is that if C' = [¢;;], then

ACT = det(A)I.

But ¢;; is just the ji-entry of adj(A), or in other words, C* = adj(A). Therefore, we
can rearrange to find that

A ( det1< 5 adj(A)> -1

Before you get too excited about this formula for the inverse of an invertible matrix,
you should realize that it involves a lot of computation. For example, to use this
formula for a 3 x 3 matrix means computing one 3 x 3 determinant and nine 2 x 2
determinant. And things get quickly worse as the size increases.

Example: Use the cofactor formula to compute the inverse if the matrix

1 0 2
A= -1 3 0
0 31

First, let’s compute the determinants of the submatrices:

30 -1 0
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0 2 1 2 10
det(Agl) = det < 3 1 ) =—6 det(AQQ) = det < 01 ) =1 det(A23) = det < 0 3

0 2 1 2 1
Therefore,
3 6 —6
adj(A) = 1 1 -2
-3 -3 3
Also we have that
1 0 2
det(A)=det | 0 3 2 = —3.
00 —1
This gives us
1 3 6 —6 -1 -2 2
A—l—_—3 1 1 =2 |=(-f -4 2
-3 -3 3 1 1 -1

As you might imagine, having a formula for the inverse of an invertible matrix leads
to a new method for solving a system of linear equations.

Theorem 54 (Cramer’s Rule) Suppose A is a nonsingular n X n matriz, and
b= (by,...,b,)T € R*. Then the solution T = (z1,...,2,)T € R"™ of the system
AZ = b is given by

Lj = det(A) det(Aj>7

where A; is the matriz obtained by replacing the jth column of A with b.
Proof : Let C' = [¢;;] be equal to adj(A)”. Then

F=A"h=

and therefore

n

1 1 i+j _ 1
3 T & Ty 2 ) = )

=1

=

0
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Example: Use Cramer’s rule to find the solution to the system

v 4y = 4
20 =2y = 1°
The coefficient matrix is
A 3 1
2 =2 )7
so detA = —8. Cramer’s rule says that

1 4 1 1 9

1 3 4 1 5

As has been mentioned, the drawback of this method is that it takes a lot of compu-
tation, but another problem is that it only applies to systems of equations that have
a square coefficient matrix. However, if for some reason you need an explicit formula
for one of the unknowns in a square system, Cramer’s rule can give you that.

and

Example: Estimate the error in the solution z of the following system if the coef-
ficient a is known to be within .01 of 6.8. What if a is known to be within .01 of
—6.87

de 4y -2z = 3

—x +z = 2
ax =3y z = 0
The coefficient matrix of the system is
4 1 =2 4 1 -2 1 1
A= -1 0 1 = det(A) = det -1 0 1 = —det ( L1925
a -3 1 a+12 0 7 ¢

=-54+a+12=a+7.

We must also find the determinant of the matrix that we get when we replace the
first column of A with the right-hand side:

3 1 =2 31 =2 5 1
det| 2 0 1 =det| 2 0 1 :—det<9 _5>:10+9:19.
0 -3 1 9 0 =5



Therefore,
19 de  —19

= —=—"
a+7 da  (a+T7)?
In other words, if we make a small change in a, say Aa, then we can expect Ax to
be approximately

dx —19
Ar~ —Aa = —F=Aa.
R (a+7)2 ¢
in our problem, a = 6.8 with variation Aa = .01, so
—19
Ar = ——(.01) =~ —.000998.
T=Garme 0
If @ is within .01 of —6.8, then
-19
Ar ~ ————(.01) = —4.75.
TR Tearme Ol

Section 7.5: Cross Product

In this section, we will use the notation

1 0\ . [0
i=lo],7=(1],k={0],
0 0 1

which is standard in Calculus and Physics classes.

Definition 47 Suppose ¥ = (v, v, v3) and @ = (wy, we, w3) are vectors in R®. The
cross product of T with @ is the vector in R® denoted ¥ x @ and defined by

—

U X W= (Ugwg — v3w2)f— (U1w3 — v3w1)5+ ('U1U)2 — 'Ule)k.

This definition is easy to remember if we think of it as a determinant:

det | v1 vy w3 :;det(v2 U3>—fdet<;}]1 UB)—FEdet(Ul 02)

W W3 1 Ws w1 W

~
<
Eaall

—

= ('UQU)g — ’U3'U}2>Z— ('U1U)3 — ’U3wl)j+ (’U1UJ2 — U2w1>k

Some of the familiar laws, like the associative law, don’t hold for the cross product.
Here’s a list of some important properties that do hold:
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Theorem 55 Suppose U = (vq,va,v3) and W = (wy, we, w3), and T = (x1, T, T3) are
elements of R3, and r is a real number. Then

a. U X W= —(u x 7)

b. Tx (W+7) = (U x W) + (¥ x T)
c. [ T+w)xT=(UxT)+ (0 x )
d. 7(0+4 W) = (rv)) x @ = 0 x (r)
e. Ix0=0x7=0
fixio=0
V1 Vg Vs
g U (WxZ)=W0xwW)-z=det| wy wy ws

6xw:da<”215>f—dm(”17§)]+dm(vl1@>E
Wz W3 w; w3 wyp W2

:—det(w2 wg)f#—det(wl w?’)j—det(wl wQ):—(wa).
U1 Us U1 U2

Even more important than these algebraic properties of the cross product are the
geometric properties:

Theorem 56 Suppose U and 1w are vectors is R®. Let § be the angle between ' and
w. Then

a. U-(Uxw) =0

b. W- (Ux W) =0

c. ||t x @|f* = ||v|*||d]* — (7 &)

d. ||t x || = [ ||]| sin 6

If you're familiar with the properties of the dot product, you know that the first
two properties say that the result of a cross product is orthogonal (at a 90° angle
to) the original vectors. The last two parts deal with the magnitude of vectors. If

U= (Ul, 'LLQ), then
]l = y/ui +us.

Definition 48 An ordered basis {iiy, U, U3} for R3 is right-handed if and only if
det(ty iy us) > 0. It is left-handed if and only if det(uy Uy us) < 0. An orientation
of R3 is the selection of a right-handed or a left-handed ordered basis.

Section 7.6: Orientation
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Example: Show that the standard basis {Z, 7, E} for R? is right-handed.

Let ¢ and W be any vectors in R® with ¢ x @ # 0. Show that {¥,w,v x @} is
right-handed.

The first part is clear, since
det(i 7 k) = det(I5) =1 > 0.

Also, it is not difficult to verify that

Chapter 8: Eigenvalues and Eigenvectors
Section 8.1: Definitions

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

r(0)=(% 2 (0)

It is hard to get an idea of what this transformation does to vectors by looking at
this formula. However, note that

3 9 3 1 -1 1
()= () =o(3) mar(2)-(2)-2(2)
In other words, the linear transformation 71" acts like scalar multiplication on these

vectors.

If you're paying close attention, you’ll notice that the set

={()-())

is a basis for R%2. Let’s look at the matrix of T' relative to the basis B. Since we
already know what we get when we apply T to the basis vectors, we just have to
find the coordinates of the results with respect to B. In this case, it is easy to see

(3], (0) we i (a)], - (5)

97



Therefore, the matrix of 1" relative to the the basis B is

(3 5)

What this is saying is that if we represent the vectors in R? with in the basis B, the
action of T is greatly simplified—it becomes a diagonal matrix.

So we were able to do this for 7', but can it always be done? That is one of the
questions that we will answer as we go throughout this chapter.

Definition 49 Suppose T : V' — V s a linear operator. Suppose X is a real number
and v € V' is a nonzero vector such that

T(7) = M.

Then X is an eigenvalue of T, and ¥ is an eigenvector of T associated with \. The
set Ep(N\) = {0 €V : T(0) = AU} is the eigenspace of T associated with \.

In the example above, T' has an eigenvalue 3 with eigenvector (3,5)7 and another
eigenvalue —1 with eigenvector (1,2)7.

Theorem 57 Suppose A is an n x n matriz and T : R" — R™ is defined by T(V) =
AV. Then the real number X\ is an eigenvalue of T if and only if det(A\] — A) = 0.

Proof : In this case, we can handle both “directions” at the same time: A is an
eigenvalue of T' < T'(v) = AU for some nonzero v € R" <& AV =\ < A\ — AU =0
< (M — A)U = 0. This last statement is equivalent to saying that there is a nonzero

vector in ker(Al — A), which means this matrix is singular, which is equivalent to
det(AI — A) = 0.

What this is saying is that if the linear operator in question is defined by matrix
multiplication (7'(¢') = Av), then we can find its eigenvalues by solving the equation
det(A] — A) = 0. It ends up that det(A] — A) is a nth degree polynomial in A.

Definition 50 Suppose A is an n X n matrixz. The nth degree polynomial in the
variable A defined by

det(A\ — A)
is the characteristic polynomial of A. The real zeros of the characteristic polynomial
(real numbers that are solutions of the characteristic equation det(A\] — A) = 0)

are called the eigenvalues of the matriz A. A nonzero vector v € R™ such that
(M — A)T =0 is an eigenvector of A associated with X. The solution space

Es(\) = {0 eR": (M — A =0}
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of this homogeneous system is the eigenspace of A associated with .

This is the definition that we’ll use for this class, but please be aware that this defi-
nition is not standard. Most people are perfectly happy to say that a matrix has
complex eigenvalues. However, in this book, a matrix that has only complex conju-
gate solutions to the characteristic equation will be said to have no eigenvalues.

0 —1
=17,

then the characteristic polynomial is

A1y
det(_1 )\>_/\ +1,

which has solution A = +i. Therefore, we say that A has no eigenvalues (even though
most of the rest of the world would say that A has eigenvalues +:¢ with corresponding
complex eigenvectors).

Example: If

Example: Find the eigenvalues of the matrix

1 2 -1
A= 1 0 1
4 —4 5

For each eigenvalue, find a basis for the associated eigenspace.
To find the eigenvalues, we solve the characteristic equation

A—1 =2 1

O=det| -1 X -1 :(A—l)det(i/\__15)+2det(:i A__15)
—4 4 X-5

—4 4
= (A=1) (N2 =BA4+4)+2(=A+1)+(—4+4)N) = NP —5X2H4AA - \2+5A—4—20+2—-4+4)
= A — 6A% + 11\ — 6.

Our best bet here is to try to find a root of the characteristic polynomial by trying
the factors of the first and last coefficients (use the rational roots theorem). If we
try A =1, we find

+det( —LA ) = A=1DAAN=5)+4) +2(—=(A=5) —4) + (=4 +4))

(1 —6(1) +11(1) = 6=1—-6+11 —6 = 0.
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Thus (A — 1) is a factor of the characteristic polynomial, and upon performing long
division, we find

A —BX+6

A—1 )N —6N2+11A—-6

—\% 4 \?

=5\ + 11N -6

5X% — 5\

6\ — 6

—6A 46

0

If \2 =5\ +6 =0, then

25 25 5\ 1 5 1 )
2 _ i S —Z) =2 2 A= =42 = \N=_—+
A oA 4 64 ()\ 2> 4 A 2 2 A 2

Thus A has three eigenvalues 3, 1, and 2. If A = 1, then

0o -2 1 1 -1 1 10 %
M—-A=| -1 1 -1 ]~ 0 —21]~]101 _%
-4 4 —4 0 0 0 00 O

This implies that in the homogeneous system of equations (A — A)Z = 0, there is
only one free variable. Therefore, a basis for the null space of the matrix (Al — A)
with A\ = 1 is any nonzero solution to the homogeneous system. One such solution
is

—1
1
2
For A = 2, we have
1 -2 1 1 -2 1 10 %
M-A=[-1 2 -1 ]~|10 0 0]~|01 —1
-4 4 =3 0 —4 1 00 0
In this case, a basis for the null space is
-2
1
4
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If A =3, then

2 -2 1 1 -3 1 10 1
M—-A=-1 3 -1 |]~|0 4 -1 |~f(01 -1
—4 4 =2 0 -8 2 00 0

Thus, a basis for this eigenspace is

—_

Section 8.2: Similarity

As we saw in the last chapter, we can find a matrix representation for any linear
operator T': V' — V. Also, we can construct the change of basis matrix so that we
can start with the representation with respect to one basis and find the representation
with respect to another basis.

One question that we might ask ourselves is that if we are given such an operator T',
which basis should we choose to represent it?

Definition 51 An n x n matrix A is similar to an n X n matriz B if and only if
A = P7'BP for some nonsingular n x n matriz P. This relation is denoted

A~ B.

Here are some simple properties of this relation:

Theorem 58 For any n X n matrices A, B, and C,
a. A~ A (reflexivity)

b. if A~ B, then B ~ A (symmetry)

c. if A~ B and B ~ C, then A ~ C (transitivity)

For a given n x n matrix A, we call the set of all matrices that are similar to A its
similarity class. The properties above show that any two matrices in the similarity
class of a given matrix must be similar to each other.

It is easy to take a matrix A and a nonsingular matrix P and use these to create
a matrix that is similar to A: we just find P~'AP. But it is generally much more
difficult to take two square matrices of the same size and determine whether or not
they are similar.
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One test for similarity is to take the determinant. Suppose that A is n x n and P is
n x n and nonsingular such that B = P~'AP. Then

PP =1 = 1=det(I) = det(P'P) = det(P")det(P).
Therefore,
det(B) = det(P~'AP) = det(P~")det(A)det(P) = det(A).

This tells us that if two matrices are similar, they must have the same determinant.
Another way of saying this is that if we take the determinants of two n x n matrices
and we do not get the same result, we know that they are not similar.

Definition 52 The main diagonal of an n X n matriv A = [a;;] consists of those
positions where the row index is equal to the column index. The trace of A, denoted
by tr(A), is the sum of the entries on the main diagonal of A. That is,

t’f’(A) = Z Qek -
k=1

Theorem 59 Suppose A and B are n x n matrices, P is an invertible n x n matriz,
and r 1s a real number. Then

a. tr(A+ B) = tr(A) + tr(B)

b. tr(rA) =r tr(A)

c. tr(AB) = tr(BA)

d. tr(A) = tr(P~'AP)

One of the things that this theorem says is that the trace is a linear function. Another
thing that the theorem says is that if two matrices are similar, they have the same
trace. However, even if two matrices have the same determinant and the same trace,
that is not enough to say that they are similar. An even better test for similarity
is

Theorem 60 If two matrices are similar, then they have the same characteristic
polynomial.

Proof : If A is a square matrix and B = P71 AP, then
det(A — B) = det(A — P"'AP) = det(P~*(\)P — P"'AP)

=det(P Y\ — A)P) = det(\ — A).
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Note that this is another way to test that two matrices are not similar, but it is still
possible to find matrices that share the same characteristic polynomial but are not
similar.

We can use the idea of a matrix representation to extend the idea of a characteristic
polynomial to any linear operator 7' : V' — V operating on a finite dimensional
vector space V.

Definition 53 Suppose T' : V. — V is a linear operator on a finite-dimensional
vector space V. The characteristic polynomial of T is the characteristic polynomial
of a matriz that represents T' relative to some basis for V.

Definition 54 A diagonal matrixz is a square matriz whose only nonzero entries
occur on the main diagonal of the matriz.

Definition 55 An n xn matriz A is diagonalizable if and only if there is a diagonal
matriz D with D ~ A.

We will continue to study which matrices are diagonalizable and how this relates to
the eigenvalues and eigenvectors of the matrix. Of course, if an n x n matrix A is
diagonalizable, then so is every matrix that is similar to A.

Section 8.3: Diagonalization

Recall that our goal is, given a matrix A, find an invertible matrix P such that
P~1AP is invertible. The next two theorems give the answer.

Theorem 61 Suppose B = {uy,...,u,} is an ordered basis for a vector space V
and T :'V — V 1is a linear operator. Let A be the matrix of T relative to B. Then
u; is an eigenvector of T if and only if the jth column of A is equal to A\é; for some
real number X. In this case, X is the eigenvalue that u; is associated with.

Proof : (=) Suppose that «; is an eigenvector of T" associated with the eigenvalue
A. Since A is the matrix of T,

[T'(9)] s = Alt]s
for all v € V. The jth column of A is

A€ = Alt;]p = [T(t;)]p = [Mij]p = A€j.

(<) Suppose that the jth column of A is Aé; for some A € R. Then

[T(d;)]s = Alus]lp = A€j = Aéj = [Auy]p.
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Since the coordinate mapping [-|p is one-to-one, we have that
T(?j}) = )\Uj.

Theorem 62 A linear operator T : V. — V defined on a finite dimensional vector
space V' can be represented by a diagonal matriz if and only if V' has an ordered basis
{ty,...,U,} with all elements being eigenvectors of T'. In this situation, the entries
on the main diagonal of the matriz are the eigenvalues of T' and u; is an eigenvector
associated with the jj-entry of the matriz.

Proof : (=) Suppose that T' can be represented by a diagonal matrix D = diag(\y, . ..

relative to a basis B = {uy,...,4,}. Then
[T(0)]g = D[v]p for all 7 € V.
Then
[T'(i;)]s = D] = D€; = N;€j = Ajlij]s.
Again, since [-|p is one-to-one, we must have 7'(u;) = \i;.
(<) Suppose that B = {u, ..., u,} are eigenvectors of T" corresponding to eigenval-

ues Ai,...,\,, and B is a basis for V. Suppose also that A is the matrix represen-
tation of T with respect to the basis B. Then

Aé} = A[ﬁj]B = [T<ﬁj)]B = [)\jﬁj]B = )xjé}-.

Therefore, the jth column of A is the jth column of the identity matrix multiplied
by A;, or in other words A = diag(\1,..., \,).

Notice that a set of eigenvectors that is a basis cannot always be found. Sometimes
a matrix/operator does not have enough linearly independent eigenvectors to form
a basis.

We can be assured that we can find a basis of eigenvectors for an n-dimensional
space V' if the characteristic polynomial has n real roots, and if for each distinct
root, the dimension of the corresponding eigenspace is equal to the multiplicity of
the root.

Theorem 63 Suppose \i,...,\, are distinct eigenvalues of a linear operator T :
V — V. Fori=1,...,n, suppose {U, ..., U} is a linearly independent subset of
ET<>\z) Then

{u11;~"au1r17u217-'-au2r2>--'aun17---aunrn}

s a linearly independent set.
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Proof : First let’s do the special case where we have one eigenvector u; associated
with each eigenvalue \;. We will use mathematical induction on n, the number of
distinct eigenvalues. For the base case n = 1, then {u;} is a linearly independent
set, so we're done. Suppose that for some n > 1, the set {uy,...,d,} is linearly inde-
pendent. We want to show that the set {iy, ..., @, 1} is also linearly independent.
Suppose that B

alﬁl + -4 an+1ﬁn+1 = 0.

Applying T to both sides of this equation, we get
0="T(0) = T(arly + - + Qpirlinsr) = e T(@) + - + @1 T(Tpg1)

= MUy + -+ A1 A1 U

Now we multiply our first equation by A,; to obtain
0= )\n+16 = Mppi(@ts + - 4 Apg1ling1) = @Ay 18 + -0+ Q1 A1 Un-
Subtracting the last two equations, we get

0= ar(A — Apg1)Us + - -+ an( Ay — A1) U + @1 (A1 — A1) Un

=a1( A — A1)ty + -+ an( Ny — Aps1) .
Since {uy,...,u,} is linearly independent, we must have
a1(N — Apg1) = = an(Ay — A1) = 0.
Because we have distinct eigenvalues, this implies that
a1 =...=a, =0,
so our original equation becomes
Api1Upi] = 0.

The vector ,,; is nonzero (because it is an eigenvector), so a,+1 = 0 as well.
Therefore, {iy, ..., u,.1} is linearly independent.

Now let’s assume that for each ¢ = 1,...,n we have a linearly independent subset
{1, ..., Uy, } of Ep(N;). As usual, we take a linear combination of all the vectors
and set it equal to zero:

(anniy + -+ Qi Wipy) + -+ (Apilps + - + gy U,) = 0.
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Let’s define

ﬁj = ajlﬁjl + -+ ajTjUjrj, j = 1, oo, n.
Then @; € Ep();). With this notation, our linear combination above can be written
as

Ly 4 -+ 4 1, = 0.

In this equation, we will drop any terms where u; = 0. Then with the remaining
terms we have a linear combination of eigenvectors of 1" corresponding to distinct
eigenvalues, where all of the coefficients are equal to one. The first part of our proof
shows that these eigenvectors are linearly independent. Therefore, when we were
dropping zero terms, we must have dropped all the terms. In other words,

Ozuj:ajlujl%—---—f—ajrjujrj, J :1,...,n,

and the assumption that each of these sets of vectors is linearly independent shows
that all of the coefficients must be zero. Therefore, the set

{ulh ... 7u17'17u217 .. 7u27'27 ey Upty e Junrn}
is linearly independent.

Example: Which of the following matrices can be diagonalized?
4 1 1 4 1 1
007 007

It is easy to see that the characteristic polynomial of A is
det(AI —A)=A—4)(A=T)(N—2),

so the eigenvalues of A are 4, 7, and 2. As we have seen, eigenvectors corresponding to
distinct eigenvalues form a linearly independent set, so A can be diagonalized.

For B, the characteristic polynomial is
det(\l —B)=A—4)(A=T)(A—=T7),

so we can’t use our result about eigenvectors corresponding to distinct eigenvalues.
We have to see if the eigenspace corresponding to A = 7 has dimension one or
dimension two. Since

-3 -1 -1 14
77-B=| 0 0 —-1]|~|001],
0 0 0 00
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the eigenspace, which is just the solution space of the homogeneous equation with
coefficient matrix (7/ — B). Since there is only one free variable, there is only one
linearly independent vector in this set. Therefore B cannot be diagonalized.

For matrix C, we get the same characteristic polynomial as we did with B, so the
eigenvalues are the same. However, in this case

3 -1 -1
mT-c=| 0 0 o0 |,
0 0 0

so there will be two free variables this time. Therefore, we can come up with a basis
for R? by taking two linearly independent vectors from the eigenspace for A = 7 and
one from the eigenspace for A = 4. Thus C' can be diagonalized.

Theorem 64 A linear operator T : 'V — V defined on a finite dimensional vec-
tor space V' can be represented by a diagonal matriz if and only if the sum of the
dimensions of all the eigenspaces is equal to dim(V).

Proof : (=) Suppose that T' can be represented by diagonal matrix, and that the
unique diagonal entries are Ay,...,\,. As we have proved previously, this implies
that A\q1,..., \. are eigenvalues of T', and there exists a basis for V' that consists of
eigenvectors corresponding to these eigenvalues. The eigenvectors in this basis that
correspond to A; must span Ep()\;), for otherwise we can add more vectors from
Er(\;) until we had a basis for that subspace. But then we could add the same
vectors to our basis, and we would have a linearly independent set with more vectors
than dim(V'). Hence,

Z dim(E7(\)) = dim(V).

By following the same reasoning, we conclude that there cannot be any other eigenspaces.
Therefore, the sum of all the dimensions of the eigenspaces of T' is equal to the di-
mension of V.

(<) Suppose that the sum of all the eigenspaces is equal to dim(V'). Then we can
find a basis for each eigenspace, and the union of all these bases will be linearly
independent, since each basis corresponds to a distinct eigenvalue. Since this set is
linearly independent and contains dim(V") elements, it is a basis for V. Since V has
a basis of consisting of eigenvectors of T', T" can be diagonalized.

Corollary 1 Suppose T': V. — V' is a linear operator defined on an n-dimensional
vector space V. If T has n distinct eigenvalues, then T can be represented by a
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diagonal matriz.

Section 8.4: Symmetric Matrices

Definition 56 A matrixz is symmetric if and only if it equals its transpose.
Most of the results in this section will use the dot product on R"™. Recall

Definition 57 Given two vectors ¥ and i from R™, their dot product is defined by

-

-y = Zl’kyk =T1Y1 + T2Y2 + -+ TpYn.
k=1

In terms of matrix multiplication, we can write the dot product between two column
vectors in R” as
z-g=aly.

Definition 58 Vectors & and y from R™ are said to be orthogonal if
Z-y=0

Definition 59 A set of vectors {iuy, ..., U} CR"™ is said to be orthogonal if

;- u; =0

whenever i # 5. The set of vectors is orthonormal if it is orthogonal and

fori=1,... k.

Theorem 65 Suppose A is an n X n matrixz. For any vectors v and w in R™,
(AV) -0 = v - (ATD).
Proof : We have that
(AD) -0 = (AD) "0 = 07 AT = 0T (ATw) = v - (AT).
Theorem 66 An n x n matriz A is symmetric if and only if
(A7) - i = ¥ - (AW)
for all vectors v,w € R".
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Proof : (=) Since A is symmetric, AT = A, and therefore,

(A7) @ = & (AT) = 7 - (Aw).

(<) Suppose (A0) - W = U - (AwW) holds for all vectors in R™. Write the ¢, j-element
of A as (Ae€)) - e;. Then

so A is symmetric.
Definition 60 A matriz P is orthogonal if and only if PTP = 1.

This means that the inverse of an orthogonal matrix is its transpose. This is especially
useful when a change of basis matrix is orthogonal. If we have a symmetric matrix
A and we change basis with an orthogonal matrix P, then

(PPAP) = PTAT(PTYT = PTAP = P7'AP,
so the matrix with respect to the new basis is symmetric also.

For the next result, we will need to recall something about complex numbers. If
a,b € R, then the conjugate of the complex number z = a +bi is 2 = a — bi. In
particular, note that 2z = a?+b? is a real number. For a vector ¥ containing complex
entries, ¥ will be the vector obtained by conjugating each entry.

Theorem 67 The characteristic polynomial of a n X n symmetric matrix has n real
T001S.

Proof : Suppose A is an n X n symmetric matrix. We know that the characteristic
polynomial of A has degree n, so the fundamental theorem of algebra tells us that it
must have n complex roots, counting multiplicity. We have to show that these roots
are all real. Suppose that A is a root of the characteristic polynomial, meaning that
A is an eigenvalue of A. Suppose that ¥/ is the corresponding eigenvector (which may
have nonreal entries if A is not real). Recall that A has real entries, so we have

N T=T (W) =7 (AT) = (AD)TT = (A0) 77 = ()10 = Ao &,

Since ¥ 7 is not zero, we must have that A = ), which implies that the imaginary
part of X is zero.
Theorem 68 Suppose A symmetric matriz A has eigenvectors vy and v associated

with distinct eigenvalues A1 and Ao, respectively. Then v, and Us are orthogonal.
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Proof : We have that
>\11_J?’(72 = ()\1’(71)T172 = (AUl)TUQ = ’U?(Aﬁg) = 17{()\2172) = )\217{172
Since \; # g, we must conclude that o7 7, = 0.

Theorem 69 If A is a symmetric n X n matriz, then there exists and orthogonal
matriz P such that P~*AP = D, and diagonal matriz. The eigenvalues of A lie on
the main diagonal of D.

Proof : Omitted.
Section 8.5: Systems of Differential Equations

You have probably had some experience already with differential equations. In gen-
eral, first order ordinary differential equation has the form

y/ - f(x7y>7

where y = y(x) is an unknown function that we wish to solve for. A simple example

is the equation
/

Yy = ay.
What this says is that we are looking for a function whose derivative is a constant
times the original function. It is easy to see that the function y(x) = Ce® is a
solution for any choice of the constant C', since

y = aCe™ = ay.

In a constant coefficient system of linear ordinary differential equations, instead of
one unknown function, we have unknown functions ¥, ...,¥y,, and the derivative
of the unknown functions is a linear combination of itself and the other unknown
functions. In other words, each unknown function y; satisfies and equation of the
form

Y = anyi + -+ Ginln.

If we think of each of the unknown functions as being an entry of a vector ¢(x), then
we can write our equations as

Y1 anyr + -+ a1nln air -0 Qip Y1

Yn an1Yy1 + -+ ApnYn Ap1  +++ Qpp Yn
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Therefore, if we consider the coefficients in the equations as the entries of a matrix
A, then we can write our system of differential equations as

y = Ay,

where
/

Y1
Yn
Notice that this looks a lot like our simple example vy = ay, except that now we have
vectors of functions and matrices instead of functions and scalars. In that case, we
were able to solve the equation by guessing that an exponential solution would work
because of the form. Let’s try the same thing here. We’ll assume that our solution
has the form

ylz) = e

where ¥ € R" is a constant vector. Then ¥y (m) = re"v, and if this guess is indeed a
solution, we must have
re" v = Ae"™7.
Canceling the term e™ from both sides, we find that
AV = rv.

Of course we recognize this as the equation for @ # 0 to be an eigenvector of A
corresponding to the eigenvalue r. Therefore, the vector function ¢(z) = €™ ¥ will
be a solution to the equation y(z) = Ay provided that r is an eigenvalue of A with
eigenvector ¥. But notice that r could be any eigenvalue. of A. Also, any constant
multiple of a solution is a solution. In fact, if 43, ..., 4, satisty y; = Ay, and ¢, ..., ¢,
are constants, then

@(Cly_)l +---+ Cn?jn) - Clgl +--+ Cngn = ClAgl +---+ CnA?jn = A<Clg1 +-- Cn?jn>7
so a linear combination of solutions to our equation is again a solution.

As it is, the problem 7 = Ay doesn’t have a unique solution, but we can make the
problem have a unique solution if we add another requirement. If we know the value
of all the unknown () at a certain point zg, say y(zo) = o, and if we have found
solutions # (), ..., ¥, (x), then we can find a solution that satisfies this initial value
by taking a linear combination of these solutions and solving the problem

a1 (zo) + - - - + cu¥n(x0) = Yo.

111



By now, we easily recognize this as a system of linear equations whose coefficient
matrix has the columns ¥ (zo), . .., ¥n(zo), and we know that this problem will have
a unique solution provided that these columns are linearly independent.

Since the solutions we are using in this linear combination were found from eigen-
values and eigenvectors of the matrix n x n matrix A, we need to be able to find n
linearly independent eigenvectors to be able to find our unique solution to the initial
value problem

J(z) = Ay(z), ¥(xo) = %o.
(Actually, this condition can be relaxed, but we’ll leave the details of that for an
actual class on ODE.)

Example: Solve the initial value problem

7=(3 4 )n mo=(7).

First, we must find the eigenvalues and corresponding eigenvectors of the matrix.
Then we can use them to construct solutions to the equation. The characteristic
polynomial is

A+3 -4

O:det(AI—A):det( 6 A4S

):(/\+3)(>\+5)—24:/\2+8)\—9.

Completing the square gives us
MA8A+16=9+16 = (A\+4)?=25 = \+4=45 = A\=—-4+5=1o0r —9.

To find an eigenvector corresponding to A = 1:

4 -4 I W
6 6 0 0 U=t = =g )

To find an eigenvector corresponding to A = —9:

6 —4 L3y oo 2 a2
-6 —4 0 0 V1 = 31)2 Vg = 3 .

Therefore, two solutions to our equation are

7 (z) :eﬂf( ' ) and fo(z) = e ( _32 )
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In order to find a solution that satisfies our initial condition, we solve

osesn (1) = (1 3)(2)- (1)
(13 1D-GFD-(8)

Therefore, the solution to our initial value problem is

— _1236 1 279:(: -2
y(x)—€e<1)+ge (3>

Example: Solve the initial value problem

7= 2)eo-(4)

The characteristic polynomial of the matrix is

B A—9 =5 _ 2
O—det( 6 )\+2)_()‘_9)<)\+2)+30_)‘_7)‘+12'

Completing the square, we have

49 49 N 1 7 1 7 1

We find an eigenvector corresponding to A =4

5 —5 L N
6 6 0 0 =" = =y

and A =3
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The initial condition implies a system of equations with augmented matrix

-1 -5 | 1 15 —-1 1 0] —6
1 6 0 01 1 o1 1 )’

so the solution to the initial value problem is

j(r) = —6641( _11 ) +e3”f< _65 ) .
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