CHAPTER ].

Linear equations

A linear equation in one variable is on the form ax + b = 0 with a, b known values
and x unknown. Such an equation has a unique solution z = —b/a. In two
variables it is of the form ax + by + ¢ = 0 with an infinite amount of solutions,
namely the line

a
y=——x—cC

b

which can be visualized as a line in the zy-plane.

Y

That is, for every number ¢ we have a solution of the equation given by

/ -
x =1, =——t—-.
YT T
In these cases we often call x a free variable. We could also have chosen y as a

free variable, and then the solutions would have been on the form
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for every number 7.
A linear equation in three variables is of the form ax + by + cz 4+ d = 0 and the
solutions will be points on a plane. Here we have two free variables, which we can

choose to be y and z. Then the solutions will be on the form
b c d
r=——t——-r——, y=t, z=r
a a a

for every pair of numbers ¢t and 7.

© Definition 1.0.1
A linear equation is of the form

1T+ asxo + -+ Gp_ 1Ty + apx, =0

where aq,as,...,a,_1,a, are known values, and z,29,...,2,_1,%, are un-
known. The numbers a;, for i = 1,2,...,n, are called the coefficients of the
equation.

When you stumble upon linear equations in the wild you will more often than
not have several equations describing the same unknowns x;. That is, you have
more than one constraint. This brings us to the concept of systems of linear
equations.

© Definition 1.0.2
A system of m linear equations in n variables is on the form of a collection of m
linear equations with variables x1, zs, ..., x,.

a11%1 + @122 + o+ e, =b

az1T1 + G2%2 + - + apTn, = by

Q121 + A 2X2 9 oo Amndn = bm

When working with some quantity flowing through a network, say electric current,
water or money, we can be interested in how much of the given quantity that
flows through a specific part of the network.

A network consist of junctions or nodes with branches connecting them.
Each branch has a given direction of flow and the underlying assumption is that
the sum of everything flowing into a node should equal the amount flowing out.
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This assumption is equal to Kirchoff’s current law, when the network is a curcuit
and the quantity is an electric current.
Let us look at the following network with some unknown quantities

A 20 B

A d

D E

The unknown quantities here are a, b, c,d. In order to find these, we use the
assumption that what flows into the nodes A, B, C, D, E should equal what flows
out of them to set up a system of linear equations.

A: a+b=20
B: d—c=20
C: b+c=20
D: e—a=10
E: d—e=10

Let us hold of on solving the system for a moment.

Find the line y = ax + b that intersect the points (5,8/2) and (2,5/2).

By substituting the values in the line equation, we obtain the following system
of two linear equations with a and b unknown.

5a + b
2a + b

N Ot N |00

Now we can either use substitution to solve this set, or we can add and subtract
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the equations. Let us try both methods.
Substitution: From the first equation we have that

b:§—5a

substituting this value with b in the second equation gives us

8 5
26+ - —ba=—
a—+ 5 a 5
which in turn tells us that a = % Now, by substituting this in our expression for
b gives us b = % That is the line is given by
1 n 3
= —X —
v=gig

Adding and Subtracting equations: If we replace the second equation with
the equation we get by subtracting the original first equation from the original
second equation, we get

ba + b = 3B
-3¢ + 0 = -3

Now we can divide the second equation by —3:

5a + b =
a + 0 =

N = N 0o

before replacing the first equation, with the equation we get by subtracting five
times the second equation from the first

0 + b =
a + 0 =

Reading out from this resulting system we get that the line is given by

NI NN
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1.1 Finding solutions

The last method used above is the one we are mostly interested in. It uses the same
ideas as the method called Gaussian elimination, which is partly described through
three elementary operations on the equations that do not change the solutions.

A

The three following elementary operations on systems do not change the resulting
solutions.

1. Interchange any pair of equations
2. Multiply any equation by a nonzero number

3. Replace any equation by its sum with a multiple of any other equation.

Augmented matrix

When working with systems of linear equations there is a lot of symbols that can
confuse us and obfuscate what we are doing. Hence we would like to simplify them
and work only with the essential information.

© Definition 1.1.1



CHAPTER 1. LINEAR EQUATIONS

The coefficient matrix of a system of linear equation

a1,1%1 + ai2T2 + -+ G1aT, =b
a21%1 + ageTy + -+ aApT, =by
Am,121 + Q222 G eco AmnTn = bm

is the array of numbers

a1 Q2 -+ Aip

A1 Q22 - Q2p
A= . .

Qm,1 Am2 *°° Qmn

consisting of m rows and n columns, where the columns contain every coefficient
of the equations, such that

= column one has the coefficients of z1,
column two has the coefficient of x5,

= row one has the coefficients from the first linear equation,
row two has the coefficients from the second linear equation,

Let us also introduce the following column vectors

s} b1
x=|"*| and b= i
, by
and define Ax to be equal to
a1 Q12 ot Qin | |71 1,171 + A12T2 + -+ - + Q1T
Q1 G2 -+ Qon| |T2 _ 2171 + Q29T + -+ + A2, Ty
Ami1 Am2 - Amnp L, Am 121 + A 2X2 SFoco=F Amndn

We can see that if A is the coefficient matrix of a system of linear equations and b

is the column vector defined above, then the matrix equation Ax = b encodes
the same information as the system.
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Remember that the network

A

D

gave us the following system of linear equations

A: a+b=20

B: d—c=20

C: b+c=20

D: e—a=10

E: d—e=10

this in turn gives us

A X

~—"=~

1 1 0 0 O0/|]|a
0O 0 —1 1 O0{|b
0 1 1 0 0]]c
-1 0 0 0 1/||d
0 0 0 1 —-1]]|e

A

If we have the matrix equation

20
20
20
10
10



CHAPTER 1. LINEAR EQUATIONS 8

and translate it to a linear equation ax + by = 0, we might recognize that the left
hand side is nothing but the dot product of the two-dimensional vectors

B > L)

x
[abc}y:O
z

Correspondingly for

we see that the left hand side is equal to ax + by + cz which is the dot product
of the three-dimensional vectors

a i
b| and |y
c z

In fact, we have that the dot-product of n-dimensional vectors

T Y1
T2 Y2
x=|.| andy=
Tn Yn
is defined to be exactly
Y1
Y2
X y=|T1 T2 ‘o Ty | | =T+ Tay2 + o+ Tuln

Yn

Hence, we can see Ax as being given as

ap a; - X
as ag - X
X =
a, a, X
where a;, a,, ..., a, are the rows of A seen as vectors.

When we are doing elementary operations on systems of linear equations, the
only thing that changes in the corresponding matrix equation Ax = b are the rows
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in A and rows in b. The changes in the matrix equation is equivalent to those on
the system, and we can therefore work on the matrix equation instead of the linear
system. Also, since x do not change, we can omit this in the calculation.

© Definition 1.1.2
The augmented matrix of the system of linear equations
1171 + a@12%2 + - + A%, =b
a21%1 + ATy + -+ aApT, =by
Am, 121 + A, 222 G eco AmnTn = bm
is given by
11 Q12 -+ Q1p by
Q21 Q22 -+ A2p by
m,1 Qm2 *° Omn bm

The vertical line tells us what is on the right and left of the equality signs in the
corresponding system. Now, the elementary operations can be formulated as

1. Interchange any pair of rows
2. Multiply any row by a nonzero number
3. Replace any row by its sum with a multiple of any other row.

Let us highlight this connection by going back to the equations in example
1.0.2.

We were solving the system

5a + b =
2a + b

N Ut |00

The augmented matrix of this system is

5 1
2 1

N Ut |00
— 1
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S5a + b 8 5 1|8
2 + b = 2 2 1|2
II=I1—1 5 4+ b = % TI=II—1I 5 1 %
—3a + 0 -3 5__3 0|3
[[:%.]] 5a + b g II:%JI 5 1 g
1 3
a + 0 5 1 0]
II=1-5-11 0 + b % I=I—5IT _0 1 %
1 1
a + 0 5 1 0|3

© Definition 1.1.3

A matrix is in row echelon form if the following is satisfied:
1. All nonzero rows are above any rows of all zeros.

2. Each leading entry of a row is in a column to the right of the leading entry
of the row above it.

3. All entries in a column below a leading entry are zeros.

If a matris in echelon form also satisfies the following conditions, then it is in
reduced row echelon form:

4. Each leading entry in each nonzero row is 1.
5. Each leading 1 is the only nonzero entry in its column.

The leading entries in the row echelon forms are called pivot elements and the
columns they appear in are called pivot columns.

The following matrix is in row echelon form

5 2 4 2
0313
0020

and the following matrix is in reduced row echelon form
1 000
01 01
001

o
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If this had been the reduced row echelon form of the augmented matrix of a
linear equation

a1121 + a12%2 + ajzry = by
2171 + Qg2%2 + ag3rs = by
as 11 + as2r2 + aszrs = b3

then we can read out from the reduced row echelon form

1 0 01]0
01 01
00 10

that the solution is given by x1 =0, zo = 1 and x3 = 0.

Solution strategy
A

The general solution strategy for solving systems of linear equations is to
1. Find the augmented matrix of the system.
2. Use the elementary row operations to find the reduced row echelon form.
3. Read out the solution.

One can also in step two choose to only find the row echelon form and use
substitution to find the other solutions.

Exactly one solution: If all the columns on the left of the vertical line contain
a pivot element in the reduced row echelon form, then you have a unique solution
to the system.

Infinite solutions: If you have columns on the left of the vertical line that
contain non-zero entries, but are not pivot columns in the reduced row echelon
form, then they correspond to free variables and you will have an infinite amount
of solutions.

No Solutions: If you in the course of reduction get a row with only zero
entries on the left of the vertical line, but non-zero entries on the right, then the
system is called inconsistent and there will be no solution. This correspond to the
equation 0 = 1 which is ludicrous.

In example 1.0.2 we got a unique solution to the system. Now, let us look at
the network in example 1.0.1 and observe that here we obtain an infinite amount
of solutions.
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In example 1.0.1 we found the following matrix equation

-1
0

1
0
0

OO = O

0
—1

— o o = O

1
0
0

_— o O O

O Q0 o9
I

20
20
20
10
10

we solve for (a, b, ¢, d, e) by reducing the following augmented matrix into reduced
row echelon form

11111
—

IV=IV+III
R

[ 1
0
0

-1

e}

[N eoNeoNeol ol oNe el S

O OO M= OO = =

OO = O

ol wmoo
—_

S O = OO

OO =

_= =0 O O

-0 O O

_ o O = O

20
20
20
10

— o O O

-1 10

20]
30
20
20
10

20 |
30
—~10
10
10

IV=IV+I
B

III=111-11

V=V-VI
RARL AL A

I=I-11
—

CoocoH~ oo OoOH~H OO~ oo O

SO OO OO0, H OO0 EFE OFFE O

SO R OO OO +—=OOo

O R OO OO oo

_— OO0 = OO O

— O O O

20
20
20
30
10

20
30
—~10
20
10
20 |
30
—10
10
O _
—10]
30
—10
10
0

From the reduced form we read out that e is a free variable and the general
solution of the system is

a=-10+t b=30—t, c=—10+¢t, d=10+¢, e=1

12
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for any number ¢, or written in vector form

a —10+t¢ —10 1
b 30 —t 30 —1
cl=|-10+t| = |—10| +¢t | 1
d 10+t 10 1
e t 0 1

where ¢ times a vector means that we multiply each entry with ¢ and addition of
vectors is component wise.

A 20 B

—10 4 ¢y 010 + ¢

D t E

The minus sign in the network tells us that the quantity moves in opposite direction
of what is indicated by the arrow.

i

Let us try to solve the following system

rz— 2y=1
—5x + 10y = -1
We reduce the augmented matrix
1 =211 1 =21
-5 10 | -1 0 0 [4
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The last matrix correspond to the system

z+2y=1
Oz +0y =4

The equation 0z + Oy = 4 is equal to 0 = 4, which can't be true, no matter the
value we give x og y. The system has no solutions.

Let us look at a few more examples to warm up our thinking cap.

i

We wish to solve the system

2]31 + 31’2 + x3 = 16
3£L'1 —f- ) —I— 41’3 = 27
41131 + 2z + x3 = 18.

Re-writing this as an augmented matrix, we have

2 3 1|16

3 1 4127

4 1 1118

Performing the row operations,

2 3 1|16 2 3 1 16 ]
31 4|27 % 0 -7 5| 6
4 1 118 T 0 —5 —1|—-14]
2 3 1 16 |
IIT=7-TIT—5-IT 0 -7 5 6
0 0 —=32|-128]
. 2 3 1]16]
IIT=—L.1I1 0 -7 =g
0 0 1| 4]
2 3 0] 12]
T 0 =7 0/-14
0 0 0 1| 4 |
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Rewriting this as a system, we have

21‘1 + 33172 + 0[E3 = 12
OZL‘l — 71’2 + 0$3 = —14
01[’1 + O.IQ + 1.CE3 = 4.

Thus 3 = 4, x5 = 2. Plugging these into the first equation, we have x; = 3.
Written in vector form we have

We are given the following system to solve:

T1 +3.CE2 +21’3 +3.’L’4 =16
$1+3$2+3$3+ 134:21
2ZE1 + 61‘2 —|—4ZL‘3 + 6£L‘4 = 3

As usual we make the augmented matrix and start reducing,

132 3[16] [132 3|16
133 1[21|~[001 =25
2 6 4632 (000 0/0
130 7|6
~10 01 —25
000 0|0

The last matrix correspond to the following system

{xl +3x9 + 724 =06

[L’3—2I4:5

We have chosen to ignore the equation corresponding to the row of zeros. This is
becuase it only tells us that 0z + Ox5 + 0z3 + Ox4 = 0, or in other words 0 = 0.
This equation is satisfied regardless of the values for x;, so it doesn’t really tell us
anything useful.

15
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After moving everything except x; and x3 to the right, we have:

T = —31'2 — 71’4 + 6
T3 — 2134 +5

That is, x5 and x4 are free variables. We can therefore find solutions of the

system by setting x5, and z4 to be whatever we should please, and then using the

equations to find what z; and x3 needs to be.
For example, for o = 0 and z4 = 1, we get:

T1=-3-0—-7-146=—1

.:CQZO
z3=2-1+5=7
374:1

In order to describe all possible solutions, we set x5 = s and x4, = t, for s
and t arbitrary numbers. Then the general solution is:

1 =-35s—Tt+6

To = S
T3 = 2t +5
Ty = t
or written as vectors
A 5]
2l =10| +s +t
T3 5 0 2
Ty 0 ].

e

If we have a system of more variables than equation, and the system is solvable,
will we always have free variables? Why?

Hint: We can at most have one pivot element in each row. Count rows and
columns.

Some degree of freedom

When we are reducing a matrix, we have a certain degree of freedom. However,
we can’t do anything other than the three types of row operations. In what order
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and which rows we operate on are up to us though.

We are reducing the following matrix:

7

Tt w O

2 41
8 2 0
9 2 4

=

Here we need to exchange the upper row with one of the other to get a pivot
element in the right position. We can freely choose which row to move to the
top.

We do also have some freedom when choosing the free variables. We can do as
in example 1.1.6, that is to choose those variables which correspond to columns
without pivot elements in the reduced form, but we can also choose other variables.

In the example 1.1.6 we ended up with the two variables x5 and x4 being free.
We could also have chosen x; and x3 to be free.
We reduced the system to the following:

T = —31’2 — 71’4 + 6
T3 =2x4+5
Solving the second equation for x:

.%3—5
Ty = 9

Substitution into the first equation gives:

—I — 7134 + 6
Ty — 3

= =~ — oa+

3 3 6 6
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Now, by setting x1 = s and x3 = ¢, we obtain the following general solution:

1 =S
1 7t+47
Ty = ——8 — — —
737 6 6
T3 —
1 5
Ty = —Tg — —
g g
Or in vector form:
1 0 1 0
al 2], 14|
zs| — | 0 + s 0 +1 1
Ty —g 0 %

At first glance this looks different from what we had in 1.1.6, but it describes
the same solutions. (If you let s = —1 and ¢ = 7, we have the same solution as
when we had zo = 0 and z4 = 1 in example 1.1.6).

A

Do note that even if we have an infinite amount of solution, every variable can’t
necessarily be chosen as free. For example, if a system of three variables is reduced
to

z+y=3
22 =28

Then either x or y can be chosen as being free, but z can not be free.
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Vectors and matrices

2.1 Vectors

We now introduce the most common vector, the ones used to model the real
world. An abstract notion of a vector needs to be based off the properties that
these vectors satisfy.

© Definition 2.1.1 Vector in R

Let n be some natural number, i.e. positive integer. Denote by R” = RxRx---R
the set of all n-tuples of real numbers. We write these in a few common notations.
For v € R",

U1

(%) .
» v=| | (column vector notation),

/UTZ
. V= [vl Vg v vn] (row vector notation),
» v=(vy,0,...,v,) (coordinate notation).

Vectors are usually denoted by a bold lowercase letter, v in typed texts. If written
by hand it is common to denote vectors by an arrow above, v, or a line below, v,
instead of boldtype.

19
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A

Unless explicitly told otherwise we will by a vector mean a column vector. Also,
to save vertical space we will often write out column vectors as list of numbers.
That is v = (1,2, 3) will be the same as

We wish to explore some properties of vectors. Let u,v € R" and o € R. Then
the following properties hold

U1 [0 %05
(%) QU2 . . .
e av=a| . | =| . | (scalar multiplication),
Uy, oy,
Uy (1 Uy + U1
U9 V2 U + Vg L.
e ut+v=|_ | +| | = ) (vector addition).
Unp, Un, Up + Up

We also have some geometric properties of vectors. Note that vectors have a sense
of direction and length,

 the dot product/inner product of two vectors is given by (u,v) =u-v =
U1V + UV + . .. UpUnp,

« The magnitude/length of a vector is given by |v| = \/U% +v3i4 02 =
VvV,

« the angle between two vectors, 6 is given by the relation u-v = |u||v| cos(6),

o two vectors are orthogonal if u-v = 0, or if the angle between them is a
right angle.

A vector on the form
1 Y1 azi + by,
T Yo axs + bys
ax+by=al| | +b|". | = :

T, Ym ATy, + OYm,
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is a linear combination of the vectors x and y. The numbers a and b is called
scalars. If we have n vectors x1,...,X,, then a vector on the form

a1X1 + asXs + - - + apX,

is a linear combination of the vectors x; with scalars a;.

If we have n vectors x1,...,X,, we define the linear span, or
span(xy, . ..,X,)
to be the set of all linear combinations of x4, ...,Xx,, that is every possible scaled
sum

a1X1 + ag9Xg + - - - + ap X,

11 1 4
The vector |16/ is a linear combination of |2| og |5]|. since
21 3 6
1 4 11
312 +21|5| =116
3 6 21
1 4
The span of (2| og |5| are all vectors i R? on the form
3 6
1 4
al2| +0b|5],
3 6

with ¢ and b numbers.

In R? and R? such sets can be easily visualized.
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a) The span of the set { [1

O] } is the z-axis in the zy-plane.

1
b) The span of the set ¢ |0,

on the form

for all values of a and b. This is the xy-plane.

Vector equations

Let us look back to the definitions leading up to augmented matrices, specifically
the matrix equation Ax = b. The left hand side of the equation was defined to be

ai1 Q2 o Gra | |21 1171 + Q1 2T2 + -+ - + A1 Ty
1 G2 -+ A2, | |T2 2,171 + A2 2%y + *++ + G2 Ty

m,1 Am2 *** Gmn T, Qm,121 + Qm,2T2 + -+ AmnTn
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and this can be split into a scaled sum of the column vectors of A

1121 + A12T2 + -+ + A1 Ty aj aio ain

2171 + Q29T + -+ + A2 T a1 a2 asp
: =Ti| . | tx2| . |+t Ty

Am,121 + Am 222 +-+ AmnTn Qm,1 Am,2 Am,n

A

Observe that Ax is the sum of the column vectors of A, scaled by the entries of
X, i.e.

T
T2

Ax = la; ay --- an:| .| = Ta; 1@y + -+ TRa,
xn

Thus Ax = b can also be seen as a vector equation.

This gives us a new way to look at systems of linear equations: The problem is
to find the scales x; such that the linear combination of the matrix columns equals
the right hand side.

The vector equation

1 2 —2 —5
z |1l +y|d9]+2| 9| =133
2 ) —1 0

is equivalent to the system of equation

T+2y—2z2=-5
T+5y+9z =33
2 +5y— 2=0

and has a unique solution:



CHAPTER 2. VECTORS AND MATRICES 24

Verify yourselves that the following is in fact an equality

1 Z =2 )
T =215 +4]9 | =133
2 ) —1l 0

A

If the right hand side of a matrix equation Ax = b is zero, i.e. b = 0, then the
equation is called homogeneous, and if it is nonzero, b # 0, then the equation
is called non-homogeneous.

The general solution of a matrix equation Ax = b is given by the sum of
the general solution of the homogeneous case x;, and a particular solution of the
non-homogeneous case x,,

X = Xp + Xp.

Linear Transformations

When working with vectors we will often use a particular type of function on them
that behaves nicely. Let us indulge in a small description of these.

© Definition 2.1.2 Linear Transformation

We call a function 7' : R” — R™ a linear transformation if it preserves scalar
multiplication and vector addition, that is

T(ax + By) = oT'(z) + BT (y),

forany o, 8 € R and z,y € R™.

The following are some examples of linear transformations:

= |d: R? — R? [xll > [xll (Identity Mapping),
) )

« $:R?2 R [‘UI] — [@1

X2 X1

n T R?’ — RS,T($1,I2,I3> = (Il, 21‘2,1‘3),
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= P:R® = R? P(x1,22,73) = (21, 22).

You can confirm these are linear transformations directly using the definition.
We also introduce an examples of a mapping that is not a linear transforma-
tion.

= T:R? = R (21,29) = (2, 22).

Linear transformations are particularly nice functions, however in the forms
given they are not necessarily nice to work with. Is there a way we can write these
in a nice way?

2.2 Matrices

We have for some time now worked with matrices without really going into the
gritty details. Let us look a bit more closely on what they are. We will se that
vectors are a special type of matrices, and that the operations possible on them
extends nicely to matrices as well.

© Definition 2.2.1

A matrix is a rectangular array of numbers. A matrix A having m rows and n
columns is written as

11 Q12 - Qinp

Q21 Q22 -+ Q2p
A= | _ .

Am1 Am2 ' Omn

The size of a matrix is the number of rows and columns, and we say that
a matrix A is of size m x n, or A is an m X n-matrix, if it has m rows and n
columns. Two matrices of equal size and with the same elements in corresponding
positions are equal.

A

Another useful notion when working with matrices is to consider the matrix being
built up of column vectors. If we let a; be the column vector consisting of the
elements of the jth column of a m x n-matrix A, then we can write A as

A=|a; as --- a,
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a1 .- Qa1 .- A1p
(78] ai,j ;i
a,m71 800 am,j bao Cme‘
=
Identity matrix:
1 0
Zero matrix:
0 0

Symmetric and anti-symmetric matrices:

a b 0 d
b c|” |—d O
for numbers a, b, ¢, d.
Upper- and lower triangular matrices:

b1

for numbers a,b,c,d,e, f.

e

Can you write down 3 x 3 (anti-)symmetric and upper/lower triangular matrices?

Let us look at some uglier matrices as well.



CHAPTER 2. VECTORS AND MATRICES 27

A= (1) g i’ 2 rows and 3 columns (2 x 3)-matrix
3 8

B=19 8 3 rows and 2 columns (3 x 2)-matrix
0 1
1 10

C=12 31 3 rows and 3 columns (3 x 3)-matrix
0 4 1
2

D=1 3 rows and 1 columns (3 x 1)-matrix
4

1§ = [1 3 2} 1 rows and 3 columns (1 x 3)-matrix

Note that the matrix D and the matrix £ can also be seen as vectors. Hence
we give the following alternative definition of vectors.

© Definition 2.2.2 Alternative vector definition

A vector is a matrix having either only one row or one column. Matrices having
only one column (n x 1-matrices) are called column vectors and matrices having
only one row (1 x n) are called row vectors.

& Theorem 2.2.1

Let A be an m X n-matrix, a, 5 € R a number and x,y € R" vectors, then
A(ax + By) = aAx + Ay
Equivalently, the function Ty: R™ — R™ given by
Ty(x) = Ax

is a linear transformation.
That is, Any mapping defined by a matrix is a linear transformation.

Actually, we have that the linear transformations described this way gives us
every linear transformation.
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& Theorem 2.2.2

Let 7 : R™ — R™ be a linear transformation. There exists a unique m X n-matrix
A such that
T(x) =Ax, (x€R").

This matrix is given by
A=[T(er) T(es) - T(en)]

where e, is the ith standard basis vector of R™, which consists of a 1 in the
ith row and zero elsewhere.

1 0 0
0 1 0
el = 0 7e2 = O 9°0°0° ,en = 0
0] 0 1)

H Example 2.2.3 Matrices for some Linear Transformations

Consider the linear transformations from Example 2.1.4. We will rewrite these
using a matrix.

s |d: R? — R? has the matrix I = [(1) (1)]

» §:R?* —» R? S(x) = Az has the matrix A = [(1) (1)]

—_

0
» T:R?— R3 T(z) = bx has the matrix B = |0
0

O N O
— O

2.3 Matrix operations

Addition and subtraction

As with numbers, we can add and subtract matrices. This is done element wise
and only if the matrices are of the same size.
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123+251“_'1+22+53+1_374
732 "[930 |[7T+9 3+3 240/ |16 6 2
03] [28 -2 -5
71 -3 1=]4 0
59/ |0 3 5 6
0 3
F ; ;5]%— 7 1| = undefined
5 9

Addition on numbers is commutative, meaning that the order of the numbers
are indifferent.

34+79 =113
79434 =113

There is also a special number (additive identity) under addition which has no
effect on the other, namely zero.

340 + 0 = 340
0+ 59 =59

Both of these properties have their analogue for addition in matrices, since
addition on those are defined element wise.

& Theorem 2.3.1
Let A, B and C be matrices of equal size m x n, then

» A+ B = B+ A (Additive commutativity)
» (A+B)+C = A+ (B+C) (Additive associativity)
= A+ 0= A (Additive identity)

where 0 is the zero matrix of size m x n, that is the matrix with all elements
equal zero.

Scalar multiplication

If we have a number ¢ and a matrix A, then we can scale the matrix using the
operation scalar multiplication. This is done by taking the produkt of ¢ element
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wise on the matrix A, and we denote the resulting matrix with cA.

11 Q12 -+ Qinp ca11 Cayo - Chip

21 G292 - dzn Caz1 Cagzg -+ Cdagqn
cA=c| , ) ) =

m,1 Qm2 *° Gmn Chm1 CAm2 - COmnp

Let us look at the scalar multiplication of the matrices from example 2.2.2

1 2 3 36 9
3A_3031]_[093]
3 8 12 32
4B =419 8| = (36 32
0 1 0 4
11 0 2 2 0
20=212 3 1| =14 6 2
0 4 1 0 8 2
2 10
5D=5|1| = |5
4 20

8E:8[1 3 2|=[8 24 16}

This operation also inherit some good looking properties from multiplication
of numbers. Recall that when you multiply numbers with an addition of numbers
in parentheses you can either sum up the addition and then multiply or multiply
each summand and then add.

3-6=18
3(4+2)_{ 3:4+3-2=1246=18

6-4=24

(5“)4:{ 544 1-4=20+44=24

& Theorem 2.3.2

Let A and B be matrices of equal size m x n and ¢, d be two numbers, then

» ¢(dA) = (ed)A
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= ¢(A+B)=cA+cB

» (c+d)A=cA+dA

n 1A=A

Multiplication of matrices

Another operation of numbers which we would like to emulate for matrices are
multiplication. There is a naivé way of defining such an operation by doing it
element wise. This turns out to be of little to no benefit, so let us disregard that
idea at once.

Let us recall that linear transformations are uniquely determined by a matrix.
Therefore, when multiplying a vector x € R™ with a m x n-matrix, we can think
of it as a function from R™ to R™. We want to think of multiplication of two

matrices as the composition of two function, and therefore the following equality
has to hold:
(AB)x = A(Bx)

The linear transformation 75 (multiplication by B) acts first and then the trans-
formation T4 (multiplication by A). If A is a m X n-matrix and B a g X p-matrix,
then we need n = p for this to make sense, since Tz sends vectors in R to vectors
in R? and T4 sends vectors in R™ to vectors in R™.

Re 2, gp—pn 1A, pm

TaB

The composition of Tg with Ty will be Tyg. Before defining what AB has to
be for this to make sense, let us look at an example.

Let A and B be the following two 2 x 2-matrices:
3 -5 4 3
S I

We want to find the matrix AB such that (AB)v = A(Bv) for all vectors v i R2.
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We first look at multiplication with the standard basis vectors

b = [

We know from the definition of matrix multiplication on vectors that by multiplying
a 2 x 2-matrix with one of these vectors, we obtain either the first or second column

of the matrix.
1 4
2l - |}
1 3 —5| |4 2
A(ofaf) -2 7)< 1=
We want AB to be given in a way that satisfies
(AB)v = A(Bv)

for all vectors v. In particular:

am ] (2] - |2

Since multiplication with
1
0

gives us the first column of the matrix, we know that the first column of AB has

to be
2
22

()= 70 =L
m ] =4 (2[1) - i)

—_
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Then we see that the second column of AB needs to be:

b

2 4
AB = [22 13]

So the product of A og B is:

In general if A is of size m x n, B is of size n X p and x € RP, then
Bx = l’lbl + IL‘sz —+ -4 l‘pbp

for by, ..., b, the columns of B and x4, ..., z, the elements of x. Now using that
A(ax + By) = aAx + Ay, we have

A(Bx) = z1Aby + 29Axy + - - - + 2,Ab,

We recognize this as being equal to

T
4]
[Aby Aby - Ab,] = [4b; Ab, .-+ Ab,|x
Tp
and we conclude that AB = [Abl Aby - Abp}, or using the definition of
multiplication of matrix with vector, we have
a1b1 a1b2 tee albp
AB — aZ'bl 32.b2 a2pp
a,b; a,by --- a,b,

where ay,...a, is the row vectors of A.

© Definition 2.3.1

Let A be an m x n-matrix and B an n X p-matrix. Their product AB is an m X p
matrix where the element (AB); ; is

(AB)ij = @iabij + aiobo; + - + @inbn; = Z ; 1:by, ;
k=1

which is the same as saying that (AB), ; is the dot product of the ith row vector
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I of A and the jth column vector of B.

¢ n 5 < p >
A o - ( p ) A r
a1 Qi --- Qg T 7 abyy --- aby; abyp
bia by b1p
ba 1 b2,j by P ’
m @1 Qi2 --- Qip X n =m abiy -+ abj ab; ,
4t s a b1 bn,;j bnp
m, m, m,n ~ L . abm71 AR abmd * a/bm’p
TOW i X column j = (1, 7)-element

A possibly easier way of visualizing the process is the following.
Say we want to calculate the following product

3%x2

2X3 —A— 2x2
[123]71_[ab1
73259 c d

then we can organize the matrices as following

O QIO g O
QO W

1 2 3
7 3 2

The second matrix is placed in the upper right corner and the first matrix in the
lower left corner. In order to find the elements in the product, we take the dot
product of the row and column pointing in to the element.
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0 3
7 1
5 9
1 a b
7 ¢ d

a=1-0+2-7T7+3-5=29

o Lot 39 O
QL SO = W

b=1-3+2-14+3-9=32

|-B 3

This gives us

N
O = W

A

Be aware that matrix multiplication is only defined if the matrices has the right
corresponding sizes.
[mx ) - [fxpl=mxp

B Example 2.3.5
a) Calculate, if possible,
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1 1 0
2 3 1
0 4 1
1 2 315 19 5
7 3 213 24 5
[123}1;?_[51951
73 2 0 4 1 13 24 5
b) Calculate, if possible,
1 10 1 2 3
2 31 73 9
0 41

This is undefined since the number of columns in the first matrix do not equal the
number of rows in the second matrix.

We have seen that additive properties of numbers have corresponding properties
for addition of matrices. The same holds true for multiplication, except for one
crucial detail, namely commutativity, i.e. a X b = b x a. We have already seen an
extreme way it fails to commute in the preceding example, namely because of size
constraints, but as we will now see it is generally not true even for square matrices
(n x n).

i

0 110 0 |0 1 4 0 0 |0 0[]0 1
0 0/|0 1| [0 O 0 0 |0 1{1]0 O
However, we have a lot of other nice properties of matrix-multiplication.

& Theorem 2.3.3

Let A, B and C be matrices such that the operations described below is defined,
and d a number. Then

» Multiplicative associativity

A(BC) = (AB)C
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» Multiplicative distributivity
A(B+C)=AB+ AC and (A+ B)C = AC + BC

« (dA)B = d(AB) = A(dB)

Let now [, denote a n X n-matrix with 1's on the diagonal and 0's everywhere
else, then for A a m x n-matrix we have

» Al,=A=1,A. Thus [, is called the n x n identity matrix.

A

Let us stress the fact that for two matrices A and B, we do in general not have

AB = BA

Let A, B and C be the following matrices:
5 0 =2
= l?) 1 4 ]
2 1
1o = E ﬂ
2 4

A is of size 2 x 3 and B is of size 3 x 2, so AB must be of size 2 x 2. Let us
calculate this using the definition:

B:

5:24-0-14(—2)-2  5-14-0-0+(—2)-4
AB =
3-24+1-144-2 3-1+1-0+4-4
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Multiplying the same matrices, but in opposite order gives a 3 X 3-matrix:

(25413 20411 2(-2)+14
BA = [15+03 10401 1:(-2)+0-4
25+43 20441 2:(—2)+4-4

(13 1 0

= |5 0 =2
22 4 12

The product of B and C'is the 3 x 2-matrix

5 8
BC=1|1 2
14 20

However the product C'B is not defined, since C' is of size 2 x 2 and B is of size
3 x 2.
We could have calculated C' A, but AC is also not defined.

A

Another important remark is that cancellation of matrices are in general not pos-
sible. That is, if AB = AC, then we do not necessarily have B = C. For

T E R

b il o

However,

38

Matrix transpose

Before moving on to the more interesting concept of inverse matrices, let us as
an interlude mention a matrix operation which do not have an equal in number

manipulation.

© Definition 2.3.2
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Let ) )
11 A12 --- Q1p
Q21 QA22 --- Q2n
am,l am,2 e am,n

be a m x n-matrix. The transpose of A is the n x m-matrix

11 G21 --- Qm1
Q12 GA22 --- Am2
Q1pn A2n --- Amn

where the rows are the columns of A and the columns are the rows in A.

A square matrix A is symmetric if and only if A = AT,

B Example 2.3.8
If we let A be the matrix

5 0 —2
A= L’) 1 4 1 ’
then the transpose of A is:
5 3
AT=10 1
-2 4
& Theorem 2.3.4
For every matrix A we have:
(AT = A.

If A and B are matrices such that the product AB is defined, then:

(AB)T = BT . AT,

2.4 Invertability

39
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1

For every number a not equal to zero, there exist an inverse number a™" = % such

that a-a~' =1 = a'a. It is natural to wonder whether this property extends to
matrices. Let us limit the discussion to only square matrices, i.e. matrices of size
n X n for some n. The question is then: Given a square n X n-matrix A, can we
find a matrix B such that the following equalities hold?

AB =1, = BA.

Let us look at an example of such matrices.

Let A and B be the following 2 x 2-matrices:

I

Then we have
[4 =2 [-172 1] _[1 0] _
A'B_[S —1] [—3/2 2]_[0 1]_[2

R EREE

These matrices therefore satisfies

and

A-B=1,=B" A

© Definition 2.4.1
Let A be a matrix of size n X n. An inverse of A is a n X n-matrix B such that

AB = I, = BA.

A matrix is invertible if it has an inverse.

A square matrix do not necessarily have an inverse. The following three ma-
trices are examples of such.
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0 0 1 0 11
a=lod] =l o] e o=]f ]

are not invertible matrices.

& Theorem 2.4.1

If a matrix has an inverse, then the inverse matrix is unique. We denote this
matrix by A1

One reason to be interested in the invertability of matrices comes from the
solvability of linear equations. Remember that if we have a system of n linear
equations in n variables, then we can construct the corresponding matrix equation
Ax = b where A is the coefficient matrix.

& Theorem 2.4.2

Let A be a n x n-matrix, and b € R" a vector. If A is invertible then Ax = b
has a solution. The solution is unique and given by A~'b
Moreover, if Ax = c has a solution for every c € R", then A is invertible.

Simultaneous solutions of multiple systems

Assume that we want to solve multiple matrix equations

AXl = b1
AXQ = bg
Axt = bt

with the same coefficient matriz A, but different vectors on the right by, bs, ..., b;.
Then we could reduce the augmented matrix of each system individually:

4D
4P

4]b]
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Or we could observe that since the left hand side is equal for each of them, we are
doing the same thing multiple times except for what is on the right side. We can
save ourselves a lot of trouble if we combine all the augmented matrices into one:

[Alby by - by

and reduce that instead.

Let A be the following matrix:

We would like to solve the following systems:
—2 10 —4

We combine them all into a big augmented matrix and reduce

2 —2|1-2 10 —4 1 3|7 1 0

1 3|7 1 0 |2 —2| -2 10 —4
(1 3] 7 1 0
|0 —8|-16 8 —4
(1 3|7 1 0
0 1|2 -1 1/2
(1 01 4 -3/2
0 12 -1 1/2

The last matrix is in reduced row echelon form, and we read the solutions of the
systems from the right hand side of this matrix.

S S S b

Finding the inverse matrix

Now, let us find a formula for the inverse matrices. Assume that we have a n X n-
matrix A. We would ascertain whether it is invertible and if so find the inverse
matrix A~L
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We consider the equation

AX =1,

where X is an unknown n X n-matrix. Let
X1, X2, ..., Xp

be the columns of X, that is

X = [Xl Xg - xn},
then we can write the product AX as

AX = [Axl Axg - Axn}

Let us name the columns of I, as well:

I, = [el e ... en}

That means that e; is the vector in R™ with 1 in the ¢th row, and 0’s everywhere
else.
The equation AX = [, is now equal to the equations:

AX1 =€
AXQ = €2
Ax, = e,

By the technique described above we can therefore reduce the augmented matrix
[A‘el ey --- en}:{A‘In}
to solve for X.

We want to invert the following matrix if possible:

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

Following the ideas above, we would like to find a matrix X such that AX = I3
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0
AX3: 0
1

We make the combined augmented matrix for the systems and reduce:

by solving the three systems:

1 0
AXl = |0 AX2 = |1
0 0

1 -1 -3|{1 00 1 -1 =3/ 1 00
o 1 3]010~]0 1 3]0 10
2 -2 —1/0 0 1] |0 0 5|-201
1 -1 =3/ 1 00
~10 1 3]0 10
2
00 1|-201}
1.0 0/ 1 10
~10 1 3]0 10
(00 1|-2 0}
(1.0 0/ 1 1 0
00 1|-20 1

We obtain from this the following solutions:

1 1 0
X1 = |: 6/5 :| X9 = I:l] X3 = |:3/5:|
—2/5 0 1/5

Now, X is given by

1 1 0
X =[x1 % x3]= {6/5 1 3/5]
—2/5 0 1/5

We have found X by solving AX = I3, and if you try taking the product X A,
you will find that this also equals I3. We conclude that X is the inverse of A and
A is invertible, that is X = A~!

In the example we solved the equation AX = I3, and it turned out that X also
solved XA = I3, so we concluded that A=! = X. This actually holds in general.
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& Theorem 2.4.3

Let A be a n X n-matrix.
(a) A is invertible if and only if the reduced row echelon form of A equals I,.
(b) If A is invertible, we can find the inverse by reducing the matrix
411]

to reduced row echelon form and read out the right hand side. In other
word: The reduced row echelon form is on the form:

L] 47

Formula for inverting a 2 x 2-matrix

For a 2 x 2-matrix, there is an explicit formula for the inverse.

& Theorem 2.4.4
Let

be invertible. Then

1 d —b
Al =
ad — be [—C a ]

,1_ab_1 d —=b| |1 0]
44 _lc d] ad—bc[—c al| |0 1_12

The product A='A = I, is calculated in the same way.

Proof.



