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Chapter 1: Linear Equations



2 1.1 Equations

1.1 Equations

Definition: An equation is two mathematical expressions joined with an equal sign.
Example 1-1

The equation
y2 =14z

is composed of the expressions y2 and 1 + x.

When an equation involves one or more variables (like 2 and y here) equality will usually hold for only
certain values of the variables. These particular values are called the solutions of the equation. As
an example the pair of values z = 0, y = —1, or, more simply (z,y) = (0, —1), is one solution to the
previous equation. Solving an equation is the act of finding the solutions of it. If we plotted points for
all the solutions to the previous equation in the Cartesian coordinate system we would see these form a
curve (a parabola).

We are perhaps more familiar with an equation that represent a (straight) line, like

L 1
= ——=T —
Y=
Recalling the slope-intercept general form for a line, y = mx +b, we see that the constants are m = —1/2
and b = —1 for the slope and intercept of the line respectively. This latter equation is an example of a

linear equation which we will define precisely shortly.

If we graphed the curve y? = z + 1, the point (0, —1), and the line y = f%x — 1, we would see that the
line is actually a tangent line to the curve at the point (0,—1) as it just touches the curve at (0, —1)
without crossing it. One observes that if we were only interested in the parabola at points very close to
the point (0,—1), the straight line determined by the linear equation would approximate the curve

quite well.

v =1+x

y:

As such, near a point on a curve that might arise from some arbitrary equation involving two variables
there is a line which approximates it well and that line is represented by a linear equation.

If we would introduce a further variable (like z) into our original equation the triplets (z,y, z) that
satisfy it would, in general, generate a surface in three dimensions. For example the points of a sphere
of radius r = 5 centred on the origin satisfy the equation

2?4?22 =25,
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Near one of the points on that surface we could approximate the surface by a tangent plane. As an
example the spherical Earth locally at a point P is approximately a flat plane.

A plane, in turn, we will see can be represented algebraically by the solutions of a linear equation in
three variables. As such, an understanding of these linear algebraic structures, and, to the extent we

can visualize them, their graphs, will provide us with useful insights and approximations for more
general equations.
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1.2 Equations of a Line

A straight line in the z-y plane can be characterized in several ways. The following are common forms
of a linear equation in two variables. Which of the “recipes” to use depends on what information one
has regarding the line.

The slope—intercept form of a line is used when the y—intercept b is known as well as its direction,
characterized by the slope m.! It has the familiar form:

\;)l/\

The point—slope form of an equation is used in the more general case when one still knows the slope,
m, but now an arbitrary point (x1,y;) on the line. It is given by

\y

y*ylzm(xfiﬂl)‘

\1‘

In the event two points (z1,y1) and (z2,y2) on the line are known rather than the slope one can use
the two point form for a line:

\ac

which arises from the point—slope form by noting that m = % = =L None of the previous three
2—T1
line equations can represent vertical lines.

If one knows the z-intercept a of a line in addition to its y-intercept b the two intercept form is just

R

A’x

LOne prefers the y-intercept b over the z—intercept a (where the line crosses the z—axis), because any line that can be
written as a function y = f(x) can always be written in the form y = ma + b. The horizontal line y = 3, which is a valid
function, has no z-intercept.
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since clearly when z = 0 one has y = b and when y = 0 one has z = a. This two intercept form cannot,
however, represent lines that lack an intercept (either x or y), namely horizontal and vertical lines.

The standard form of a line is given by

where a1, ag, and b are constants with a; and as not both zero. While geometrically the constants do
not have an immediate meaning like the previous equations, the standard form is able to represent all
possible lines in the plane.? One can always rearrange it into one of the other forms to interpret it
geometrically. Alternatively substitute any two values of = and evaluate (solve for) their y-coordinates
to establish two points on the line for graphing.

Example 1-2
Find the standard form of the equation of the line going through points (1, 3) and (—2,9).

Solution:
Since we are given two points, use the two point form with (z1,y1) = (1, 3) and (z2,y2) = (—2,9) to
get

9-3
21

y—3= (—1)
which simplifies to
y—3=-2(x—-1)

Expanding the right hand side to get y —3 = —2z + 2 and isolating the variables on the left gives
the standard form
20 +y=>5.

One can check that the points (1,3) and (—2,9) satisfy the equation.

Example 1-3
Convert the line with standard form 6z — y = 2 into two intercept form and sketch the line.

Solution:
The two intercept form z/a + y/b = 1 requires a 1 on the right hand side so dividing 6z —y = 2 by
two gives
3z — Y1,
2
Noting that multiplying by 3 in the first term is the same as dividing by its reciprocal 1/3 and

bringing the -1 into the denominator of the second term gives the two intercept form

with z-intercept @ = 1/3 and y-intercept b = —2. Plotting the points (1/3,0) and (0, —2) and
joining them with the straight line gives the following graph.

Y

2It will be shown later that constants a; and as can be interpreted in terms of the normal direction to the line.
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1.3 Systems of Linear Equations

The equation of a line, a1 + a2y = b is a linear equation for 2 variables,  and y. More generally we
have the following.

Definition: A linear equation in n variables x1, x2, ..., , is an equation that can be written in
the form

‘a1$1+a2$2+...+an$n:b

where the a; are the (constant) coefficients and b is the constant term.
Note that one or more of the constants in a linear equation may be zero.

Definition: A solution of the linear equation ayx1 + asxs + ...+ apx, = b is a sequence of numbers

(t1,t2,...,t,) such that the substitution x1 = t1, xo = ta, ... 2, = t, into the equation makes it
true.

Example 1-4
1. For 3z1 +2x5 = 5, we have 1 = 3, x5 = —2 as a solution and z1 = —5 and x5 = 10 as another

solution as can be confirmed by direct substitution into the equation.

2. For 22 + 3y — 2z =2 we have z = 2, y = 2, and z = 4 as a solution.

Definition: Linear equation aixi + asxo + ... + apx, = b is called homogeneous if b = 0 and
non-homogeneous otherwise.

Example 1-5

1. 2z — 3y = 0 is homogeneous

2. —2x1 + 3z2 — x3 = 5 is non-homogeneous.
Definition: A system of linear equations (or linear system) is a finite set of two or more linear
equations involving the same set of variables called the unknowns.

Definition: A solution of a linear system involving n unknowns is a sequence of numbers (¢1,to, ..., t,)
that is simultaneously a solution of every linear equation in the system.

Example 1-6
The equations
ot +y =3
2 —y =4
form a linear system of two equations in two unknowns. x = 1, y = —2 is a solution to the system.

Equivalently we may write the solution as (z,y) = (1,—2).
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1.3.1 Geometrical Interpretation of the Solution

The solution of a linear system with two equations in two dimensions has a convenient geometrical
interpretation. Suppose we have such a system of two equations in two unknowns:

T +biy =1
asx + boy = co

Since each linear equation separately represents a line in the plane, a solution z, y of the system must
be any point (z,y) that geometrically lies on both lines. Thus a unique solution occurs if the lines
are not parallel since they then intersect at a single point. The system has no solution if the lines are
parallel (equal slopes) but do not overlap. The system has infinitely many solutions if the two lines are
parallel and do overlap (i.e. are coincident).

b

lines not parallel different parallel lines coincident parallel lines
In Example the solution is unique as the lines are not parallel and intersect only at the point (1, —2).

1.3.2 Consistent and Homogeneous Linear Systems

Definition: A linear system which has at least one solution is called consistent. This means that the
system will have at least one solution. A system which has no solution is called inconsistent.

Example 1-7

1. The system ; B Sg B 22 is inconsistent because there are no solutions to this system.
T — 6y =

To see this algebraically note the left side of the second equation is double the left side of
the first but the right sides are equal. If, for given = and y, the left side is zero then this is
not a solution. If, for given x and y, the left sides are non-zero then both must be so with
one being double the other which contradicts them being equal as required by the right sides.
Geometrically, writing the equations in point-slope form shows they both have slope m = 1/3
so they are parallel but a solution to the first, such as (z,y) = (0, —2/3), is not a solution of
the second, so the lines do not overlap.

y—xz=1

2. The system is consistent because it has at least one solution, x = —1/3, y = 2/3

2yt+z=1
which can be verified by substitution. Geometrically, writing the lines in point-slope form
shows they have slopes m1 = 1 and mg = —1/2 respectively which are not equal so the lines
are not parallel. Since they lie in the plane they intersect at a point, in fact (—1/3,2/3), which
is a solution of the system.
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Definition: A homogeneous system is a linear system in which every linear equation is homogeneous
(i.e. right-hand side constant terms are all zero). A non-homogeneous system is a system in
which at least one linear equation is non-homogeneous.

Example 1-8

r+y=0

The system { is homogeneous.

20 —4y =0

Every homogeneous system is consistent since setting all unknowns equal zero (z = 0, y = 0 in the
previous example) will be a solution to the linear system.

Definition: If the number of equations in a linear system equals the number of unknowns the system is
called determined. If the number of equations is less than the number of unknowns the system
is underdetermined. If the number of equations exceeds the number of unknowns the system
is overdetermined.

Example 1-9
Describe the following systems of linear equations:
1.
3r4+22=17
r—4y—42=3
3xr+3y+82=0
There are 3 equations with 3 unknowns, thus the system is determined. It is non-homogeneous
since the right hand side is not identically zero.
2.
—x+224+w=0
20 +3y—5z4+w=0
z—2w=0
There are 3 equations with 4 unknowns, therefore the system is underdetermined. It is
homogeneous since the right hand side is identically zero and so also a consistent system as
(z,y,z,w) = (0,0,0,0) will be at least one solution.
3.
20 —y =2
—x+y="7
—bx + 6y =—4
There are 3 equations with 2 unknowns, therefore the system is overdetermined. It is also
non-homogeneous.




Linear Equations 9

1.4 Parameterization of Solutions

When a linear system has an infinite number of solutions, these can be conveniently described by the
introduction of one or more parameters. These are independent variables in the solution description
which can be assigned any numerical values to produce one of the solutions to the linear system.

Example 1-10

Show that the following parametric form

r=2s+1
y=1-—s
z=35

where parameter s is any real number, is a solution to the underdetermined linear system

2r+3y—z2=>5
—x+2z=-1

Solution:
We must show that x =2s+ 1, y = 1 — s, z = s satisfies each linear equation in the system for any
value of s. Direct substitution in the left-hand side of the first equation gives

204+ 3y—2=22s+1)+3(1—s)—s
=45+2+3—-35—35
=5

as required. Substitution into the second linear equation gives

—x+2z2=—(2s+1)+2s
=—25—1+42s
=-1

showing that it is also satisfied. Choosing a particular value of s in the parametric form (such as
s = 2) would provide (z,y, z) = (5, —1,2), one of the infinitely many solutions of the system.

We will see that any consistent linear system with more than one solution can have its general solution
described, using enough parameters, in a parametric form. Such a parametric solution is not unique
and can be written in several ways. The reader may verify that

r=—-2t+3
y=t
z=1-—1

for parameter ¢ is also a parametric solution to the linear system in Example [1-10].

We can interpret our parametric solution in the previous example geometrically. A linear equation in
three unknowns has the form

a1z +agy +aszz="=.
If at least one of the coefficients a; is non-zero we will see that its solutions (z,y, z) constitute a plane
in three-dimensional space. A solution of a linear system involving two equations in three unknowns
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requires geometrically that the solutions lie simultaneously on two planes. The intersection of two
planes that are not parallel is a line. Our first parametric solution, by finding the points generated by
evaluating it for all possible values of s, describes this line in three-dimensional space.

If we had a third equation in our linear system we would have had a determined system. We would
have expected typically a single solution since three planes (assuming each equation represents a plane)
typically intersect at a point. The line intersection of the first two planes will be cut at a single point
by the third plane.

If we had added a fourth equation forming an overdetermined system we typically would expect no
solution since if each equation represents a plane, the point that is the intersection of the first three
planes will not, in general, lie on the fourth.

So generally one expects that underdetermined systems have an infinite number of solutions, determined
systems have one solution and overdetermined systems have no solution. There are exceptions, however,
due to the fact that (as in a three dimensional example such as ours) some of the planes could be
parallel and, if so, either overlap or not. If they overlap then one could really have removed one of them
without affecting the system. If they don’t overlap then the system must be inconsistent. Also a linear
equation in our three dimensional example may not represent a plane, for instance, if all the coefficients
a; = 0. In that case if b = 0 such an equation could be removed as it produces no restriction on the
variables (0 = 0). If b # 0 then that equation has no solution (0 # b) and hence the linear system
would be inconsistent. Other exceptions are also possible. As such we will have to come up with a
more systematic analysis of our linear systems. That said, if, for instance, the constants in our linear
system were generated completely at random our expectation on the nature of the solution set would
be based on a consideration of the number of equations and the number of unknowns.

As a final comment, the behaviour of linear equations gives us insight into the behaviour of arbitrary
equations. For instance, if we had a system of two non-linear equations in three unknowns (three
dimensions) each equation would represent more generally a surface, not a plane. However if a solution
exists (the surfaces intersect) then in the neighbourhood around that point the surfaces could typically
be approximated by their tangent planes which, as we have discussed, would intersect in a line. Now for
our surfaces as we move further away from our initial point we do not expect a straight line, but rather
a curve for the solution. So, for instance, two intersecting spherical surfaces will typically intersect
in a circle.? In the case of having three equations in three unknowns we can again consider that in
the vicinity of a solution the surfaces will behave like three intersecting tangent planes. As such we
expect the solution to be typically isolated (a point) since the intersecting planes, generally speaking,
would have a unique solution. As an example, a third spherical surface would intersect the circular
intersection of the first two at isolated points. As such our expectation for general systems of equations
follows from the behaviour of linear ones. If the number of equations equals the number of unknowns
we expect, if solution exist, that they are isolated solutions. Having fewer equations than unknowns we
expect that if solutions exist that there will be an infinite number of them. Finally if we have more
equations than unknowns we expect no solutions.

3They could intersect at a point if they just touched each other. Note that the tangent planes in this case are also
exceptional as they are parallel and coincident.
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1.5 Elementary Methods for Solving Linear Systems

So far we have only checked that certain values are solutions to linear equations and systems. The
obvious question is how does one find these solutions. To solve a linear system involving few variables
there are several strategies that involve eliminating variables.

Example 1-11
Solve the linear system

dx+y=3
20 —y =4

Solution:
One method to eliminate a variable is to add a suitable multiple of one equation to the other. In
this example simply adding both sides of the equation eliminates the y variable:

Sr+y+2r—y=3+4
Tx =17

r=1

Substitution of z = 1 into the second original equation then gives

2(1)—y=4
2—y=4
—y=2
y=-2
Thus z =1 and y = —2 is a solution to the system.

A second method to solve the system is the method of substitution. Solving the first equation
for y gives y = 3 — Hx. Substitution of 3 — 5x for y in the second equation then gives

20— (3 —bx) =4

Tx—3=4
Tx =17
r=1

Then substitution of z =1 into y = 3 — 5z gives y = 3 — 5(1) = —2 as before.

One can easily check that (z,y) = (1, —2) solves the original system.

For a linear system with more variables and many non-zero constants like
r+y+2z2=9
2r+4y—3z=1
3x+6y—5z=0

we cannot easily eliminate the variables to obtain a solution. Thus we need to develop systematic
techniques to solve linear systems.



12



Chapter 2: Matrices

13



14 2.1 Definition of a Matriz

2.1 Definition of a Matrix

Definition: A matrix is a rectangular array of numbers each of which is called an entry of the

matrix.
Example 2-1
2 1 3 2 -1 ;
A= |-1 2 B=]0 5 1 C= [5 1 O} D = 4
0 5 11 -2 3

We can assign a name (A, B, etc.) to the matrix as shown. Each horizontal line of numbers is called a
row of the matrix; each vertical line of numbers is called a column. Any matrix consists of m rows
and n columns. Matrix A above has 3 rows and 2 columns. It is an example of a 3 x 2 (“three by
two”) matrix. These are the dimensions of the matrix. Matrix B is an example of a square matrix,
a matrix in which the number of columns equals the number of rows. We can refer to an entry of a
matrix by subscripts, row first then column. So for matrix A above, ag; = —1. We will use upper case
letters to represent matrices as a whole and lower case letters for their entries. For a matrix A with
entries a;; it is convenient to use the notation A = [a;;] .

Definition: A row matrix is a matrix of dimension 1 X n and a column matrix is a matrix of
dimension m x 1.

In Example matrix C' is a row matrix and matrix D is a column matrix.
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2.2 Linear Systems and Matrices

The general form (or standard form) of a linear system of m equations in n unknowns is:

a1y + a12x2 + ...+ ATy = bl

a2171 + G22%2 + ...+ A2,Ty = bo

Am1X1 + G2 + ... + Gn @y = b

Note that here two indices are required to keep track of the coefficients; the first index indicates to
which equation the coefficient belongs, while the second index indicates of which variable it is the
coefficient.

The constants and unknowns can be organized into the following matrices:

ail ai12 . A1n I bl

a1 a22 . agn T2 bz
A - . . . 9 X = . 9 B -

Am1  Gm2 - Qmp Ty bm

The m x n matrix A is called the coefficient matrix of the system, X is the matrix of unknowns and
B is the right-hand side of the system.!

Definition: The matrix which is made up of the coefficient matrix A and the right-hand side B is
called the augmented matrix of the system and is denoted by [A|B]. For a linear system of m
equations in n unknowns the augmented matrix is the m x (n + 1) matrix:

ail ai12 . A1n bl

as1 a22 . agn b2
[A|B] =

Am1l  Gm2 -+ Gmpn | bm

Note that each equation of a linear system corresponds to a row of the augmented matrix and wvice
Versa.

Example 2-2
Derive the augmented matrix for the following linear system.
3r4+2z2=17

r+4y—4z=3
2x4+2y+82 =1

Solution:
We have the coefficient, unknown, and right-hand side matrices:

3.0 2 x 7
A= |1 4 —4|, x=|y|, B=13] .
33 8 2 1

ILater we will show that a matrix multiplication operation can be introduced so that the linear system is reducible to
the matrix equation AX = B.
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so the augmented matrix is:

30 2|7
[A|B]=|1 4 —4|3
33 8|1

Example 2-3

Write down the system of linear equations for the following augmented matrix.

-1 0 2 1|-10

Solution:
Identifying the coefficient matrix A and the unknown matrix B we see we have the linear system of
three equations in four unknowns is given by

—x1 4+ 223+ 24 = —10
2x1 +3x2 — bx3+ 44 =8
T3 —2x4 =05
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2.3 Row Echelon Form

Consider the linear system

2043y — 22z = -7
Jy+22=3
5z =15
Many of the coeflicients are zero. It is, equivalently
20+ 3y — 22 = -7
Oz +3y+2z=3
O0x 4+ 0y + 52 =15

and so its corresponding augmented matrix is therefore:

2 3 =27
0 3 2 3
0 0 ) 1

A system of this type is easy to solve by a process called back-substitution. In back-substitution
we start by solving the last equation first for the final unknown. That result can then be used in the

second last equation to solve for the second last unknown, etc.

Example 2-4

Solve the linear system:

20+ 3y — 22 = -7
Jy+22=3
5z =15

Solution:

e 5z=15 — |z=3

The solution is therefore

An even simpler linear system to solve would have been

lac—f—§ —z——z
YT EFT TS

2
Ox—i—ly—i—gz:l
Ox+0y+1z=3

Solving the last equation first and using back-substitution gives:

r=1 y=-1, 2=3.

e 3y+2:=3 = 3y+203)=3 = 3y=-3 —
© 20 +3y—2:=-7 = 20+3(-1)—2(3) =7 = 20=2 =

S = Nlw

I

SRS
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since, upon back-substitution there would be no division required. Finally an even easier linear system
would have the form:

lx +0y+0z=1 1 0 0 1
Oz + 1y + 0z = -1 = 0 1 0]-1
00 1| 3

Oz +0y+1z=3

Here finding the solution requires no calculation at all! Note that these last three linear systems are
equivalent in the sense that they all have the same solution. The facility with which a linear system in
these forms may be solved suggests that it would be desirable if for any linear system we could find an
equivalent linear system that had a similar arrangement of zeros and ones in its augmented matrix. We
now show how that may be done, commencing with suitable definitions.

Definition: Two linear systems with m equations in n unknowns are equivalent to each other if they
have the same solutions.

Definition: The leftmost, nonzero entry in a row of a matrix is called the leading entry or pivot.

Definition: A matrix is in row echelon form (REF) if:

1. All zero rows (i.e. rows consisting entirely of zeros) are at the bottom of the matrix.
2. All elements below a leading entry (pivot) are zero.

3. Each leading entry is to the right of the leading entries of all rows above it.

4. Each leading entry is equal to 1. Such an entry is called the leading 1.

Definition: A matrix is in reduced row echelon form (RREF) if it is in row echelon form and the
leading one is the only nonzero entry in its column.

Example 2-5
Determine if the matrices are in REF, RREF, or neither.
1. -~ 4.
1 2 —4 1 0 0 -2
A=10 1 —-5| <« REF D=|0 1 0 5|« RREF
0 0 0 00 1 -3
2.
1 0 3 5. L5 s
B=|0 1 4| <« RREF E:{ }@REF
0 1 3 2
0 0 0
3 6.
2 1 00 1 2 3
C=10 1 0 0 < Neither form F=1{0 0 0| < Neither form
1 010 0 0 1
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2.4 Elementary Row Operations

Performing one of the following three operations, called elementary row operations on a given
linear system gives an equivalent linear system.

1. Interchange two equations (or rows), R; <+ R, .
2. Multiply an equation (row) by a nonzero number, R; — cR; .

3. Add a multiple of one equation (row) to another equation (row), R; — R; + cR; .

Here R denotes a row of an augmented matrix and c represents a number.

Note: Every augmented matrix can be reduced to its row echelon form using elementary row operations.
This process is called Gaussian elimination. Every augmented matrix can be reduced to its reduced
row echelon form by a process called Gauss-Jordan elimination.

2.4.1 Steps in Gaussian Elimination
1. Locate the leftmost nonzero column in the augmented matrix. If the top entry of the column is
zero, interchange the top row with another so the top entry (call it a) is nonzero.
2. If a is not a leading 1 make it so by multiplying the row by 1/a.

3. Make all other entries in the column below the leading 1 equal zero by adding suitable multiples
of the first row to the remaining rows.

4. Consider the remaining matrix produced by ignoring the top row. Repeat steps on that
matrix. If the remaining matrix has no rows the original matrix is now in row echelon form.
Note that once the matrix is in row echelon form the system may be solved as shown in the following
examples.

Example 2-6

Solve each linear system using Gaussian elimination.

1. From the end of the last chapter (unsolved):
r+y+2z2=9
2v4+4y—3z=1
3x+6y—5z=0

Solution:
The augmented matrix for the system is

1 1 219
[AlIB]=1(2 4 -3]|1
3 6 —-510
Since the top left entry is already a leading 1, zero the 2 below it by adding -2 times row 1 to

row 2. (This is the same as subtracting 2 times row 1 from row 2.)

1 1 2 9
Ry — Rs + (—2)R1 0 2 —-7|-17
3 6 =5 0
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Next zero the first entry in the third row by adding -3 times row 1 to row 3.
11 2 9
0 2 -7|-17
R; - R3—3Ry |0 3 —11| =27
To get a leading 1 in the second row, multiply the row by 1/2, or equivalently, divide the row
by 2.

1 1 2
R2 — %RQ 0 1 —% —
0 3 1

Zero the second entry in the third row by adding -3 times row 2 to row 3.

—
~ o

1 1
0 1
R3 — R3—3Ry [0 O

[SIE IEN Y

ol

Get a leading 1 in the third row by dividing the row by -1/2, or, equivalently, multiplying it
by -2.

11
01 —
0 0

— NN RO
-
e VS o

Rg — —2R3

The linear system represented by the last augmented matrix is

r+y+2z=9
717
y-3F= g
z=3

so back-substitution gives the following.
.
ey—Ix=-1 — 4y T3 =1 — y= 1T 2l
e rty+2:=9 = 2+2+2(3)=9 =

The solution is therefore x = 1, y = 2, z = 3 which is easily checked in the original system.

I’1+I’2:1

4371 — T2 = —6
2.111 — 3372 =8
Solution:
The augmented matrix is
1 1 1
[AIB]=1(4 —-1|—6
2 =3 8
which may be put into row echelon form as follows:
1 1 1 1 1]1 1 1 1
Ry — Ry —4R; |0 -5 | -10| = Ro —» —1tRy |0 1]|2| = 0 —5|-10
Rs — R3 —2R; |0 =5 6 0 =5|6 Rs = R3+5R, |0 0 16
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The last augmented matrix presents a contradiction as its last equation is 0z; 4+ Oxg = 16 or
simply 0 = 16 which is never true. There is therefore no solution to this system.

w—zr+2y—z=-1
2wt —2y—22=-2
—w+2r—4y+z=1

3w—3z=-3
Solution:
(1 -1 2 —-1]|-1
2 1 -2 -2 -2
ABI=1_1 o 4 1] 1
i 3 0 0 —-3|-3
I
1 -1 2 —-1] -1
R2 — RQ — 2R1 0 3 -6 0 0
R3 — Rg + R1 0 1 -2 0 0
R4 — R4 — 3R1 _0 3 —6 0 0
U
1 -1 2 —-1]-1
Ry— iRy |0 1 -2 0| O
0 1 -2 0 0
0 3 —6 0 0
I
1 -1 2 —-1]-1
0 1 -2 0 0
R3 — R3 — R2 0 0 0 0 0
R4 — R4 — 3R2 0 0 0 0 0

The linear system corresponding to the row echelon form is then

w—zr+2y—z=-1

z—2y=0
0=0
0=0

This system will have an infinite number of solutions. To characterize them we will introduce

parameters.

Definition: The variables that correspond to the leading entries of the row echelon form of an
augmented matrix are called the leading variables or dependent variables. The remaining
variables are called the free variables or independent variables.
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To solve a system of linear equations, set the free variables equal to parameters and use the row echelon
form with back-substitution to solve for the leading variables.

Example 2-7
Complete the solution to the Question [ of Example 2-6].

Solution:
The row echelon form found and corresponding linear system are

@ 1 2 1] -1 w—x+2y—z=-1
o O -2 o] o x—2y=0
0 0 0 0 0 0=0
0 0 0 0] 0 0—0

The leading entries are circled and are found in the w and x variable columns. Thus w and = are
the dependent variables and y and z are the independent variables. So introduce two parameters

for the independent variables letting and . Next solve for the dependent variables in
terms of the parameters using back-substitution.

oz —2y=0 —= =2y —
o w—ar+2y—z2=-1 = w—-2s4+2s—t=—-1 =

We can write the solution to the system as

w=—-14t x=2s, y=s, 2=1,

where s and r are parameters taking on any numbers. We can also write the solution in the matrix
form:

-1+t
2s

n e 8 8

2.4.2 Gaussian Elimination in Practice

Gaussian Elimination, as has been presented, is an algorithmic method for finding solutions to linear
systems and can be easily encoded into a computer program. However, as we saw in Question [I| of
Example one can often get fractions in later row entries as one produces a leading 1. If working by
hand it is often easier to use the elementary row operations more liberally so that this may be avoided.
Such strategies include

e Swapping rows if there is a leading 1 already in a column, even if the top row leading entry is
nonzero.

e Zeroing leading entries in lower rows that are a multiple of a top row leading entry by subtracting
the appropriate multiple, before making the top row leading entry equal 1.
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e Converting leading entries to 1 after the matrix is otherwise reduced, or never converting them
at all.

Example 2-8
Solve the linear system.
21’1 — Ty — X3 = 3

*6561 + 6562 + 51’3 =-3
4r1 +4xs + Tx3 =3

Solution:
The augmented matrix for the system is:

Perform the row operations:

2 -1 -1 3 2 -1 -1 3 2 -1 -1 3
—6 6 5| —=3| = Ry = Ra+3R; |0 3 2 6| = 0 3 2 6
4 4 7 3 R3 =+ R3 —2R; |0 6 91 -3 Rs —+ R3 —2R» |0 0 5| —15

At this stage one could get row echelon form by multiplying the rows by 1/3, 1/2 and 1/5 respectively
to get:

1 1 3
L =3 —3] 3
o 1 2| 2|,
0 0 1] -3

but it is simpler just to do back-substitution on the previous matrix:
o br3=—-15 = |z3=-3

e 31,4223 =6 = 31,4+2(-3)=6 —
e 2 — T —73=3 = 20, —4+3=3 =

So the solution is
1 =2, x0=4, x3=-3.

2.4.3 Gauss-Jordan Elimination

Gauss-Jordan elimination takes Gaussian elimination one further step to produce an augmented matrix
in reduced row echelon form. One does the following steps:

1. Perform Gaussian elimination to put the augmented matrix in row echelon form (REF).

2. Add suitable multiples of the last nonzero row to the rows above it to introduce zeros into them
above the leading 1 of this row.
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3. Consider the remaining matrix produced by ignoring the last nonzero row and any zero rows
beneath it, if any. Repeat steps on that matrix. If the remaining matrix has no rows the
original matrix is now in reduced row echelon form (RREF).

Example 2-9
Solve the linear system using Gauss-Jordan elimination:

—y+952=9
r+y+2z=38
3z —Ty+42z=10

Solution:
0 -1 5| 9
[A|B] = |1 1 2| 8
3 =7 41|10

First put the augmented matrix in row echelon form:

R+ Ry |1 1 2 8
0 -1 5| 9
3 =7 4110

Rs - R3—3R;y |0 —10 -2 | —14

\
11 2 8
0 -1 5 9
R3 — Rg — 10R, _O 0 =52 | —104
4
1 1 2 8
Ry —+—Ry [0 1 —-5]|-9 (REF)

R3 — —éRg, _0 0 1 2

To achieve reduced row echelon form work from the bottom of the matrix upward, to get zeros above
any leading one.

!
R1 — R1 — 2R3 _1 1 0 4_
Ry —+Ry+5R3 |0 1 01
0 0 1|2

0 1
0 0

i3

Ri—-R —Ry[1 0 0]3
0 (RREF)
1

N —

The unique solution to the system is therefore

r=3 y=1 z=2.
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2.4.4 Interpreting the Reduced Row Echelon Form

Once the augmented matrix has been put in RREF by Gauss-Jordan elimination one proceeds as
follows:

1. If the last nonzero row of the matrix is of the form
0 0 ... 0]1]
then the linear system has no solution.?

2. If not, assign parameters to any free (independent) variables and solve for the leading (dependent)
variables using the nonzero rows. If no such parameters are needed there is a unique solution,
otherwise one has infinitely many solutions.

Example 2-10

Find values of m such that the linear system

r+y+z=1
20 +y+4z=3
22 + 2y 4 2m?z = 2m

has:

1. No solution
2. Infinitely many solutions

3. A unique solution

Solution:
The augmented matrix is:
1 1 1 1
[AIB]= 1|2 1 4 3
2 2m? | 2m
The following matrix is equivalent:
1 1 1 1
RQ — RQ — 2R1 0 -1 2 1
Rs — R3 —2R; |0 0 2m?—2|2m—2

1. There is no solution if you have the contradiction 2m? — 2 = 0 and 2m — 2 # 0 in the last row.
Solving gives

2m? —2=0 = m’-1=0 = (m-Dm+1)=0 = m==+l1
and
2m—2#0 = m—-1#0 = m#1

Thus m = +1 and m # 1 for no solution. This implies m = —1 gives no solution.

2. There are an infinite number of solutions when the last row is 0=0 since then the number of
leading terms is less than the number of unknowns. We saw 2m? —2 =0 =— m = =£1.
Similarly 2m —2=0 = m = 1. Thus we get an infinite number of solutions when m = 1.

2Note one can stop at REF if its last nonzero row indicates no solution.
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3. Finally a unique solution occurs the rest of the time, logically when m # 1 and m # —1. We
can see this directly by noting that when 2m? — 2 # 0 we would be able to divide row three in
the augmented matrix to get a leading 1, since m # +£1 = 2m2 —2#0.

Note:

1. For a given linear system, the row echelon form generated by Gaussian elimination is not unique.
The reduced row echelon form generated by Gauss-Jordan elimination is however unique.

2. On a computer, Gaussian Elimination (finding REF and using back-substitution) is more efficient,
in general, than Gauss-Jordan elimination.

3. Terminology is not universal. Some consider matrices for which the leading entry is not equal to 1
to be in row echelon form. Some call Gaussian elimination what we have called Gauss-Jordan
elimination.

2.4.5 Rank of a Matrix

Characterization of the solutions of a linear system is simplified by the introduction of the rank of a
matrix. It can be shown that any REF and the RREF of a matrix A always have the same number of
nonzero rows allowing for the following definition.

Definition: The rank of a matrix A, rank(A), is the number of nonzero rows in the row echelon or
reduced row echelon form of A.

Example 2-11

1 2
Find the rank of A= |2 -3
4 1

Solution:
Put the matrix A in REF form:

1 2 -5 2 1 2 -5 2 1 2 -5 2
2 =3 4 4| =Ry Ry—2R |0 -7 14 0|= Ry——-1R; |0 1 -2 0
4 1 —6 8 R3—R3—4R; [0 —7 14 0] R3—R3—Ry [0 0 0 0

Therefore rank(A) = 2.

Theorem 2-1: Consider a linear system of m equations in n unknowns, with coefficient matrix A and
right-hand side matrix B. If p is the rank of A and ¢ is the rank of [A|B]. The linear system has:

1. No solution if p < q.

2. A unique solution if p =¢=mn.

3. Infinitely many solutions if p = ¢ and p < n.
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Example 2-12

Suppose the augmented matrix of a linear system is given by
1 0 02
[AlIB]=1]10 1 013
0 0 x|y
For what values of x and y give does the system have

1. No solution? 2. Exactly one solution? 3. Infinitely many solutions?

Solution:
The original system has n = 3 unknowns. We consider the various ranks which occur of A and [A|B]
when either x or y or both are zero.

1. No solution = = = 0,y # 0 since then p = rank(A4) = 2 < 3 = rank([A|B]) = ¢
2. Exactly one solution = x # 0 since then p = rank(A) = 3 = rank([A|B]) = ¢ =n.

3. Infinitely many solutions = z = 0,y = 0 since then
p =rank(A4) =2 =rank([A|B]) =¢<3=n.

Example 2-13

Consider the linear system AX = B, where:
a b e
A= [ d} B= M A0

Determine conditions on the constants a, b, ¢, d, e, f so that:

1. rank(A4) = 2.
2. rank(A) = 1 but rank([A|B]) = 2.
3. rank(A) and rank([A|B]) are both 1.

Solution:
The augmented matrix is

a ble
[A|B] = [C d f] .
Since a # 0 perform the row operation Ry — Ry — < Ry:
a b e
[0 d—% f—“]
Then:
1. rank(4) =2 = d—%;ﬁO = ad—bc#0

(
2. rank(A) =1 = d— % =0 = ad—bc=0and
rank([A|B]) =2 = f—- % #0 = af —ce#0
(
(

3. rank(A) =1 = ad — bc =0 and
rank([A|B]) =1 = f- % =0 = af —ce=0

&l
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Note: The student may wish to consider the implications if ¢ = 0 but some other element of A
(i.e. b, ¢, or d) is taken to be nonzero.

Theorem [2-1| has some useful corollaries. For a homogeneous system (B = 0) the last column of [A|B]
is zero so p = ¢ and further the trivial solution (X = 0) is always a solution to the system. This gives
the corollary:

Corollary 1: A homogeneous linear system with m x n coefficient matrix A has:

1. A unique solution (trivial solution X = 0) if rank(A) =n.
2. Infinitely many solutions if rank(4) < n.
For coeflicient matrix A we have p = rank(A) necessarily less than or equal to its number of rows,

which equals the number of equations m. Since for an underdetermined system (fewer equations m
than unknowns n), it follows then that p < n, and one has the following corollaries:

Corollary 2: An underdetermined linear system has no solution or infinitely many solutions.
Corollary 3: An underdetermined homogeneous linear system has infinitely many solutions.
Example 2-14

Without solving the system what can you say about the number of solution for the following systems?

1.
204+ 2y+4z=0
w—y—3z2=0
2w+3z+y+2=0
Solution:
This is a homogeneous system with 3 equations in 4 unknowns and so underdetermined.
Therefore there are infinitely many solutions.
2.

T+2y+z+w=-7
20 +3y—z+2w=1
T—y—z—w=3
Solution:

This is a non-homogeneous system with 3 equations in 4 unknowns and so underdetermined.
Therefore there are either no solutions or infinitely many solutions.
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2.5 Matrix Equality, Addition, and Subtraction

Definition: Two matrices are equal if they have the same dimensions and their corresponding entries
are equal.

Therefore A = B implies a;; = b;; for all indices ¢ and j.

Example 2-15

Given the matrices:

20 [3 o0
S (I |

1
We see that A = B since they are both 2 x 2 matrices with equal corresponding entries.

Definition: Let A = [a;;] and B = [b;;] be matrices with the same dimensions. The sum of A and
B, written A 4+ B, is the matrix obtained by adding corresponding entries of A and B. The
difference of A and B, written A — B, is obtained by subtracting corresponding entries from
entry A by entry B. In symbols:

b
4
&

\
B
+

bij] = laij + bij]
bij] = laij — bij]

i
|
Sy
|
)
|

Example 2-16
If

2 3 8 0 1 3
then A+ B and A — B are, respectively,

C[t+2) (0+5 (-1-1] [3 5 -2
A+B_{(2+0) 3+1) (8+3)}_{2 4 11]

]

(1-2) (0-5) (-1+1)] [-1 =5 0
(2-0) (3—1) (8—3)}_[ 2 2 5}'

Note that A+ B and A — B will not be defined if the matrices do not have the same dimension.
Example 2-17

For the matrices ) )

A= [g ﬂ B=10 5

2 3

the sum A + B and difference A — B are not possible since A is a 2 x 2 matrix and B is a 3 x 2
matrix.

Note A + B = B + A when the sum exists.
Definition: A zero matrix, denoted by 0, is an m X n matrix where all entries are zero.

One may write 0,,, to make the dimension explicit. Clearly A 4+ 0 = A for the zero matrix with same
dimension as A.
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2.6 Scalar Multiplication

Definition: Let A = [a;;] be a matrix and ¢ be a number (a scalar) then the scalar product of ¢
times A, written cA, is the matrix obtained by multiplying each entry of A by c. In symbols one

has
cA = [ca;j] .
Example 2-18
If
21
A=|-1 5|, c¢c=3
30
then the scalar product is
3)(2)  @3)1) 6 3
cA=3A=|(3)(-1) B)B)| =|-3 15
3)3)  (3)(0) 9 0

Definition: The negative of matrix A = [a;;], written -A, is defined to be (—1)A.

Clearly —A = [—a,;] and —A+ A = 0.
One can combine scalar multiplication and matrix addition and subtraction to form new matrices.

Example 2-19

Let
-1 3 2 1 -1
A= 0 1 -1 B = 2 5 1
2 1 4 -1 1 -
Find A+ 2B and 3A - B .
Solution:
-1 3 2 2 -2 0 1 1 2
A+2B = 0 1 —-1|+ 4 10 2 =14 11 1
2 1 4 -2 2 —4 0 3 0
-3 9 6 1 -1 0 -4 10 6
3A—-— B = 0 3 —-3|-— 2 5 1{=1]-2 -2 —4
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2.7 Solutions of Homogeneous Linear Systems

One can use scalar multiplication and addition to represent solutions to a linear system.
Example 2-20

Find the solution of the homogeneous linear system
T3+ 2x4 —x5=0
zy —x5 =0
T3+ 3x4 — 225 =0
2x1 +4x0 + 23+ T4 =0

if its augmented matrix reduces to

12 0 0 3]0
0 01 0 110
000 1 —1]0{”"
0000 0/0

and write your solution using matrix addition and the scalar product.

Solution:
The RREF augmented matrix and corresponding equivalent linear system are

(1) 2 0o o 0 71 + 222 + w5 = 0
o 0o () o o w3+ 25 =0
o0 0 (1) -1]0 24— x5 =0
0 0 0 0 00

0=0

The leading ones (circled) are in the variable x1, x3, and x4 columns. These are the leading
(dependent) variables and the remaining variables, x5 and x5, are the free (independent) variables.
Assigning parameters to the latter we have ’m and | x5 =t |. Next solve the dependent variables
using back-substitution.

ey —15=0 —= 4 —t=0 =
e 13+15=0 — r3+t=0 —=
e 114+ 2m0+325=0 = 21 +254+3t=0 —

Writing the solution as a column matrix we have

T —2s — 3t
X9 S

X = 3| = —t
T4
Is t

Using matrix addition we can break the solution matrix into a column matrix for each parameter
which we then factor out using scalar multiplication.

—2s -3t -
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The general solution to the homogeneous linear system in the last example is therefore X = s X7 + t X5
where

9 -3
1 0
Xi=| 0|, Xo=|-1
0 1
0 1

Both X; and X5 are themselves solutions to the system by s =1, ¢ =0 and s =0, t = 1 respectively.
These solutions are called basic solutions of the homogeneous linear system and can be systematically
found by reducing the system to RREF using Gauss-Jordan elimination. Basic solutions are not unique
since we can always replace the multiplicative parameter s by, say, 25 in the general solution X and then
absorb the 2 into the basic solution using scalar multiplication.? However up to such a scalar multiple
they are unique. The number of basic solutions will correspond to the number of free parameters.

The solution of the last homogeneous linear system, X = sX; + t X5 suggests the following general
definition.

Definition: Let Xy, X5, ..., X,, be matrices of the same dimension and ¢y, ¢s, ...c, be numbers,
then
Cle —+ CQXQ + ...+ Can

is a linear combination of X7, X5, ..., X,,.

With this definition we can now characterize solutions to homogeneous linear systems.

Theorem 2-2: Let A be the coefficient matrix of a homogeneous linear system of m equations in n
unknowns. Then the system has n — rank(A) basic solutions and every solution to the system is a
linear combination of these basic solutions and wice versa. (If the system has no basic solutions it has
only the trivial solution X = 0.)

Let Y =a1 X7+ ... +ap Xy and Z = b X7 + ... + bp X be any two solutions to a homogeneous linear
system written in terms of the basic solutions Xy, ..., X;. Then their sum can be written

Y+Z:(a1+b1)X1+...+(ak+bk)Xk:ch1+...cka7

where we have defined ¢; = a; +b; (i = 1,...,k), and hence the sum itself is a solution to the system
as it is a linear combination of the basic solutions. Similarly the scalar product cY can be written

Y =(ca) Xy + ...+ (cap) X = d1 X1 + ... dp X,

where we have defined d; = ca; (i = 1,...,k), and hence the scalar product is also a solution to the
system as it is a linear combination of the basic solutions.*

More generally we have the following result.

Theorem 2-3: A linear combination of any solutions of a homogeneous linear system is also a solution
to the system.

Note that the system has to be homogeneous for this property to hold.

3This can be a useful step to remove fractions from a basic solution.
y1 z1
4These two results can also be shown directly by considering two solutions Y = |: : :| and Z = |: : :| of a
Yn
homogeneous linear system and plugging Y + Z and kY into each homogeneous equation to see that they still hold.

Zn
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We will often be interested in whether a matrix, particularly a column or row matrix, can be written as
a linear combination of other matrices. This amounts to solving a linear system.

Example 2-21

-1 1
Let X = 2| andY = |4
3 2
-3
Write V = 0| as a linear combination of X and Y or show such a combination does not exist.
4

Solution:
For V to be a linear combination of X and Y we must find values for s and ¢t such that

V=sX+1tY.
This implies
-3 -1 1 —s+1t
0 =s| 2| +t|4] = |25+ 4t
4 3 2 35+ 2t

Matrix equality of the first and last matrix implies we must solve the linear system:

—s+t=-3
2s+4t =0
3s+2t=14

Reducing the corresponding augmented matrix gives

-1 1]-3 —1 1|-3] Ri—-Ri[1 —-1| 3] R —Ri+Ry
2 4| 0| =Ry, > Ry4+2R | 0 6| —-6|=Re—iR |0 1|-1|=
3 2 4 R3 — R34+ 3R, 0 5] -5 R3—>%R3 0 1| -1 R3 — R3 — R»

The solution corresponding to the RREF is

s=2,t=-1,

so |V =2X — 1Y |. This is easily checked:

1 0
0 1
0 0

2
-1
0
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2.8 Matrix Multiplication

We now formally introduce how to multiply two matrices the motivation for which will be seen later.

Definition: Let A = [a;;] and B = [b;;] be two matrices with the number of columns of A being equal
to the number of rows of B. Suppose A is an m X n matrix and B is an n X ¢ matrix. Then

the matrix product AB is an m x ¢ matrix C, denoted [c;;] where the entry ¢;; in i row and
4 column of the product, is found by multiplying each element in the i*" row of A with the
corresponding element in the j* column of B and then adding the products. In symbols

th

J
column

of
B

[Z'th

Cij row of A] = (lﬂblj + ai2b2]’ 4+ ...+ ambnj

Example 2-22

Find AB and BA if possible for the following pairs of matrices:

Solution:
Ais2x2and Bis 2 x 3. So the product

AQX%B%XB = CQ><3

is defined and is a 2 X 3 matrix. (The inner dimensions, indicated by 1, are equal so the
multiplication is possible and the outer dimensions are the dimensions of the new matrix.)
Direct calculation of AB gives

2 111 o0 2
SH | 3]

_ OO +ME)  @(0)+(1)(-1) (2)(2)+(1>(3)}
(DM +B)E) (=DO)+G)(=1) (=1)(2) +(3)B3)

[ 244 0+4(-1) 4+3

1412 0+(-3) —2+9]

= 161 :Zl’, ;} (2 x 3 matrix)

Notice the pattern in the second step where the i row of the first matrix multiplies the j*" of
the second matrix term by term and these results are added together.

The product BA on the other hand does not exist

Bayx3Aaxa
T 7
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since the inner dimensions are not the same. (The i*! row of the first matrix has three entries

which cannot multiply term by term the j* column of the second matrix which has only two

entries.)

4 1 4 3
A:Béé],B:Ol?,l
2 7 5 2

Solution:
A is a 2 x 3 matrix and B is a 3 X 4 matrix and so the product AB exists and is a 2 X 4 matrix:

AzszsB%xz; = Coxa

Matrix multiplication gives

. 4 1 4 3
AB = é 2 Eﬂ 0 -1 3 1
L 2 7 5 2
(44+04+8 1—2+4+28 446+20 3+2+8
8+0+0 2-64+0 841840 6+6+0

12 27 30 13
T8 -4 26 12

The matrix product BA is not defined,
B3xaAaxs
ToT

since the number of columns of B does not equal the number of rows of A.

3 0 6 1 3
A=|-1 2|, B=|-1 1 4
11 410

Solution:
AB is not defined because the number of columns in A (2) does not equal the number of rows
in B (3),
Asx2B3x3 .
S

The product BA is defined because the number of columns in B (3) equals the number of rows

6 1 31 [-3 0 -16 5
BA = Bsy34340=|—-1 1 4| |-1 2| = 6 6
T 4 1 0 1 1 —-13 2

The product BA has dimensions 3 x 2 as expected.

Note: When multiplying matrices it is helpful to proceed systematically by multiplying the first row
times each of the columns to get the first row of the product, followed by the second row times each of
the columns, to get the second row, etc.
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2.9 Diagonal Matrices

Recall a square matrix is a matrix where the number of rows equals the number of columns, i.e. an
n X n matrix.

Definition: The entries a;; of a square matrix A for which ¢ = j form the main diagonal of A.

Example 2-23

The main diagonal of A consists of the entries 5, -2, and -1.

Definition: A square matrix in which every element not on the main diagonal is zero is called a

diagonal matrix. A special type of diagonal matrix is the identity matrix, denoted by I, in
which every entry on the diagonal is 1.

Example 2-24
30 0
A=10 4 0
0 0 -5
is a diagonal matrix, while
100
I=|0 1 0
0 0 1
is the 3 x 3 identity matrix.

Note that if we wish to denote a particular identity matrix we can write I,, to represent the m x m
identity matrix. So in Example the identity matrix is I3 .
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2.10 Properties of Matrix Operations

We now collect some of the basic properties of matrices involving matrix addition, scalar multiplication,
and matrix multiplication.

Theorem 2-4: Let A, B, and C be matrices and let a and b be scalars. Let I be an identity matrix
and 0 a zero matrix. Assuming that the dimensions of each of the matrices is such that the following
operations is defined we have the following:

(1) A+B=B+A (commutative law for addition)
(2) (A+B)+C=A+(B+C) (associative law for addition)
(3) A+0=A

(4) A+ (-4) =0

(5) A(BC) = (AB)C (associative law for multiplication)
(6) a(AB) = (aA)B = A(aB)

(7) (ab)C = a(bC) = b(aC)

(8) A(B+C)=AB+ AC (left distributive law)
(9) (A+B)C = AC + BC (right distributive law)
(10) a(B+C)=aB+aC (scalar distributive law)
(11) (a+0)C = aC +bC (scalar distributive law)
(12) Al =A

(13) IB=B

(14) 1A=A

(15) A0 =0

(16) 0B=20

(17) al =10

As with regular numbers the associative laws of matrix addition and multiplication ensure it is meaningful
to write A + B + C and ABC without using parentheses.

The properties of Theorem are analogous to the properties of real numbers. However not all real
number properties correspond to matrix properties. We note the following

1. It is possible for AB to equal zero even if A # 0 and B # 0 :

Example 2-25

If
= aloell
then
AB = m —0,

yvet A% 0 and B # 0.

2. Even if AB = AC with A # 0, it may occur that B may not equal C'.
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Example 2-26
If

then

Therefore AB = AC but B # C'.

3. In general, even when it is defined, AB # BA. Matrix multiplication is not commutative.

Example 2-27
If

then

Therefore AB # BA.

2.10.1 Commutative Matrices

For the exceptional case that one can commute the product of two matrices and still get the same
result one has the following definition.

Definition: A matrix A commutes with a matrix B if AB = BA.

Example 2-28
For matrices A and B defined by

show that A and B commute.
-2 0| (4 0 -8 0
as= 3 =10

sa=fo S0 -0 )

Since AB = BA the matrices A and B commute.

Solution:
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2.11 Matrix Equations

So far we have used equality involving matrices when assigning a variable to a matrix, or similarly with
other identities when we convert a matrix to an equivalent matrix. In regular algebra one often creates
equations involving variables and then seeks to find values of those variables that make the equation
true (i.e. solve the equation). This can also be done with matrices where some or often all entries may
be unknown. Matrix equality requires corresponding entries on both sides of a matrix equation must be
equal; thus each entry generates an equation. These equations could then be solved for the unknowns.
However it is usually quicker if we do operations on a matrix as a whole to solve for the unknowns.

Example 2-29

Suppose X is a matrix of unknowns and C' and D are constant matrices defined by

_|x11 712 . 1 -2 12 0
X= [$21 51322] ¢= {1 3] b= [0 2} '
If the matrices satisfy the equation

2X —4C =D,
find X.

Solution:
One could evaluate the left and right-hand sides directly as follows:

e ] B
[2:1711 -4 2z0+ 8} _ {2 0}
2091 +4 2199 — 12 0 —2|°
Then equating corresponding terms on both sides gives:
2091 —4=2 2212 +8=0
2291 +4=0 2x99 — 12 = —2.

Solving the equations one has:

11 =3 T2 = —4
To1 = —2 Tog =9,
So X = _g g] . However it is more useful just to work with the matrices as a whole as we
would in a regular equation, using inverse operations to isolate the matrix variable:
2X —-4C =D
2X =D+4C

X = %(D+4C)

X:%D+2C
12 o 1 -2
_2[0 2}”[1 3]

=l e[
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2.12 Transpose of a Matrix

Definition: The transpose of an m x n matrix A, denoted by A7, is the n x m matrix whose j*"

column is the j** row of A. In symbols

(AT)ij = Aji .

Note: To find A7 one interchanges the rows and columns of A.

Example 2-30

Find the transpose of the following matrices:
-1 2 2 1 3
A_[i% 1}’ B_{—l 0 5}'

Solution:
Exchanging rows and columns on has:

2 -1
AT_[_; ﬂ BT=1{1 o0
3 5

2.12.1 Properties of the Transpose

Theorem 2-5: Let A and B be matrices of dimensions such that the following operations are defined
and b a scalar, then the transpose has the following properties:

(1) (A+B)T = AT + BT
(2) (AB)T = BT AT
3) (AN =4
(4) (bA)T =pAT
Example 2-31
Given the matrices
1 2
a2 s
-2 4
compute AB , (AB)T , ATBT and BT AT,
Solution:
1 2
1 20 1 4
SHIEF
3 01 _9 4 1 10
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1 3 7 3 10
ATBT =12 0 B (1) _ﬂ: 2 0 —4
0 1 2 1 4
1 3
1 0 -2 1 1
BTAT{ } 2 0 { ]
2 1 4 01 4 10
So (AB)T = BT AT as predicted by the theorem. It does not equal A7 BT,

The transpose property of a product can be generalized to more than two matrices.

Example 2-32
Prove that (ABC)T = CTBT AT

Proof:
(ABC)T = (AB)C)T = CT(AB)T = CT(BTAT) = cTBT AT

Generalizing to k matrices we have the following result.

Theorem 2-6: Let Ay, Ao, ..., A; be matrices for which the product A;As --- Ay is defined, then

(A1Ag - Ap)T = AT ... AT AT

2.12.2 Symmetric Matrices

Definition: A square matrix , A = [a;4], is called symmetric if a;; = a;; for all ¢ and j. A square
matrix is called skew symmetric if a;; = —aj; for all ¢ and j.

Example 2-33

The following matrices are symmetric:

2 -1 3
A= B ;] , B=|-1 5 0
3 0 -7
The following matrices are skew symmetric:
0o -1 2
c— [(1) _(1)] CB=|1 01
-2 -1 0

Theorem 2-7: A square matrix A = [a;;] is symmetric if and only if AT = A. It is skew symmetric if
and only if AT = —A.
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2.13 Power of a Matrix

h
Definition: Let A be a square matrix, then the n' power of A, denoted A", is the product of n
factors of A, i.e.

A=A
A? = AA
A = AAA

A" =AA--- A
—

n times
Example 2-34
If
1 - 3
A= 0 1 -2
-1 1 1
find AZ.
Solution:
1 -1 3 1 -1 3 1+40-3 —-1—-1+3 3+2+3
A2=]1 0 1 -2 0 1 —-2|=| 0+0+2 0+1-2 0-2-2
-1 1 1 —1 1 1 —14+0-1 1+14+41 -3—-2+41
-2 1 8
A= 2 -1 -4
—2 3 —4

Having defined the power of a matrix, it is now possible to create meaningful polynomial functions of a
square matrix such as
p(A) = col + 1A+ A% + ... + ¢, A"

for some positive integer n and the identity matrix I of the same dimension of A, and scalars ¢; .> In
more advanced courses we could similarly consider a power series in A where we let n — co. Then
questions of the meaning of the convergence of such a series needs to be addressed, just as with power
series in terms of real variable x.

2.13.1 Idempotent Matrices

Definition: Matrix A is called idempotent if A2 = A.

Example 2-35
Show that the matrix A defined by

4 -1
A:Lz —3]

5Note some texts will define A% = I (analogous to z° = 1) so one may write p(A) = coA° +c1 A +ca A2 4. ..+ cpL A" .

is idempotent.
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Solution:

s a4 1[4 1] _[4 -1]_
A _AA_LZ —3] [12 —3}_[12 —3]_A
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2.14 Ordered n-tuples

Definition: The ordered sequence (21, z3,. .., x,) where x; are real numbers and n is a positive integer
is called an ordered n-tuple. The set of all ordered n-tuples is called n-space and is denoted
by R™.

Example 2-36

e (5,3) is an ordered 2-tuple in R?. Note that it is different from (3,5) (order matters).
e (1,—2,4) is an ordered 3-tuple in R3.

o (—3,2.1,7,4,—9.5) is an ordered 5-tuple in R®.

As the last example suggests, an obvious geometric interpretation presents itself. We can think of the
ordered 2-tuple (5, 3) as representing a point in the two-dimensional coordinate plane. Alternatively
we can consider it as representing a directed line segment (an arrow), called a vector, originating at
the origin of the coordinate system and terminating at the point.

Y Y

.(5,3) (5,3)

10 v O

Similarly (1, —2,4) could be considered a representation of a point or vector in three-dimensional space,
while an ordered n-tuple of higher dimension can be thought of as a generalized point or n-vector in
some higher-dimensional space. In future we will tend to use a vector interpretation and typically
refer to ordered n-tuples as vectors. However vectors, as will be discussed further in Chapter [4] are
constructions that are conceptually independent of a particular set of coordinates (n-tuple) used to
represent them.

2.14.1 Notation

We will use lower case boldface letters such as @ to represent the ordered n-tuple (z1,xo,...,x,), or
vector. For example, = (5,3). When hand-written it is more common to put an arrow or bar over
the letter, such as &, or Z. When speaking of the ordered n-tuple containing all zeros we will write O .
It is convenient, when representing an ordered n-tuple (vector) by a matrix, to use an n X 1 column
matrix

We can now write Ax, where previously we would have written AX, provided A is an m X n matrix so
the multiplication is meaningful. If we wish to represent a vector within a sentence as a matrix we can
conveniently use the transpose, since then z = [z x5 ... z,]7.
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The motivation for considering a vector to be represented by a column matrix arises, in part, from
linear systems. Recall the linear system of m equations in n unknowns is:

ai1r1 + aiax2 + ...+ a1z, = b1

911 + a22x2 + ...+ GonT, = b2

Am1Z1 + Am2Z2 + ...+ Crn Ty = by

By assigning the coefficient constants to A as before, the unknowns to vector & and the right-hand side
constants to vector b as follows

ail a12 . QA1n I b1
a1 a22 e ao2n i) bg

A = . . . ) Tr = . ) b = . )
Am1  Gm2 - Gmpn Tn bm

we now see that we can represent the linear system in terms of matrix multiplication in terms of the
simple matrix equation:
Ar =b.

This follows since multiplying the left hand side out gives precisely the m x 1 column matrix

a1y + a12x2 4+ ...+ A1nTn

9121 + A22%2 + ...+ AopnTn
Ax =

Am1T1 + Am2T2 +...+ UmnTn

The matrix equality of this with the right-hand side matrix b = [by, ba, . .. b,,]T gives back our original
linear system of equations. This shows a clear advantage for defining matrix multiplication the way
that we have done.

Example 2-37

The linear system

X1 +4I274I3:3
2x1 + 220 + 83 =1

can be represented by the matrix equation Ax = b where

0 2 X1 7
4 —4|, x= |x2|, and b= |3
3 8 I3 1
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2.14.2 Matrix Multiplying a Vector

We can consider the m x n matrix A to be composed of n columns of vectors in m-space labelled a,

as, ..., a, . These are the column vectors of A. We write
aiq ai12 e A1n
a1 a99 e agn
A= . . . =[a1a2-~-an].
Am1 Am2 ceo Qmn

Cast in this form we see that our previous product Ax can be written as a sum of m x 1 matrices
(vectors), namely

1171 a12T2 A1nTn
42171 2272 2nTn

Ax = . + . +...+ . =x1a1 + Toa2 + ...+ THay .
Am1T1 Am2T2 AmnTn

We have the following result.

Theorem 2-8: If A =[ajas ... a,] is an m X n matrix written in terms of its column vectors a;,
then the matrix product of A times the vector = [z1 25 ... mn}T in R™ can be written

Ax = z1a1 + z209 + ... + TH0Q, .

The matrix equation Ax = b takes the new vector equation form
T1a1 + 2202+ ... +ra, =b.
From this follows the following theorem.

Theorem 2-9: The linear system Ax = b is consistent if and only if b can be written as a linear
combination of the columns of matrix A.

Example 2-38

Find a vector equation involving only constant vectors that is equivalent to the linear system

3r1+2x3 =7
ac1—|—4x2—4x3:3
2$1+2$2+8$3:1

Solution:
The above linear system is equivalent to the vector equation

3r1 + 2x3 7
T, +4re —4x3 | = |3
21‘1 —+ 21’2 —+ 81’3 ].
An equivalent vector equation is
3351 0.’E2 21’3 7

T1| + |dxo| + | —4x3| =
2.131 2.’1)2 8%‘3 1
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Finally factoring out the variables one has:

3 0 2 7
1 |1 +a2 |4] +23 |—4)| =
2 2 8 1

This result also follows directly from our previous formula

r1a, + 909+ ...+ xpa, =0,

since
3 0 2 7
A=lajaza3]= |1 4 —4| andb= |3
2 2 8 1

2.14.3 General Solution of a Linear System

Consider a general linear system Ax = b. If the system is consistent then there exists at least one
particular solution x, of the system. If x is any other solution of the system then the vector difference
Ty = T — T, is a solution of the associated homogeneous system Ax = 0 since

Axy=Alx —x,) = Ax — Az, =b—-b=0.

Furthermore any vector & = x, + x( where x( is any solution of the associated homogeneous system is
a solution of the original linear system since

Ax = A(xp + o) = Axp + Ao =0+ 0=0>.
We have the following result

Theorem 2-10: For any consistent linear system Ax = b the general solution can be written in the
form
xr=xp+ X9

where x,, is a particular solution of the linear system and «x is any solution of the associated homogeneous

system, i.e. Axg =0.

As such one approach to solving a non-homogeneous linear system is to find a particular solution and
then add to it the general solution of the associated homogeneous system. This is a pattern that arises
in other contexts such as solving differential equations. In practice for us, the separation of the solution
of a consistent linear system into its particular solution plus a general solution to the homogeneous
system (which may involve parameters) arises straight from Gauss-Jordan elimination.

Example 2-39

Express all solutions of the following system as a sum of a particular solution plus a solution of the
associated homogeneous system.

T3+ 2x4 — x5 =4

Ty — x5 =3

T3+ 3x4 — 225 =7

201 +4xo + a3+ Ty =7
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Solution:

The augmented matrix
0 01 2 —-1/|4
0 001 —-1|3
0 01 3 —=2|7
2 4 1 7 0|7

reduces via Gauss-Jordan elimination to the RREF and corresponding equivalent linear system

(1) 2 o o 3|6 1 + 22 + 3u5 = —6
0o 0@ o 1|-20 _ 3+ 15 = 2
o 0o 0o (1) -1| 3 Ty — 15 =3
00 0 0 0|0 0—0

The general solution is found by setting free variables xo and x5 to parameters, |12 = s|and | x5 =t |,
and solving by back-substitution the remaining (leading) variables:

$au-w=3 = i -t=3 =
P S S N

e 11+ 279 +315=—6 = 2, +25+3t=—6 = \x1=—6—2s—3t.

Written as a vector the solution is

—6 —2s — 3t —6 —2s -3t —6 -2 -3
s 0 s 0 0 1 0
x = —2—1t = |-2| + Ol + | —t|=|-2|+s| O] +t|-1| =z, +xo
3+t 3 0 t 3 0 1
t 0 0 t 0 0 1
xp X0

As seen in Example the vector @y which involves the parameters is indeed the general solution
of the homogeneous system.

Note that the particular solution =, is not unique when there are parameters. In this problem we
could introduce new parameters § and ¢ by the substitutions s = §+ 1 and t = t — 2 and the new
particular solution would be, after collecting all the constants in one vector, ¢, = [-2 101 —2]7.
The homogeneous solution with that substitution would have the same form with s and ¢ replaced by s
and t.

For linear systems with a unique solution (no parameters) x, will be that unique solution and the
solution to the associated homogeneous system will just be &y = 0.
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2.15 Matrix Inversion

We have seen we can write a linear system Ax = b. If we had the algebraic problem ax = b where
a and b were just real constants and x were a variable we would just divide by a (assuming it was
non-zero), or equivalently multiply by a~! on both sides to get (a) tax = (a)~'b, or just z = (a)~'b.
This raises the question of whether a matriz multiplicative inverse can be found that we could similarly
left-multiply to solve our matrix equation. Even the algebra problem, however, suggests this may not
always be possible since a = 0 has no multiplicative inverse.

Definition: Let A be an n x n matrix. The inverse of A is an n x n matrix denoted A~! satisfying:
AATY =A1A=T
where I is the n x n identity matrix.

Definition: If A~ exists, we say A is invertible (or non-singular). If A does not have an inverse
it is said to noninvertible or singular.

Example 2-40

7T 2
3 1

1 -2

IfA:{ 3 :

] show A~1 = [

] is an inverse of A.

Solution:
We have by direct calculation:

o [T 2] 1 —2] [7-6 —144+14] [1 0] _
Ad _{3 1“—3 7}_{3—3 —6+7}_[0 1}_17

o, [1 =27 2] [ 7-6 2-27 [1 0]
A A‘[s 7} {3 1]_{21+21 6+7}_[0 1}_1'

Thus A~ ! is an inverse of invertible matrix A .

Properties of the Inverse

Theorem 2-11: If an n X n matrix A has an inverse then that inverse is unique.

Proof:
Suppose matrix A has inverse A~! and that B is another inverse of A then, by definition,

AAT = ATTA=T

and
AB=BA=1.

Using these properties and the associativity of matrix multiplication (Theorem [2-4) we have:
B=BI=DB(AA™") = (BA)(A™ ) =TA"t =471,
Therefore B = A~! and the inverse is unique.

Theorem 2-12: If an n x n matrix A is invertible then A~ is invertible and the inverse of A=1 is A.
In symbols:
(A_l)_1 =A.
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Proof:
The defining property AA~" = A='A = I implies that left and right multiplying A~' by A gives the
identity 1.

Theorem 2-13: If A is an n X n invertible matrix, and ¢ # 0 is a scalar then

1
A=At
(cA) =~

Proof:
We must show that

e (1) = (L) ey

Using the properties of scalar and matrix multiplication (Theorem [2-4]) we have:

e (1) e ()] e () (-

Similarly:
(1A‘1> (cd) = T [A™ (cA)] = - [e (A7 4)] = © (e]) = (1c> [=1I=1.

1
Thus (cA)™' = -A"1.
c
Theorem 2-14: If A and B are n X n invertible matrices, then the product AB is also invertible with
(AB)"' =B71A7!,

Proof:
A and B invertible imply A~! and B~ exist satisfying

AA™ = ATA =T,

BB '=B"'B=1.

We must show that:
(AB)(B~'A Y)Y = (B~ 'A™H(AB)=1.

We have:
(AB)(B'A ") = A(BB A ' = ATA™' = AA™' = 1.

Similarly
(B'A™Y)(AB)=B ' (A'AB=B"'IB=B'B=1.

Thus (AB)"! = B~tA~1
The previous theorem generalizes to a product of k matrices.

Theorem 2-15: If Ay, Ao, ..., Ay are n X n invertible matrices then the product A;As--- Ay is also

invertible with
(A1Ay - Ak)*l = A,;l e AQ_IAI1 .
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Theorem 2-16: If A is a n x n invertible matrix, then AT is also invertible with

(A7) = (A

Proof:
A is invertible so A™! exists satisfying

AA ' =A"TA=T.
We must show that:
AT(A—I)T _ (A_l)TAT =7

We have:

AT(A—l)T _ (A—lA)T — IT _

(Afl)TAT _ (AAfl)T _ IT =7
Therefore (AT)~! = (A=1)T.
Example 2-41

Simplify (AB)~*(AB~1)(BAT)(DA )T .
Solution:

(AB)"Y(AB~Y)(BAT)(DA™Y)T = (B7'A™")(AB~')(BAT)((A~1)" D)
=B 1A 1A (B 1B)(AT(AT)"H)DT
= B~H(I)(I)(I)D"

—_p-ipT

2.15.1 Orthogonal Matrices

A special class of square matrices is defined in terms of the properties of its inverse.

Definition: A square matrix A is orthogonal if .

Example 2-42

1
1

-Gl DG DB Ik Y-

Similarly AT A = I and thus A= = AT,

The square matrix A = % [ _ﬂ is orthogonal since A7 = - [ ! 1} and

2.15.2 Finding the Inverse

The following example illustrates how to find the inverse using row operations.



52 2.15 Matriz Inversion

Example 2-43

Find the inverse of A = [:; ﬂ .

Solution:
This solution needs expansion (as per the in-class example) and show the row operations.
If A= exists, then AA" ' =A"1A=1T

Assume that A™! exists, given by A = {Z Z}

AA~! =T implies

I P

—a+2c —b+2d| |1 O
—3a+5c —3b+5d] |0 1

Matrix equality gives four equations in the four unknowns (a, b, ¢, and d). However the two equations
arising from the first column involve only a and ¢ and the two equations arising from the second
column involve only b and d. Therefore we really need to solve two linear systems involving two
unknowns, one per column. The first column system solution is as follows.

—a+2c=1 [1 21]
=
—3a+5¢=0 —3 5|0
-1 2|1 Ry —»—-R [1 -2 -1 Ri >R —2Ry[1 015 L a=5
-3 510 Ry >Ry —3R; |0 -1 -3 Ry——Ry |0 1|3 c=3

Similarly the second column system and solution is

—b+2d=0 {—1
==
—3b+5d=1 3

[—1 20} R, — —R; {1 —20} R, — Ry — 2R, [1 0—2] b= -2
3 5 =

1| "Ry Ry—3R [0 —1]1 Ro——Ry [0 1| -1 "d=-1
Therefore A~! = g :? . Comparison of the solutions for the two systems shows that the row

operations to solve both systems will depend, in the event there is a unique solution, entirely on the
coefficient matrix. This suggests solving both systems simultaneously using the augmented matrix
[A]I] where [ is the identity matrix:

-1 2|1 0
Al = {3 510 1]
Reducing to RREF gives

-1 2|1 O N Ri——-R; |1 -2|-1 0 :>R1—>R1—2R2 1 015 -2
-3 50 1 Ry —+Ry—3R; |0 -1 -3 1 Ry - —-Ry |0 1|3 -1
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We see the inverse, after the operations have been completed, is the right-hand side of the final
augmented matrix which has the form [I|A~!]. Thus

I
=l

In general we see that to find the inverse we do the reduction [A|I] = [I|A~!]. If the left hand side
cannot reduce to I, then no inverse exists.

Steps for Finding the Inverse of a Matrix:

1. Write the identity matrix (of the same dimension as A) adjacent to the matrix A to form an
augmented matrix [A|I].

2. Perform row operations on this augmented matrix until the matrix that was A is reduced to the

identity matrix if possible.
(71471

3. The matrix in the position of the original identity matrix is A’s inverse A=1.

In summary [A|I] = [I|A™!]. If the procedure cannot be successfully completed then A is noninvertible.

The previous steps can be applied once and for all to the 2 x 2 matrix [(Cl Z} to find the following

inverse which can then be confirmed by direct matrix multiplication.

Theorem 2-17: If A = {CCL Z} is a 2 x 2 matrix with ad — bc # 0, then A~! exists and

TE] ML

Example 2-44

. 1. |1 25
Find A 1fA—[_3 7|

Solution:
Since a =2, b =5, ¢c= -3, and d = 7 we have

ad — be = 2(7) — 5(—3) = 29

which is nonzero so the inverse matrix A~! exists and equals

JET d —b] _ 1 [7 =5] _[3 —3
~ (ad—bc) |-¢ a] 293 21 — 2% 2%

Example 2-45

2 1 0
Find the inverse of A= [—4 -1 -3
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Solution:
We reduce [A|I] to RREF:

2 1 0|10 0
[AIl=|-4 -1 =3[0 1 0
3 1 2|0 01
4
2 1 0ol 100
Ry — Ry + 2R, |0 1 -3 2 1 0
Ry —Ry— 3R, [0 -3 2|-2 0 1
4
21 0] 1 .00
01 -3 2 10
R34)R3+%R2 0 0 % 7% % 1
4
Ri—iri 1 3 o 2 00
01 -3 210
Ry—2R3; [0 0 1]-1 1 2
4
1 2 0] 2 00
Ry —Ry;+3R3 |0 1 0|—-1 4 6
0 0 1|-1 1 2
4

Ri—»Ri—iR, [1 0 O] 1 -2 -3

(a]
—_
(a=)
|
—_
~
(@)}
Il
~
=
-

Therefore A is invertible with

1 -2 -3
A'=1]-1 4 6
-1 1 2

Example 2-46

1 0 -3
Find the inverse of A = |0 1 2
1 2 1
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Solution:
Reducing [A|I] gives

1 0 =311 0 O 1 0 -3 1 0 0
[AIl=10 1 2|0 1 o] = 01 2/ 010
1 2 1(0 0 1 Ry —Rs—R, |0 2 4|-1 0 1

[1 0 -3 1 0 0

= 0 1 2 0 1 0

Rs — R3 — 2R, _0 0 0|-1 -2 1

Here the bottom row coeflicients are all zero so no identity occurs and therefore A is noninvertible.

2.15.3 Solving Linear Systems Using Matrix Inversion

If Ais an x n invertible matrix (ie. A~! exists), then the linear system
Ax =b

can be solved using A~! as follows. Left-multiplying both sides by A~! gives

A Az = A"
Iz=A"'
xz=A""b

Thus . This process is known as method of inverses. Note that this method cannot be
used to solve a linear system Ax = b if A is not square or if A is noninvertible.

Example 2-47
Solve the linear system by the method of inverses:
20 +y=—1
—dxr—y—32=2
3z+y+2z=1

Solution:
2 1 0 x -1
A=|-4 -1 =3|,z=|y|,b=] 2
3 2 z 1
In Example we found
1 -2 -3
At=1]-1 4 6
-1 1 2
Therefore, using the method of inverses:
1 -2 =3] [-1 —-1-4-3 -8
z=A""b=|-1 4 6 20 = 1+8+6 | = |15
-1 1 2 1 1+2+2 )

Sox=-8,y=15,and 2 =5.
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We now state some conditions relating the invertibility of a square matrix A, to other matrix and linear
system properties we have studied thus far.

Theorem 2-18: If A is an n x n matrix, the follow statements are equivalent:

1. A is invertible.
Ax = b has a unique solution.

Ax = 0 has the unique trivial solution & = 0.

rank(A) =n.

-~ W N

5. The reduced row echelon form of A is I, the identity matrix.

Using our ability to find inverses as well as the basic properties of matrices (Theorem [2-4)) allows
further methods for solving matrix equations. Note that the properties (A7) = A for transposes
(Theorem [2-5)) and the similar property (A=1)~! = A for inverses (Theorem [2-12)) can be useful for

isolating a matrix variable.
Example 2-48

Solve the following matrix equation for the matrix A.
o [208
(547)" = {1 5}

Solution:
Inverting both sides of the equation gives

~1
-1 __ |2 8
a7 =[7 5]
But (B~!)~! = B so the left-hand side simplifies to

AT — |2 8]_1

15

Using Theorem the right-hand side may be directly evaluated.

AT = M - 23| 3]

Taking the transpose of both sides gives

oGl )

Using Theorem the left-hand side simplifies to A and one can pull the constant 1/10 out of the
transpose on the right-hand side to get

a=L [_5 _Sr.
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Evaluating the transpose gives
1 _
A 5 1 7
10 | -8 2
and one can, if desired, bring the scalar constant into the matrix:
5  _ 1 1 _ 1
-Ld -0
10 10 5 5

This solution can be checked in the original matrix equation.

An Application to Geometry

As an interesting application of solving linear systems consider the following problem. A common tool
in computer drawing programs (such as the free software program zfig) is a tool for drawing circular
arcs. The user enters three points and the program will then find a circular arc through those points.
Let us explore how this is calculated. The equation for a circle of radius 2 centred at the origin (0,0) of
a Cartesian Coordinate system is, using the Pythagorean Theorem,

22 4 y? =22,
If the centre of the circle is at the point (3,4) instead of the origin one would have the equation
(x =3+ (y—4)*=22.
In general, a circle with radius r centred at the point (h, k) has the equation
(x—h)?+(y—k)?>=r?.
If this equation is expanded one gets
22 —2zh + h? + 9% — 2yk + k* =12,
If one rearranges this one has
2+ + (=2h)x + (=2k)y + (W + k%> —r*) =0

By introducing three new constants, a = —2h, b = —2k and ¢ = h? 4+ k2 — 72 one can replace h, k, and
7 to get a new circle equation:
2?4y  +ar+by+c=0.

If we can therefore figure out a, b, and c¢ for this equation we could solve to get h, k, and r and thereby
find our circle.

Suppose we know a point (x,y) = (—1,—3) sits on the desired circle. For this to be true it must satisfy
the circle equation and we have

(=12 + (=32 +a(-1) +b(=3)+c=0,

which can be rewritten
—a—3b+c=-10.

Now despite the equation of the circle being quadratic in the variables x and y, this equation in terms
of the unknown constants a, b, and ¢, is linear! Having knowledge of two more points on the circle
produces two more equations involving the unknown constants, thereby creating a determined linear
system which we can solve.
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Example 2-49
Find the circle that goes through the three points (—1,—3), (5,5), and (—2,4).

Solution:
Inserting the the (z,y) values of each point into the equation

2+’ +ar+by+c=0

produces the following determined linear system in constants a, b, and c:

(=1,-3): (=1)? + (=3)* +a(=1) + b(=3) +¢c=0 = —a—3b+c=-10
(5,5) : (5)% + (5)* + a(5) + b(5) + ¢ =0 = 5a 4 5b+ ¢ = —50
(=2,4) : (=2)* + (4)* +a(-2) +b(4) + c = — —2a+4b+c=—20

The system can be represented by Ax = b with matrices defined by

-1 -3 1 a ~10
A=| 5 5 1| =x=|[b| b=|[-50
-2 41 c —20

The quickest way to find « is to reduce [A|b] and back-substitute. A longer method is to solve for
the inverse A~! by reducing [A|I] to [I|A™!] to get (show this!)

1 7 _ 4
50 50 25
-1 _ 71 3
A7 =5 w0 >
3 1 1
5 5 5
and then use the method of inverses to find
17 4 1 80
a 5 50 5| [—10 57t —4
_ _oA-lp 71 3 _ 7 60 | _
‘”—b—Ab——%%%—gg—g——%—;g
c 3 1 1 — - o —
So a=—4,b= -2, and ¢ = —20. Next solve for constants h, k, and r using the formulas from our

previous discussion:

e a=—-4=-2h =
o b=-2=-2k =
oc=-20=+k-r> = 20=22+(1)?2 -1 = =25 =

So the desired circle has centre (h,k) = (2,1) and radius » = 5. Inserting these constants into
(x — h)? + (y — k)? = r? gives the equation for the circle

(x -2+ (y—1)?=25.

A plot verifies the circle is correct
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(5,5)

(2,1)

(_1’_3)

If three distinct points are collinear, like (—1,0), (0,0), and (0, 1), the linear system generated will be
inconsistent. (Show this!)
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2.16 Elementary Matrices

Definition: A square matrix is called an elementary matrix if it can be obtained from the identity
matrix of the same dimension by performing a single elementary row operation.

Since only a single row operation is allowed, this means an elementary matrix arises in one of three
ways (and can be classified by this):

1. Multiplication of a row by a nonzero scalar.

2. Addition of a multiple of one row to a different row.

3. Interchanging of two rows.

Example 2-50

Determine the elementary matrices for each of the following row operations for the square matrix of

given size.

1. R1—>2R1, 2% 2

Solution:

2. R2—>R2—3R1, 4 x 4

Solution:
1 0 0 O 1 0 0 O
01 00 -3 1 0 0
I= 0 0 1 of” b= 00 10
0 0 01 0 0 0 1

3. RlﬁRg, 3x3

Solution:

Example 2-51

Determine whether the given matrices are elementary matrices. If they are write down the corre-
sponding row operation.

1 0 0
1. By = |0 10
0 -2 1

Solution: Elementary, R3 — R3 — 2R,
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1
2. By = |0
0

o = O
= O W

Solution: Elementary, Ry — Ry + 3R3

1
3. BE5=10
0

o = O
—_ o O

Solution: Elementary, Ry — (1)Ry

1 01 0
01 0 0
LEs=10 001 2
0 0 0 1

Solution: Not an elementary matrix

Elementary Matrix Notation and Inverse

We can write a particular elementary matrix with the following notation for given n x n dimension.

1. Ey(c) is obtained from I by multiplying ¢ # 0 times row .

2. E;j(c),i # j is obtained from I by adding c times row j to row 3.

3. P;; is obtained from I by interchanging rows ¢ and j .
Consideration of how to undo the row operation underlying a given elementary matrix results in the
following theorem.

Theorem 2-19: Every elementary matrix is invertible where the inverse is an elementary matrix given
by:

Example 2-52

Find the inverse of the given elementary matrix.

1 0
Lot
Solution:

E arises from Ry — Ry + 2R, therefore E = E9(2).

-2 1

Thus E~! = F9;(—2) and B! = { ! O} .
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1 0 0
2. E=1(0 0 1
01 0
Solution:
FE arises from Ry <+ R3 therefore F = Pa3.
1 0 0
Thus E-'=Pygand E™'= |0 0 1
01 0
1 0
veofb
Solution:

E arises from Ry — (—2)Ry therefore E = E92(—2).

0 -1

Thus -1 = Eap (—1) = [1 0} .
2

Row Operations by Matrix Multiplication

The following theorem demonstrates the utility of elementary matrices. They allow us to represent row
operations using matrix multiplication.

Theorem 2-20: If the elementary matrix F results from performing a certain elementary row operation
on I, (the m x m identity matrix) and if A is an m X n matrix, then the product EA is the matrix
that results when the same row operation is performed on A.

Example 2-53

Given the elementary matrix E and A, identify the row operation corresponding to E and find the
product E'A directly to verify the row operation is indeed performed on A.

1 00 1 0 2 3
1. E=]0 1 0f A=12 -1 3 6
3 01 1 4 4 0]
Solution:
FE corresponds to R3 — R3 + 3R,
1 0 0]t o0 2 3 1 0 2 3
EFEA=1{0 1 0| |2 -1 3 6|/ =12 —1 3 6| whichis R3 — R3+ 3R; actingon A.
3 0 1] |1 4 4 0 4 4 10 9

1 0 0 O 1 0 1 5 0
01 0 0 1 2 0 10
2. B= 00 2 0 A= -1 -3 -1 3 1
0 0 01 2 1 1 -2 0
Solution:
FE corresponds to R3 — 2R3
1 0 0 O 1 0 1 5 0 (1 0 1 5 0
BA— 01 00 1 2 0 1 0 _ 1 2 0 1 0
0 0 2 O0f (-1 -3 -1 3 1 -2 -6 -2 6 2
0 0 01 2 1 1 -2 0 2 1 1 -2 0
which is Rz — 2R3 acting on A. )
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1 00 2 -1 3
3. E=10 0 1| A= |-1 0 2
0 1 0 1 1 5
Solution:
FE corresponds to Ry <> R3
1 0 0 2 -1 3 2 -1 3
EA=|0 0 1] |—1 0 2| = 1 1 5| which is Ry <> R3 acting on A.
01 0 1 1 5 -1 0 2

Example 2-54

For each pair of matrices, find an elementary matrix such that B = FA.

Lacf T me]t ]

Solution:

Since B arises from A by the row operation Ry — 2R5
1 0

= 3

Direct multiplication confirms FA = B.
1 1 -1 1 1 -1

2. A= 2 1 2] B=12 1 2

-1 1 0 12 2

Solution:

Since B arises from A by the row operation R3 — R3 + Rs,
1 0 0

E=1(0 1 0
0o 11

Direct multiplication confirms FA = B.

Elementary Matrix Decomposition

Theorem 2-21: A matrix A is invertible if and only if it can be written as a product of elementary
matrices of the same dimension as A.

To find the matrix product, recall the reduced row echelon form of A is I. Thus one can reduce A to I
keeping track of the k row operations required. One then has

EyEp_1---E1A=1.

for some k elementary matrices F;. Then, considering B = EFEj_1 - -+ E1 one can multiply both sides
by B~ to get:

A= (EyEx 1 B "I =(ExEx_1---E) ' = (B1) - (Br_1) N(ER) L.

Since each inverted elementary matrix is itself an elementary matrix one has the required product.
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Example 2-55

Solution:

Ry — Ry — Ry

Ry < R3

RQ*)RQ*R?,

R1*>R1+R2

follows:

we have

If possible, write A =

O O =

-1 0

1
1 —1 1] as a product of elementary matrices.
0

11

0 1| =Exn(-1)A

1
1 1 :P23E21(—1)A
0

=

= E23(—1)P23E21(—1)A

O ==
o

4

0 0
1 0| =1=EFE32(1)Ea3(—1)Py3Es(—1)A
0 1

E12(1>E23(—1)P23E21(—1)A =1

1)Ez3(—1)PasEoi (1)) ' I

(B,
= (o1
En(

VP23 Ea3(1)Er2(—1).

2(
(=1)) " (Pas) " (Bas(—1)) " (E12(1) 7"
1

Having reduced A to RREF, the matrix is invertible and the process of reduction can be written as

Remember that order is important here with the first row operation needing to act on A first. Then
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Example 2-56

01 -2
If possible, write A= [1 0 4| as a product of elementary matrices.
0 0 3
Solution:
[0 1 —2]
A=1|1 0 4
10 0 3]
3
Ry & Ry 1 0 4]
0 1 —2| =PpEs(3)A
Ry — Ry |0 0 1]
3
Ry — Ry —4R3 1 0 0
Ry - Ro+2R3 |0 1 0| =1= E13(—4)E23(2)P12E33(§) A
0 0 1

Then A is invertible and one has
Elg(—4)E23(2)E33(1/3)P12A =1.
Therefore:

A = (E13(—4)E23(2)E33(1/3)Pra) 1

= (Pr2) "' (E33(1/3)) " (Ea3(2)) " (Bis(—4)) ™!
= P12F33(3) Ea3(—2) E13(4) -

Note that while the order of the matrices in general matters, the order of

010 1 0 0
Py=1|(1 0 0| and FE33(1/3)=(0 1 O
0 0 1 0 0 1/3
could have been swapped as both were introduced at the same initial step. That this is acceptable

is because one can verify Pi3Fs33(1/3) = E33(1/3)Pyo, i.e. the two matrices commute. Similarly
E13(—4) and E»3(2) could have been introduced in a swapped order at the second step.

Example 2-57

1 -1 1
If possible, write A = | -2 2 1| as a product of elementary matrices.
0 0 1
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Solution:
1 -1 1
A=|-2 2 1
. 0 0 1
!
1 —1 1]
Ry - Ry+2R; [0 0 3| = E21(2)A
0 0 1
I
(1 -1 1]
Ry < R3 |0 0 1| = P23E21(2)A
0 0 3]
3
[1 -1 1]
0 0 1| =EFE3(-3)P;3Ex(2)A
R3 — R3 — 3R, _0 0 0_
The matrix A cannot be reduced to the identity matrix, therefore A is noninvertible and A cannot
be written as a product of elementary matrices.

We found, for an invertible matrix A, that we could reduce it by elementary row matrices to identity
matrix I by
EyEyq1---E1A=1.
—_———
=B

Since BA = I it follows that B = A~! and the elementary matrix expansion of A™!, if desired, is
therefore
AV =FE.Er_1- - E;.

In practice this mechanism is a complicated way to find the inverse due to the multiplication required.
As was already seen, augmenting A to [A]I] and reducing to [I|A~!] is an algorithmically superior
solution.

Consider the more general problem of reducing an arbitrary m X n matrix A to its reduced row echelon
form. Since this can be done by elementary row operations which can be represented by multiplication
by elementary matrices we have

EyEy_1---E1A=R

where R is the RREF of matrix A and the E; are m xm elementary matrices. Defining B = ExFi_1 -+ E;
we see that for any matrix A we can find an invertible matrix B, written as a product of elementary
matrices such that

BA=R.

In other words, we can reduce any matrix A to its RREF by matrix multiplication. Now since B is
a product of elementary matrices which in turn are found by reducing A to R we could find B by
matrix multiplication. However our experience with inverting matrices suggests that a more efficient
mechanism to find B is to augment the m x n matrix A by the identity matrix I,,, and reduce as follows

[AlT] = [R|B].

The desired product B = ExEy_1 --- E1 will then be found quickly. The following example illustrates
the procedure.
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Example 2-58
Given the matrix
1 2 0
A= {3 5 —2]
find an invertible matrix B such that BA = R, where R is the reduced row echelon form of A, and
express B as a product of elementary matrices.

Solution:
Augment A by I, the 2 x 2 identity matrix, and reduce to RREF keeping track of the row operations.

1 2 o1 0
Al = 3 5 —2|0 1}
I3
1 2 o] 1 0
Ry — Ry — 3Ry _0 -1 =21 =3 1:| 7[E1A|E1]
I3
1 2 01 0
I3
Ri—R —2R;[1 0 —4]| -5 2
Thus the RREF of A is
Rt 0 4
10 1 207
and the matrix B which reduces A, so that BA = R, is given by
-5 2
=[5 )

As a product of elementary matrices we have B = E3Fs Fq, where, looking back at our row operations
we have, calculating the elementary matrices by operating on the identity matrix,

1 0] 10

0 1] 7 Ry~ Ry~ 3R, [—3 1] = Eu = En(=3)
1 0] 1 0

0 1| 7 Ry~ R, [0 —1} = B2 = En(=1)

1 0]  Ryi—Ri—2R, [1I —2

0 1] 7 L [0 1] = By = Bia(=2)

Thus as a product of elementary matrices we have

B = {_g _ﬂ = B3y = E13(—2)Egy(—1)Ey (—3) = B _ﬂ [(1) _ﬂ {_; ﬂ .

One can confirm by direct matrix multiplication that BA = R and that B = F3FE3F; for these
matrices.
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3.1 Defining the Determinant

In Theorem w the inverse of the 2 x 2 matrix [‘; fl] was found to be

1 d —b
(ad —bc) |—¢ a]’
Clearly for this inverse formula to work the number ad —be must be nonzero. This single number ad — bc
which depends on all the entries of the matrix is called its determinant and the goal of this chapter is

to generalize the formula to square matrices of arbitrary dimension, determine ways to calculate it, find
out its properties and its useful applications.

Let A be an n x n square matrix. Associated with A there is a number called the determinant of A
denoted by det A, det (A), or |A|. Note that the vertical bars here do not refer to absolute value.

If Aisalx 1 matrix, so A = [a11], then det A = aq; .
If Ais a2 x 2 matrix, so A = {au au} , then det A = aj1a22 — ai2a921 .
a1 a2

Example 3-1
If A= [-9], then det A = [A] = -9

1

IfB—[2

_3] then det B = [B| = (1)(=3) — (2)(2) = -3 — 4 = 7

To define the determinant of square matrices of arbitrary dimension we will do so recursively in terms
of the determinants of the smaller matrices they contain. This requires the following definition.

Definition: Let A be an m x n matrix, then the submatrix A;; is obtained from A by deleting the

i*® row and j* column.
Example 3-2
2 -1 1
IfAZ 0 1 2 theIlAlgz 0 2 andA33: 2 -1 .
3 5 4 3 —4 0 1

a11

With this notation we note that the determinant of a 2 x 2 matrix A = L
21

au} can be written in
a22
terms of the determinants of its 1 x 1 submatrices as
det A = aj1a92 — aj2a01 = aj1 det Ajp — ajpdet Aqo.
This suggests that we can generalize the determinant to a 3 x 3 matrix

aip a2 aig
A= laz ax a3
a3z1 azz A33
by adding and subtracting alternately the product of each entry in its first row times the determinant
of its corresponding submatrix:
det A = a1 det A11 — a1z det A12 “+ a3 det A13 .

Since these submatrices are 2 x 2 matrices, this is well-defined. Proceeding recursively we can now
define the determinant for square matrices of any dimension.
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Definition: Let A = [a;;] be a square matrix of dimension n x n. Associated with A there is a
number called the determinant of A denoted by det A, det (A), or |A]. If n = 1 then define
det A = aiq.

For n > 1 define

det A = a1 det A11 — a2 det A12 + ...+ (—1)"+1a1n det Aln y

where A;; is the submatrix obtained from A by deleting the i*" row and j'" column from A.
Example 3-3
Compute the determinant of A for the given matrices.
6 —3
Lasft
Solution:
det A = (6)(9) — (—=3)(5) =54+ 15 =169
2 4 7
2. A=16 0 3
1 5 3
Solution:
det A = a1 det A11 — a2 det A12 “+ ais det A13
0 3 6 3 6 0
-2fs 3o Sl g
=2(0—15) —4(18 - 3) + 7(30 — 0)
= 2(—15) — 4(15) + 7(30)
= —30 — 60 + 210
=120
1 3 0
3. A=|-5 2 3
1 0 -1
Solution:
det A = a1 det A11 — a2 det A12 “+ a3 det A13
2 3 -5 3
_1’0 1‘—3‘ 1 1’+M
=1(-2-0)-3(5-3)
=1(-2) - 3(2)
=—-2-6
=-8
-1 2 -3
4. A= 1 1 2
0 2 -5
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Solution:
1 2 1 2 11
detA(l)’2 _5’2‘0 _5‘+(3)‘0 2‘
=(=1)(-5—-4)—2(-5-0)—3(2-0)
=9+10-6
=13

The Rule of Sarrus for 3 x 3 Matrix Determinants

For a 2 x 2 matrix the determinant ’Z = ad — bc is easily remembered as the product of the diagonal

d‘
from left to right minus the product of the diagonal from right to left. For a 3 x 3 matrix a similar
pattern emerges if one appends the first two columns of the matrix on the right of the matrix to form a

3 X 5 matrix.

The determinant of the 3 X 3 matrix is then the sum of the three diagonal products from left to right
minus the sum of the three diagonal products from right to left. This is known as the Rule of Sarrus.
That this is true can be seen by applying the definition of the determinant to a general 3 x 3 matrix to
get:

a1l a2 ais
a21 A2z G23| = G411
azi1 asz ass

a21  a22
as1 as2

21 a23
as1 ass

a2 A23

+ ais
a3z  a33

— a12

= a11(azeass — azzasz) — aiz(aziass — azsasy) + ai3(aziase — a22a31)
= 011022033 — @11023032 — 012021033 + 12023031 + A13G21a32 — G13022031

= (11022033 + @12023031 + 0130210432 — G13022G31 — A11G23032 — G12021033

Note that the Rule of Sarrus applies only to determinants of 3 x 3 matrices. The pattern fails for
determinants of matrices of order greater than three.

Example 3-4

Find the determinant of the 3 x 3 matrix using the Rule of Sarrus.

-1 2 =3
1. A= 1 1 2
0 2 -5

Solution:
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det A = (=1)(1)(=5) + (2)(2)(0) + (=3)(1)(2) = (=3)(1)(0) = (=1)(2)(2) — (2)(1)(-5)
=5+0-6+0+4+10

=13

0 2 3

2.A=11 4 0

5 0 6
Solution:

det A=0+0+0— (3)(4)(5) — 0 — (2)(1)(6)
=—60—12
=72

3.1.1 Cofactor Expansion

Consider finding the determinant of the matrix

5 1 2 4

-1 0 2 3

A= 1 16 1
1 0 0 —4

We have
det A = 5det A11 — 1det A12 + 2 det A13 —4det A14

and the determinants of the submatrices of dimension 3 x 3 would then need to be evaluated. To compute
this requires a fair amount of work. We wish to study other methods of evaluating determinants.

Definition: Let A be an n xn square matrix (a matrix of order n) and let A;; denote the (n—1) x (n—1)
submatrix obtained from A by deleting the i*" row and j*" column, then:

e The ¢, j-minor of A, denoted by m;;, is given by .

e The i, j-cofactor of A, denoted by c;;, is given by | c;; = (=1)"m;; = (1) det A;; |.

e The cofactor matrix of A is the n x n matrix C' = [¢;;] .

Note that since ¢ + j is even if ¢ and j are both even or both odd and ¢ + j is odd if 7 is even and j is
odd, or wice versa, it follows that —1*tJ has the pattern

+ +
+ +

S+
L+
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Example 3-5

Find the minors, cofactors, and cofactor matrix of the given matrices.

2 -3 1

1. A= |4 0 -2

3 -1 -3
Solution:

The matrix has 9 elements, therefore it has 9 minors and 9 cofactors. The minors are:

mi = _(1) :; =0-2=-2 mu:g :32—124-6:—6 mw:g _(1):_4+0:_4
m“::? _:1*;:9“:10 m22=§ _;):—6—3:—9 m23=§ j’=—2+9:7
a1 = _8 —;:6_026 m32:z21 752_4_4:—8 m33:i _g=0+12:12

The cofactors additionally have the multiplicative sign factor —1°17 to get

cii=+miy1=-2 cio=-m2=6 ci3=+mz=—4
co1 = —mo1 = —10 coo = +Mmoa = =9 o3 = —maz = —7
c31 = +mg3; =6 c32 = —m3zx =8 ¢33 = +m3z3 =12

The cofactor matrix of A is therefore

-2 6 —4
C=|-10 -9 -7
6 8 12
1 -3 2
2. A= 0 1 3
-1 -2 5
Solution:
The minors of A are:
1 3 0 3 0 1
mi1 = _9 5 =11 mio = _1 5‘ = 3 mi3 = _1 _2‘ =1
-3 2 1 2 1 -3
mo1 = 9 5 =11 Moo = 1 5‘27 mos = 1 _2‘:—5
-3 2 1 2 1 -3
ms1 = 1 3——11 m32—0 3’—3 m33—0 1’—1
The cofactors of A are:
ci1=+my1 =11  cio=-mip=-3 ci3=+miz3=1
Co1 = —moy = 11 Cog = +Mo2 =7  Co3=—Ma3 =25
c31 =+mgy = —11 c3o0=—-m3z=—-3 c33=+mz3=1
The cofactor matrix of A is therefore:
11 -3 1
C= 11 7 5

-1 -3 1
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Theorem 3-1: If A is an n X n matrix then det A can be evaluated by a cofactor expansion along
any row or any column as follows:
Along the i*" row:

‘det A =ajci + aincio + ..+ QinCin ‘

Along the j* column:

‘detA = a1jC15 + a25C25 + ... + AnjCnj ‘

In addition to illustrating a profound property of the determinant, cofactor expansion has practical
utility. When evaluating a determinant we can choose to expand a row or column containing one or
more zeros to simplify calculation.

Since a matrix with a zero row or column may always be expanded along it when finding the determinant
we have the following corollary of the cofactor expansion theorem.

Corollary: If square matrix A has a zero row or column then det A = 0.
Example 3-6

Evaluate the determinant of the given matrix.

2 -3 1

1. A= |4 0 -2

3 -1 -3
Solution:

Expanding along the second row we have:

det A = ag1c21 + aosess + as3cas
= 4(=1)*"'magr 4 (—2)(=1)* Pmys

= —4moq + 2mo3

-3 1 2 -3
3+ T
= —4[(=3)(=3) = ()(=D)] +2[(2)(-1) — (=3)(3)]
=40+ 14
=2
101 -7
9 0 3 -1
24=19 01 5
004 0
Solution:

Since its second column is all zeros, det A = 0.

1 -3 2
3. A= 0 1 3
-1 -2 5
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Solution:
Expanding along the first column:

det A = ay1¢11 + Gorest + asic31
=1(=1)"*'myy + (=1)(=1)*mg,

=Mmi1 —Mm3a1

_‘ 1 3'_‘—3 2‘
-2 5 1 3

=5—(=6) = [(-9) - 2]

=11+4+11

=22

(Our 4 x 4 matrix from before.)

[u—

O~ O
O O NN
I S

Solution:
Expanding along the fourth row containing two zeros:

1 2 4 5 1 2
detA=(1)(-1) [0 2 3| +04+0+(—4)(+1)|-1 0 2
1 6 1 1 1 6
S ~—_——
expand 24 row 24 row
1 4 1 2 1 2 5 1
[2(+1) . 1’+3(1)‘1 6”4[(1)(1) ' 6‘+2(1)‘1 1H

=-[21-4)=3(6-2)] —4[(1)(6 —2) —2(5 - 1)]
= —(—6—12) — 4(4 —8)

=18+ 16

=34

Determinants of Triangular Matrices

Definition: A square matrix is called upper triangular if all the entries below the main diagonal
are zero and lower triangular if all entries above the main diagonal are zero.

Clearly a diagonal matrix is both upper and lower triangular.

Example 3-7
1 3 5
1. U= 1|0 1 2| isupper triangular.
0 0 10
1 0 0 O
2 0 0 0], .
2. L= 9 1 5 ol ® lower triangular.
1 0 11
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-2 0 0
3. D= 0 3 0] is a diagonal matrix (and upper and lower triangular).
0 0 10

Theorem 3-2: If an n X n matrix A is upper triangular, lower triangular, or diagonal, then its
determinant is the product of its entries on the main diagonal,

det A = a11a22 - App |-

Proof:
Suppose A is upper triangular given by
a1 ai2 e A1n
0 aso ... Q2p
A =
0 0 ... Gnn

Expanding along its first column we have

det A = ai11€11
= a1 (-1)"*'myy
a9 . a9n
= an
0 ... apn

The resulting submatrix is still upper triangular and we can expand along its first column :

ass ... Q3zn
det A = a11a22
0 ... apn
Continuing this process we have det A = a11a99 * * - Gy - A similar argument follows for lower triangular

matrices using row expansion. Finally diagonal matrices are triangular so the theorem follows for them
as well.!

Since an n X n identity matrix I is diagonal with all main diagonal entries equal to one we have that
the product of those entries is also one and we have the following result.

Corollary: If I is an identity matrix, then |det I = 1].
Example 3-8
Compute the determinant of the given matrix.

0

-1 0
1. A= 0 3 0 will have a det A = (—1)(3)(—2) = 6 as it is a diagonal matrix.
0 0 -2

LA rigorous proof of this theorem using mathematical induction is as follows. Let P(n) be the proposition that the
determinant of an order n upper diagonal matrix is the product of its diagonal elements. Then P(1) is true since then
A = [a11] and det A = a11. Next suppose P(n) is true. Then an (n + 1) X (n + 1) upper diagonal matrix A can be
expanded along its top row to get det A = a11 det Aj;. But submatrix Aj; is of dimension n and is upper triangular
so its determinant, since P(n) is true, is the product of its diagonal elements, det A1 = ag2 - - - an+1,n+1- Therefore
det A =a11a22 - ant1,n+1 and P(n + 1) is true. By mathematical induction the theorem is therefore true for all n.
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is lower triangular therefore det A = (—1)(5)(8)(2) = —80

w0
== ot o
w oo O O
N O OO

3.1.2 Determinant of a Matrix Product

Determinants have the following remarkable property.

Theorem 3-3: Let A and B be n x n matrices then the determinant of their product is the product
of their determinants. In symbols,

| det (AB) = det (A) det (B)|.

Note, however that the result is not true of the sum of two matrices. In general

det(A+ B) # det A+ det B.

Example 3-9
-1 2 1 4 .
Let A = { 3 J and B = [_2 1]. Find det A, det B, det (AB) and det (A + B).
Solution:
-1 2
det A= 3 1‘2—1—6——7
1 4
det B=| 1‘ —1-(-8)=09
det (AB) = _? _12‘ =—65—(—2)=—63
det (A +B) = | 6‘ —0-6=—6
1 2
Note that det (AB) = —63 equals (det A)(det B) = (—7)(9) = —63 as predicted by Theorem [3-3
but that det (A + B) = —6 does not equal det A +det B=—-7+9 =2.

For three square matrices of same order we have, by the determinant product theorem:
det (ABC) = det[(AB)C] = det(AB) det(C) = det (A) det (B) det (C) .
In general we have the following for any finite number of such matrices.

Corollary 1: Let Ay,As,..., A be k matrices of dimension n x n. Then

|det (A1 4; -+ Ay) = det (A1) det (As) -+~ det (4y) |.

Setting A; = A for all ¢ in the previous corollary gives the following for the determinant of a power
of A.



Determinants 79

Corollary 2: Let A be a square matrix and k a positive integer. The determinant of the k*" power of
A is the k*® power of its determinant. In symbols

det (A¥) = (det A)* |.

We have seen that matrix multiplication does not, in general, commute so AB # BA . However, because

multiplication of numbers commutes and determinants are just numbers we have ‘ det (BA) = det (AB) ‘

since

det (BA) = det (B) det (A) = det (A) det (B) = det (AB) .
Generalizing to the product of k£ matrices gives the following final corollary.

Corollary 3: Let A;,As,..., Ax be k matrices of dimension n x n. Then the determinant of the
product A; A, --- Ay equals the determinant of the product of the £ matrices evaluated in any order.

3.1.3 Determinant of a Transpose

Theorem 3-4: If A is a square matrix then the determinant of its transpose equals the determinant
of A,

det (AT) =det A|.

Proof:
Consider the case where A is a 2 x 2 matrix. Then

ajia ajla
A= |"172 and therefore AT = |"11721|
Q21022 Q12022

By direct computation one has:
det A = a11a22 — 12021 = det (AT) .

For A of higher dimension one may proceed by induction by doing cofactor expansion along the first
row of A and the first column of A” . The submatrices generated will be the transposes of each other
and of smaller dimension than A so their determinants will be equal by assumption of the truth of the
nth step.

3.1.4 Determinants of Orthogonal Matrices

Orthogonal matrices have some unique properties that distinguish them from other square matrices,
one particular property is related to their determinants.

Theorem 3-5: If A is an orthogonal matrix then ‘ det (A) =1 or det (A) = -1 ‘

Proof:

Using that A= = AT for an orthogonal matrix we have:
1 =det (I) = det (A~ A) = det (AT A) = det (A") det (A) = det (A) det (4) = [det (4)]>.

Since 1 = (det A)? the result follows.
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3.1.5 Determinants of Elementary Matrices

We have seen that an invertible matrix can be decomposed into a product of elementary matrices.
Since the determinant of such a product is just the product of the determinants, knowledge of the
determinants of elementary matrices will be useful.

Example 3-10
Find the determinant of the given elementary matrix.

OO O
O O N O
o R OO
= o o o

The matrix is diagonal with determinant det E = E9(7) = (1)(7)(1)(1) =7

2. E=

S W =
O = O

0
0
1

The matrix is lower diagonal with 1’s along the main diagonal, therefore
det E=FE2(3)=(1)(1)(1) =1.

1 0 0

3. E=1(0 0 1

0 1 0
Expanding along the first row gives det F = det Pz = (1)(+1) ‘(1)3’ =10-1)=-1

The results of the previous example may be generalized to arbitrary elementary matrix examples of the
three types as given in the following theorem.

Theorem 3-6: Let FE be an elementary matrix.

1. If F results from multiplying a row by a nonzero scalar ¢ then det E = det E;(c) = c¢.

2. If E results from the addition of a multiple of one row to a different row then det E = det E;;(c) = 1.
3. If F results from interchanging two rows then det £ = det P;; = —1.

Example 3-11

In Example we found the decomposition

01 -2
A= 1 0 4| = (Pr2) " (E33(1/3)) (E13(—4)) " (E23(2)) " = Pi2E33(3)E13(4) E23(—2) .
0 0 3

It follows that

det A = det P12 det E33(3) det E13(4) det E23(—2) = (—1)(3)(1)(1) =-3.
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Note that, as this last example recalls, we must invert the matrices that implement the row reduction
to find the decomposition of A. From Theorem and the last theorem it follows that det (E~') =
1/det E. (We will see shortly this is true of any invertible matrix.) As such the determinant of A
is the product of the reciprocals of the determinants of the elementary matrices that implement the
actual row reduction, or, more simply, the reciprocal of the product of those determinants.

3.1.6 Effect of Row Operations on Determinants

In evaluating determinants we have seen the value of doing cofactor expansion along a row or column
dominated by zeros. We have seen previously how Gauss-Jordan elimination was able to produce zeros
in a matrix. We now explore what effect an elementary row operation has on the determinant of a
matrix, with an eye to using such knowledge to simplify determinant calculations. Since row operations
can be implemented by elementary matrices, knowledge of their determinants yields the following useful
theorem.

Theorem 3-7: (Effect of Row/Column Operations on Determinants)

Let A be a square matrix.

1. If one row (column) of A is multiplied by a nonzero scalar ¢ then the determinant changes by a
factor of c.

2. If a scalar multiple of one row (column) is added to another row (column), then the determinant
is unchanged.

3. If two rows (columns) of A are interchanged, then the determinant changes by a factor of —1.

Proof:

Suppose matrix A’ is created by such a row operation on matrix A. Then there exists an elementary
matrix F such that A’ = FA. Then det A’ = det (FA) = det (F) det (A) and the stated result follows
from Theorem by consideration of the type of row operation. Next suppose A’ is created by such
an operation on a column of A. Then said operation can be represented by a row operation on the
transpose of A so that A’ = (EAT)T . Then det A’ = det ((EAT)T) = det (EAT) = det (E) det (AT) =
det Edet A and the result follows again from Theorem [3-6].

The theorem has some useful corollaries.

Corollary 1: If A is an n x n matrix and c is a scalar, then ‘ det (cA) =" det A ‘

This follows by 1. since multiplying A by c is equivalent to multiplying each of the n rows by c.

Corollary 2: If square matrix A has a row (column) that is a scalar multiple of another row (column)
then det A =0.

This follows by 2. since if ¢ is the scalar multiple then one can add —c of the one row (column) to the
second to produce a new matrix with a row (column) of all zeros and the same determinant as the
original matrix.

Corollary 3: If square matrix A has two equal rows (columns) then det A =0.

This follows by 3. for if we switch the identical rows (columns) then the determinant of the new matrix
equals the negative of the determinant of the original matrix. However the new matrix is just the
original matrix, so det A = — det A which implies det A = 0. This corollary also follows as a special
case of Corollary 2 with scalar equal to one.

We can now use these procedures to simplify the calculation of the determinant as illustrated in the
following examples.
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Example 3-12

Compute the determinant of the given matrix.

-1 0 4 0
01 3 1
LoA= 2 2 0 2
-3 1 1 1
Solution:
det A = 0 since A has two identical columns.
3 -2 -1
2. A=|-6 —4 2
-3 -2 4
Solution:
We perform the following row operations to simplify the matrix and consider the effect on the
determinant.

Ry — Ro + 2R; (does not change determinant)
R3 — Rs+ R; (no change)

3 -2 -1
detA=1|0 -8 0
0 —4 3

Ry > R3 (new determinant differs by minus sign so introduce one to preserve equality)

3 -2 -1
=—0 —4 3
0 -8 0
R3 — R3 — 2Rs (no change)
3 -2 -1
=—10 —4 3
0 0 -6
Matrix is now upper diagonal so det A = —(3)(—4)(—6) = —72.

2 3 1 -3
3 0 -1 4

SA=10 0 1
13 13 0 —-13

Solution:

R4_>T13;R4

Note here that multiplying row 4 by ¢ = 1/13 multiplies the original determinant by 1/13 so
we must multiply by 1/¢ = 13 to compensate this. Effectively this looks like “factoring out 13”
from the row.

2 3 1 -3
3 0 -1 4
det A =13 1 0 1 _9
1 1 0 -1
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Rl — R1 — 3R4
-1 0 1 0
|13 0 -1 4
=10 1 -2
1 1 0 -1
Expanding along the second column:
-1 1 0
=13(1)(+1)| 3 -1 4
-1 1 -2
Ry — R + 2R3
-1 1 0
=131 1 1 0
-1 1 =2
Expand along the last column:
-1 1
= 13(=2)(+1) ’ . 1’

= —26(—1—1) =52

01 2 0
4 0 1 0
4 A= 0 3 21
-2 0 1 3
Solution:
We will find the determinant by placing the matrix in upper diagonal form.
Ry < Ry
-2 0 1 3
4 010
det A = — 03 2 1
01 2 0
Ry — Ry + 2R,
-2 0 1 3
_ | 0036
o 03 2 1
01 20
Rg A d R4
-2 0 1 3
|01 20
10 3 21
0 0 3 6
R3 — R3 — 3R,
-2 0 3
1 01 2 0
100 -4 1
0 0 3 6
Ry, — %R4
2 0 1 3
_3 0 1 2 0
B 00 —4 1
0 0 1 2
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R3 — Ry
-2 0 1 3
0 1 2 0
=3l o0 12
0 0 -4 1
R4 — R4 + 4R3
-2 0 1 3
01 2 0 . .
=-3 00 1 2 < Upper Diagonal Matrix
0 0 09
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3.2 Adjugate of a Matrix

For any n x n matrix A, recall the 4, j-cofactor of A, denoted by c¢;; is given by:
Cij = (fl)iﬂ'mi]— = (71)i+j det Aij

Then A has the cofactor matrix C = [¢;5]:

C11 C12 . Cin

C21 C22 . Con
C =

Cnl Cp2 oo Cpn

Definition: If A is an n X n matrix, then the adjugate of A denoted by adj A is the transpose of the
cofactor matrix of A.

€11 C21 Cnl

. T 12 C22 Cn2
adjA=C" =

Ciln Con -.- Cpn

The adjugate is also known as the adjunct or the classical adjoint however the word adjoint finds
different usage in linear algebra and, as such, should be avoided.

Example 3-13

2 -3 1
Find the adjugate of Aif A= {4 0 -2
3 -1 =3

Solution:
Recall from Example [3-5] we found the cofactor matrix to be

o2 42 40
-1 =3 3 -3 T3 -1
—2 6 —4
C=1 - + - =|-10 -9 -7
6 8 12

Therefore, taking the transpose, one has

-2 —-10 6
adjA=CcT=1] 6 -9 8
-4 -7 12

The adjugate of a matrix has the following important property.

Theorem 3-8: If A is an n X n matrix, then:

)

| A(adj A) = (adj A)A = (det A)T
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where [ is the n x n identity matrix.

Proof:

To show A(adj A) = (det A)I we note that the latter matrix is just the diagonal matrix with det A
along the diagonal. The i*® diagonal entry of the product A(adjA) involves the i*" row of A and the
it column of adj A. But, since adj A = C7 this is just the i*" row of C' and we have?

[A(adj A)]is = asncit + ainCio + . .. + QinCin

which we recognize to be det A evaluated along the i*® row of A. For an off-diagonal entry of the
product, ¢ # j, one would get

[A(adj A)]U = a41C41 + a;2Cj2 + ...+ AinCjn, -

One observes that none of the cofactors on the right hand side involve the j** row of A since we delete
the row and column when working out the cofactor and all the entries are in the j** row. The entries
a;1 to a;, which multiply the cofactors all sit in a row different from the j*" by assumption as well.
Consider then, a new matrix B that is identical to A except in the j*! row which is just made to be a
copy of A’s i*" row. Then since B has two rows equal we have det B = 0. However cofactor expanding

along the j** row of B gives

bjlcjl + bngjg + ...+ bjncjn =detB = 0,

where the cofactor entries are identical to those of A by construction. However since the j* row of B
equals the i*" row of A we then have

a;1¢51 + aipcjo + ...+ A Cin =0

thereby proving [A(adj A)];; = 0 for ¢ # j, thereby completing the proof. Similarly one may argue
(adj A)A = (det A)I by considering determinant column cofactor expansions.

Theorem 3-9: If A is a square matrix with det A # 0, then A is invertible with

1
-1 .
= qora A |-

Proof:
Let A be square with det A # 0. From Theorem [3-8 we have

A(adjA) = (adj A)A = (det A)I .
Since det A # 0 multiply each term by scalar 1/det A to get

1

det A adj A)A] = 1 [(det A)T] .

[A(adj A ot d

1
=gl
Using the properties of scalar multiplication we have

A L( djA)| = i( djA)| A= L(d tA)| I
det A VY| T [der 4 = [det A '

(adj A) by definition of the inverse.

Since the last term simplifies to I we have A™! =
det A

2Here we have introduced, for convenience, notation for the i-j** entry in a matrix, namely [A];j = a;;.
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Example 3-14

2 -3 1
Find the inverse of A= |4 0 —2| using the adjugate.
3 -1 -3

Solution:
Evaluating the determinant of A along the second column of A gives

(ktA::—ﬁ(—l)B _§‘+(%+(—1X—1)E 7;
=3(—12+6)] + 1(—4 —4)
=188

= —26

which is nonzero so the inverse exists. From Example we found

-2 —-10 6
adjA=1| 6 -9 8
-4 =7 12
Therefore
1 -2 —-10 6
A= —(adjA)=—— | 6 -9 8
det A 26| _4  _7 19
Example 3-15
3 2 -1
Find the inverse of A = |1 6 3| using the adjugate.
2 -4 0

Solution:
Evaluating the determinant with cofactor expansion along the third row gives

2 -1 3 -1
mmA_2H4w6 J+0+4mﬂwl 4
—2(6+6)+4(9+1)
= 24 4 40

=64
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which is nonzero so A~ exists with
1 1
—1 . T
= ——adjA=—
et A4 = qea©
- AT
6 3 1 3 1 6
T4 0’ T2 0‘ +24‘
B I B L O
64 -4 0 2 0 2 —4
2 -1 3 -1 3 2
e 3' o8 Th 6‘ |
- T —
1 12 6 —16 1 12 4 12 1 6 2 6
:6—4 4 2 16 :@ 6 2 -—10 :3—2 3 1 —=5
12 —-10 16 |—-16 16 16 -8 8 8
Example 3-16
Find the inverse of the 2 x 2 matrix A = {ac 3] using the adjugate.
Solution: Assuming det A = ad — bc # 0 the inverse is
_ 1 1 1 [(+1)d (=1)c]" 1 d —b
Al = — adjA=—0CT = —— =
det AV det A ad — be {(1)5 (+1)a ad—be |—c «a
as we found before.

The converse of Theorem [3-9] also holds with the result:

Theorem 3-10: A square matrix A is invertible if and only if det A #£ 0. If A is invertible then

det(Ail) = ﬁ = (det A)71 .

Proof:
By Theorem det A # 0 implies A is invertible. For the converse let A be an invertible matrix. Then

there exists A~! satisfying
AAT =1T.

Taking the determinant of both sides gives
det(AA™Y) =det I.

But the determinant of a product is the product of the determinants and the determinant of an identity
matrix is one, therefore:

(det A)det (A™") =1.

If det A = 0 we have a contradiction to the last statement as the left hand side would be zero. Therefore
det A # 0. In this case we can divide both sides of the last equation by det A to get det (Afl)

T det A
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Example 3-17

Determine whether the given matrix is invertible.

2 1
asf ]
Solution:
det A = —2 — 3 = —5 # 0 therefore A is invertible.
2 6
2 anft 9
Solution:
det A = 6 — 6 = 0 therefore A is noninvertible.
-1 1 -2
3. A= 01 -3
1 1 -2
Solution:

Using the Rule of Sarrus,

det A = (=1)(1)(=2) + (1)(=3)(1) + (=2467(T) — (=2)(1)(1) — (~=1)(=3)(1) — (UB}=2)
=2-3+2-3
-9

)

which is nonzero therefore A is invertible.

Example 3-18

Find the values of m so that the given matrix is invertible.

2 -3 m
A= 12 0 -2
3 —m -3
Solution:
A is invertible if and only if det A # 0. Evaluating det A along the second row we have
2 -3 m
det A =2 0 -2
3 —m -3
-3 m 2 -3
=2(-1) ‘_m g T 0+ (=2)(=1) ‘3 _m‘

= —2(9+m?) +2(—2m + 9)

= —18 —2m* — 4m + 18

= —2m(m+2)
Then det A = 0 implies m = 0 or m = —2. Therefore A is invertible (det A # 0) if m # 0 and
m# —2.
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The adjugate of a matrix is itself a matrix with determinant and potentially an inverse. This is explored
in the following theorems.

Theorem 3-11: Let A be an n X n matrix with n > 1, then:

det(adj A) = (det A)" 1|,

Proof:
By Theorem [3-§]
(adj A)A = (det A)(I).

Taking the determinant of both sides gives
det[(adj A)(A)] = det[(det A)(I)].
Since det(AB) = det Adet B, det(cA) = ¢" det A, and det [ = 1 we have
det(adj A)det A = (det A)" det I = (det A)™.
Case I: det A # 0. Dividing through the previous equation by det A gives

(det A)™

det(adj A) = et A

= (det A)"_1 ,
and the theorem holds.

Case II: det A = 0. Then 0"~! = 0 so we need to prove det(adjA) = 0. We will use proof by
contradiction by supposing det(adj A) # 0. Then (adj A)A = (det A)(I) implies

(adjA)A =0.

Since det(adj A) # 0 Theorem implies the matrix adj A itself is invertible with inverse (adj A)~*.
Left-multiplying both sides of (adj A)A = 0 by this inverse implies A = 0. Then adjA = CT =0
since all the cofactors of A vanish if A = 0. But then adj A = 0 implies det(adj A) = 0 and we have
a contradiction to the original supposition. Hence the opposite of the supposition must be true and
det(adjA) =0.

Theorem 3-12: If A is an n X n invertible matrix, then adj A is invertible with

1
. 71 o
(adjA)™ = Tt A AA

Proof:
Let A be an n x n invertible matrix. Then det A # 0 by Theorem [3-10] From Theorem [3-§ we have

A(adjA) = (adj A)A = (det A)I .
Since det A # 0 multiply each term by scalar 1/det A to get

adj A)A] = —— [(det A)T] .

[A(adj A ot d

1 1
det A )]:m[(

Using the properties of scalar multiplication we have

[deiAA} (adj A) = (adj A) [detAA] - [detA(det A)] I.
1

Since the last term simplifies to I we have (adj A)™!' = Tt A
e

A by definition of the inverse.
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Example 3-19
Find the determinant and inverse of the cofactor matrix C of matrix A.

Solution:
Since adj A = CT we have (taking the transpose of both sides) C' = (adj A)”, therefore

det C' = det [(adj A)"] = det (adj A) = (det A)"".

Also since the transpose is invertible if and only if the original matrix is and adj A is invertible if A
is, then C' is invertible when A is invertible and

AT

T
C' = [(adj )] = [(adj 4)~1]" = [ ! } !

oA’ T dea
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3.3 Summary of Properties of Determinants

Let A and B be n x n matrices and let ¢ be a scalar, then:

AB) = (det A)(det B) (generalizable to product of k matrices)

2. det (AB) = det (BA) (generalizable to permutation of k matrices)

(
(
3. det (A*%) = (det A)*
4. det (AT) = det A
(

A—l
= A = (det A)

7. det (adj A) = (det A)"~

1
T det A = o’

More abstract problems involving matrix determinants may be simplified using these determinant
properties.

Also we have the two important inverse relations A~! = (adj A) and (adj A)~*

Example 3-20

Let A and B be 3 x 3 invertible matrices such that det A =2 and det B = —1.
Compute 1. det (ABT) 2. det (2ABAT) 3. det [—(adj A)>B*] 4. det (B~'A"'BA3B~1).

Solution:
(A ) (det A)(det BT) = (det A)(det B) = (2)(—1) = —2
2. det (QABAT) = 23(det A)(det B)(det AT) = 8(2)(—1)(2) = —32
[~
(B

3. det [—(adj A)?B*] = (—1)3[det(adj A)]*(det B)* = —(2371)2(-1)* = 16
4. det 1A 'BA*B™') = det (A"'AA’B'BB™") = det (IA’B~'I) = (det A)*(det B) "
=22 =4
(*1)

Note in question 4. how effectively one could just add the exponents of the matrices, treating the
inverses as exponents of -1, to get the simplified answer.

Example 3-21

a b| 1 4—1\ :¢ 4 _ |a—Db Bb
If det L d} = 3, compute det (§A ) if A= L _d 5d} .
Solution:
1, 1\’ i 1 A
We have det <2A > = (2> det (A ) = Idet A so we need to evaluate det A.
a—0b 5b
det A = c—d 5d’
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Do the following column operations:
CQ — %CQ
a—b b
det A=5 c_d d‘
Cl — Cl + CQ
a b
det A=5 . d’ =(5)(3) =15
Therefore . ) . )
det [ =A7!) = = =—.
¢ (2 ) ddetA ~ (4)(15) 60

3.3.1 Determinants and Linear Systems

We have seen that in determined linear systems for which the number of unknowns equals the number
of equations results in a square coeflicient matrix A. Such matrices have determinants and, as such,
our knowledge of determinants can directly inform this restricted class of linear systems. Despite this
limitation to linear systems of n equations in n unknowns, it should be noted that many applications
naturally result in such systems.

Since matrix A is invertible if and only if its determinant is nonzero we have the following result
regarding linear systems which follows from Theorem

Theorem 3-13: Let A be a square matrix. Then the determined linear system Ax = b has a unique
solution if and only if det A # 0.

Example 3-22

For what values of m does the following linear system have:

1. A unique solution?
2. No solution?

3. Infinitely many solutions?

r—my+4z=2
max — 2m?y + (2m> 4 4m)z = 2m
-2+ (14 2m)y — 9z = -3

Solution:
1 -m 4
The coefficient matrix is A= | m  —2m? 2m3 +4m
-2 1+42m -9
Expanding the determinant along the first row gives:
—2m?  2m? +4m m  2m3 4 4m m  —2m?
det A = (1)(+1) | 4 9m 9 +(=m)(-1) |, 9 +A(+) | D, +om

= 18m? — (2m® + 4m)(1 + 2m) + m[-9m + 2(2m® + 4m)] + 4[m(1 + 2m) — 4m?]

=18m2 — 2m> — 4m* — 4m — 8m? — Im? + 4m* + 8m? + 4m + 8m? — 16m>

= —2m® + m?
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Then 0 = det A = —2m3 + m? = m?(—2m + 1) if and only if m =0 or m = 1/2.
Since a unique solution occurs when det A # 0 this is when m # 0 and m # 1/2.

When m = 0 the augmented matrix for the system is

10 4] 2
[AB]=| 0 0 0] 0
2 1 —9|-3

I
(10 4 2
Ry Ry |-2 1 —9| -3
L 00 0] 0

I

1 0 412
Ry - Ry+2R, |0 1 —-11]1
0 0 00

Then rank(A) = rank([A|B]) = 2 is less than the number of unknowns (3). Therefore m = 0 gives
infinitely many solutions.

When m = 1/2 the augmented matrix for the system is

1 —3 4] 2
aBl=| & -1 2| 1
-2 2 —-9| -3
I
R1 — 2R1 [ 2 -1 8 4
Ry — 4Rs 2 =2 9 4
2 2 —9|-3
4
2 —1 814
R2 — R2 — R1 0 -1 110
Rg — Rd + R1 _0 1 —-1]1
J
2 —1 814
0 -1 1]0
R3 — R3+ R» _0 0 0|1

Here 2 = rank(A) < rank([A|B]) = 3 or, equivalently, the bottom row yields a contradiction.

Therefore m = % gives no solution.

Note that this example shows that for almost any value of m the determined system produces a
unique solution. The events of the determined system having no solution or an infinite number of
solutions are exceptional. In linear systems arising from physical problems one should suspect that
the problem has some symmetry or constraint when such exceptional cases arise.
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3.4 Cramer’s Rule

Let Az = b be a determined linear system of n equations in n unknowns where det A # 0 and:

ail a12 . QA1n b1

a1 a2 . aon bg
A= b=

An1 QAp2 .. Qpn b,

b1 a2 AT

bg a9292 ... Q2p
A1) = ,

bn An2 ... QAnpn

i.e. Replace the first column of A by the right hand side b. If we denote A = [@1as - - - a,,] where a; is
a column vector of A, then
A(l) = [baz - an].

In general let A(i) denote the matrix given by replacing the i** column of A4, a;, by b:

aixr ... A14-1 by ali+1 --- Qin

, a1 ... G2;-1 b2 a1 ... a2
A(l) = . —= [al".aiflbai+1“'an

apl -+ QAng—1 bn Qpi+l  --- Qnn

Theorem 3-14: Let Az = b be a determined linear system of n equations in n unknowns where
det A # 0. The unique solution @ = [z1,...,2,]7 to the system is then given by

oy det A(1) _ det A(d) det A(n)

det A YT T et A = et A
This is called Cramer’s Rule.
Proof:

Since det A # 0 A is invertible and Az = b has a unique solution given by & = A~'b. Evaluating the
latter gives:

x=A""1b
L (adj A)b
= a
det A )
1
= cTo
det A
11 C1 ... Cp1| | b1
1 Cl2 C22 ... Cp2 by
T det A
Cin C2n ... Cpn bn
Multiplying out the right hand side gives
T1 bicin 4 bacar + ...+ bpep

T2 1 b1012 =+ bQCQQ +...+ bncng
~ detA :

iy blcln + b262n + ...+ bncnn
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Equating the i*" entry on each side gives

x; (blcli+b202i+-~-+bncni) (’L': 1,...,77,).

T det A

But evaluating the determinant of A(i) along the i*" column gives

det A(Z) = blcu + bQCQi + ...+ bncm- .
Therefore
det A(7)
Xr; =
det A

(i=1,...,n).

Note Cramer’s Rule is not an efficient method for solving a linear system compared to Gaussian
elimination. It does have theoretical utility, however, as it gives a closed form for the solution of a
determined system having a unique solution.

Example 3-23

Solve the linear system using Cramer’s Rule if possible.

3r+2y+3z2=4
—2x —4y+2z=-12

2r+32=0
Solution:
[ 3 2 3
A=1|-2 —4 2 det A=2(4+1)(4+12) +3(+1)(-12+4) =32-24 =38
| 2 0 3
det A # 0 so Cramer’s Rule will work to find the unique solution.
[ 4 2 3]
A(l)=|-12 —4 2 det A(1) = 3(+1)(—16+24) = 24
| 0 0 3]
[ 3 4 3]
A2)= -2 -12 2 det A(2) = 2(+1)(8 +36) + 3(+1)(—36+8) =83 —84 =4
| 2 0 3]
3 2 4
AB)= -2 —4 —12| detA(3)=2(+1)(—24+16) = —16
2 0 0

Using Cramer’s Rule we have the solution:

_detA(1) 24 CdetA(2) 4 1 _det A(3) 16

 detA 8 Y7 et A 8 2 T TdetA 8
Example 3-24
Solve the linear system using Cramer’s Rule if possible.

31’1 + Xo = -1

—2:E1 — 4582 + 3$3 =2
—x1 — TTo + 63 =3
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Solution:
3 1 0
A=1|-2 -4 3 det A =3(+1)(—24+21)+ (1)(-1)(-12+3)=-9+9=0
-1 -7 6

The determined system does not have a unique solution and Cramer’s Rule cannot be applied.
Reducing the augmented matrix gives

3 1 0] -1
[A|B] = |-2 -4 3| 2
-1 -7 6 3

I
R+ R; |—-1 -7 6 3
-2 -4 3 2
3 1 0] -1

\

R ——R; |1 7T —61] -3
Ry — Ry — 2R, |0 10 -9 | -4
R; - R3+3Ry |0 —20 18 8

7
R2_>T1()R2 0 1 —1% —
Rs - Rs+2Rs |0 0

o sk

Ry = Ri — TRy @ 0 1% -

The system has infinitely many solutions. The final augmented matrix corresponds to the equivalent
linear system:

n 3 2
T+ —r3=——
P10 T 10
9 4
Tg— —T3 = ——
271070 10
0=0
Setting free (independent) variable we then solve for the leading variables by back-
substitution:
01'271%1'32*%:%2*%8:*%: 1’2:*%4’%8

3. _ 2 o 3 . 2 _ 2 3
.$1+E.L37—E :>»L1+E«97—E - T1= —75 — 1%
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8.4 Cramer’s Rule

The general solution is therefore

_2 _3
Z1 10 10
x= |T2| = —% + s 1%
3 0 1
where s is a parameter.
Example 3-25
Solve the linear system using Cramer’s Rule if possible.
1 +2x3 =206

—3.’E1 + 41’2 + 61’3 =30
—T1 — 2:62 + 31‘3 =38

Solution:
1 0 2
A=1|-3 4 6 det A= (1)(+1)(12+12) + 2(+1)(6 +4) =24 4+20 =44 # 0
-1 -2 3
(6 0 2]
A(l)= |30 4 6 det A(1) = 6(+1)(12 + 12) + 2(+1)(—60 — 32) = 144 — 184 = —40
| 8 —2 3]
1 6 2]
A(2)=|-3 30 6 det A(2) = 1(+1)(90 — 48) +6(—1)(—=9 + 6) + 2(+1)(—24 + 30)
-1 8 3]
=424+18+12="172
1 0 6
AB)=|-3 4 30 det A(3) = 1(+1)(32+60) + 6(+1)(6 +4) = 92 + 60 = 152
-1 -2 8

Using Cramer’s Rule we have the solution:

_detA(1) 40 10 _detA(2) 72 18
= "qetAd 14 11 T Tdeta M 11

_detA(3) 152 38
a 44 117
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Example 3-26

In the following system find the value(s) of a such that a solution exists with y = 0.

r—3z=1
ax+2y=20
y+z=a

Solution:
We are solving only for y so we need only consider A and A(2).

1 0
A=la 2 0 detA=1(+1)(2-0)—3(+1)(a —0) =2 —3a
0 1

A unique solution exists if 2 — 3a # 0, and so a # % .

1 1 -3
A2)=1]a 0 0 det A(2) = a(—1)(1 + 3a) = —a(1l + 3a)
0 a 1
Using Cramer’s Rule:
0=y= det A(2)  —a(l+ 3a)

detA ~ 2-3a

The solution requires the numerator vanish and the denominator be non-zero:
—a(l+3a)=0and 2—-3a#0

Thus (e =0or 1+ 3a =0) and a # 2/3, or equivalently (¢« =0 or a = —1/3) and a # 2/3 which
reduces logically to just the solution a = 0 or a = —1/3. In the case a = 2/3 there are potentially
solutions with y = 0 as this corresponds to the case where det A = 0 and Cramer’s Rule could not
be applied. Putting that value of a into the original system creates a system with augmented matrix

10 -3]|1
2

22 0]o0
01 1|2

The reader may verify this is an inconsistent system (no solution).
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4.1 Vectors in R"

Recall when we introduced the ordered n-tuple (z1,xa,...,2,) in R™ we labelled it & and represented
it by the column matrix
Z1
€2
T=|.|= [x1 22 ... xn]T
Ln

At that time we mentioned it could be used to represent a vector. We now make more precise the
concept of a vector.

Definition: A vector is a quantity having both a magnitude and direction.

Physical examples of vectors are displacement which has both a magnitude (distance travelled) as well
as a direction (like east) associated with it. Other important vectors include velocity, acceleration,
momentum, and force. Notationally vectors will be identified by boldfaced lower case letters in this
text such as w. In handwritten form it is common to put an arrow on top of the letter or a bar above
or below the letter, i.e. , u, or u.

Geometrically a vector quantity is an arrow having length and direction. To characterize them
mathematically we introduce the related concept of a directed line segment. We visualize the following
in two or three dimensions but we can generalize to n dimensions.

Definition: Let O and P be two points. The line segment from point O (called the tail or initial
point) to the point P (called the tip or terminal point) is called the directed line segment

from O to P and is denoted by the symbol OP.

P

op

O

A directed line segment is almost the same as a vector except a vector is independent of its position in
space. With that in mind we define the equivalence of two directed line segments as follows.

Definition: Two directed line segments O? and Cﬁ are said to be equivalent if they have the same
direction and length.

In the following diagram O? is equivalent to Cﬁ%

P

O? R
o
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If we fix a point in space, O, call it the origin, then every directed line segment will be equivalent to
some directed line segment whose initial point is O. Any quantity having magnitude and direction can
also be represented by one such directed line segment. Hence an alternate working definition for a
vector is as follows:!

Definition: A vector is a directed line segment from the origin O to a point P.

The connection to ordered n-tuples now comes about by introducing a Cartesian coordinate system. A
vector can be completely characterized by the coordinates of the terminal (tip) point P. In two and
three dimensions, now using the same letter for the tip point U as the vector u, this becomes:

Yy z

U - (Ul, Uz, Ug)

U = (Ul,UQ> u Y

In summary:

. u
e In R? a vector is written as u = (ug, ug) = [ 1} :

U2
U
e In R3 a vector is written as w = (u1, uz,u3) = |uz
us3
e In R™ a vector is written as u = (uy, ug, ..., Up) = [ug ug ... up]t .
The numbers uy, us, ..., u, are called the components of the vector.

Vector equality can now be defined in terms of components.

Definition: Two vectors, u and v in R™ are equal if their corresponding components are equal, i.e.

u; =v; fori=1,...,n.

Definition: The zero vector in R™ has all components equal to zero.
e In R%: 0= (0,0).
e InR3: 0=(0,0,0).
e InR™ 0=(0,0,...,0).
——

n times

ITo be even more precise we could characterize a vector as the unique representative of the equivalence class of
directed line segments whose tail is at the origin O.
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4.1.1 Vector Length

Definition: The length (or norm or magnitude) of a vector u is the distance from the origin to
the terminal point of w and is denoted by ||u||. In terms of the components of w,

o In R?%: ||ul| = /u? +uj.
o In R3: |ul| = /u? +u3 +u2.

e InR™: |lu|| = uf +ud+...+u2.

Here the length in R? is as expected from the Pythagorean Theorem.

Yy

Uq

In R? the length |Ju|| is the length of the hypotenuse of a triangle the base of which lies in the z-y plane
having length \/u? 4+ u3 and whose height is |us|. It follows, again by the Pythagorean Theorem, that

2
| = \/(vu% +u%> + Jusl? = \fud 4+ ud + 3.

Example 4-1

Find the length ||u|| of the given vector.

1 ou=(-1,1)

Solution:

lul = VEDPH T2 = V2
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2

2. u=|—-1
-3
Solution:

Jul = 22 + (-1)2+ (-3)2 = V14

Only the zero vector has a vanishing length.
Theorem 4-1: ||u| =0 if and only if u =0.
Definition: If the length of a vector is 1, ||u|| = 1, then the vector u is called a unit vector.

Example 4-2

Show the vector u = (%, \%, O) in R3 is a unit vector.

Solution:
Finding the length of u,

1)\? 1\? 1 1
||u||—wm_\/(ﬁ) +<ﬂ> +02_m_ﬁ_1,

shows u has unit length and hence is a unit vector.

It is convenient to define unit vectors along the direction of the positive coordinate axes as follows.

e In R?:
— The unit vector along the positive x-axis is 4 = (1,0).
— The unit vector along the positive y-axis is 7 = (0,1).

e In R3:
— The unit vector along the positive z-axis is ¢ = (1,0,0).
— The unit vector along the positive y-axis is j = (0, 1,0) .

— The unit vector along the positive z-axis is k = (0,0, 1).

Yy z

J k Yy
A A /
J

For R™ it is convenient to generalize this approach.
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Definition: An elementary vector in R” is a vector that has one component equal to 1 and all

other components equal to 0. If the 1 occurs as the i*" component, then the elementary vector is

denoted by e; .

e In R?:
— e =(1,0)=1
—e=(0,1)=3j
o In R3:

Note that when writing unit vectors by hand a common convention is to write %, }', /AC, é1, etc. to
indicate the vector has unit length.

4.1.2 Scalar Multiplication

Recall we have used the term scalar to refer to an element of the set of real numbers R. Scalars
physically represent quantities such as temperature or length which do not have a direction.? We can
define multiplication of a vector by a scalar.

Definition: Let a be a scalar and u be a vector. The scalar multiple of u by a is a vector given by:

e In R?%: au = (auy, aus)
e In R?: au = (auy, aus, aus)

e In R™: au = (auy,aus,...,au,)

Note since a vector written as a column matrix is just a matrix, this is consistent with our previous
definition of scalar multiplication of a matrix.

Example 4-3

Find au for the given scalar and vector.

l.a=-2, u=(-1,2)

Solution:
au = —2u = ((-2)(-1),(-2)(2)) = (2, —4)
2
2.a=3, u= 3
-1
Solution:
6
au = 3u = 9
-3

2At a more technical level, scalars represent quantities that are numbers that are independent of the choice of
coordinate system. So, for instance, the value of the first coordinate of a vector, while being a number, would not be a
scalar as a different choice of axes could be made which would make the first coordinate have a different value. The
length of a vector however would be independent of such a choice and is a proper scalar.
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3.a=2, u=(-1,1,3,5)

Solution:
au = 2u = (—2,2,6,10)

Definition: Two nonzero vectors u and v are collinear if the lines they determine are one and the
same. i.e. if their terminal points U and V along with the origin O are collinear.

U

v

Theorem 4-2: Let u be a nonzero vector and let a be a scalar. Then v and au are collinear and:

1. If a > 0, then v and au have the same direction (parallel).

2. If a < 0, then u and awu have opposite direction (antiparallel).

3. [lawl| = |af [|ull
If nonzero vector u is not a unit vector we can find a unit vector along the same direction as u by
multiplying it by the scalar that is the reciprocal of its length.
Theorem 4-3: Let u be a nonzero vector then a unit vector in the same direction as u is given by:

1
—U.
]

Proof:

Since u # 0, Theorem shows ||u|| # 0. Then using Theorem with positive scalar a = 1/ ||ul|
shows aw is directed along uw and has length

1 1 1
H%“MIHWL
Tl ™l = | Tl Tl

Example 4-4

Find a unit vector parallel to the given vector.

1 w=(1,-1,2)

Solution:
lull = VIT+ D227 = V6
1 1
The unit vector is —u = —(1,—1,2).

Jull V6



108 4.1 Vectors in R™

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

Solution:
ol = VDR 07 (22 5 22 = V5 =3
1 1
The unit vector is —u = =(—1,0, -2, 2)
[[ul 3

4.1.3 Vector Addition

Definition: Let u and v be nonzero vectors in R? , R? or R”. The sum of u and v is the resultant
vector u + v given by:

o InR%: wu+v = (u +vi,us +v2).
o InR3: u+v=(uy +v1,us + v2,u3 + v3).

e InR™ u+v=_(u +v1,us+v2,...,U, +0p).
Thus vector addition is done componentwise. This is consistent with matrix addition and our identifica-
tion of vectors with column matrices.

Example 4-5
Find the sum of the given vectors.
1L.u=(1,-1,2) ,v=(-5,4,3)

Solution:
utv=(1-5-1+4,2+3)=(-4,3,5)

3 -1

-1 2

2. u= 3 V= o

2] 3

Solution:

3+ (1) 2
ol -1+2 | 2
UEU= s (2| T
| 2+3 5

The componentwise addition of vectors has the following geometric interpretation in two and three
dimensions. The resultant vector arising from adding two (or more) vectors is the vector formed by
joining the vectors successively from tip to tail as shown in the following diagram.
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Here the vector v is shown with its tail translated from the origin O to the tip of w. If we remove the
coordinate system scaffolding we see that vector addition is a geometrical property independent of
coordinates. Noting that our above definition implies that v + u = u + v (vector addition commutes)
the resultant can be found by placing the vector v first as well and one has the following diagram:

u

O

As the diagram shows the two vectors with tails placed at the origin form a parallelogram, the diagonal
of which is the resultant vector with tail placed at the origin. The is known as the parallelogram law

of vector addition. In three dimensions the two vectors determine a plane in which the parallelogram
lies.

4.1.4 Vector Components Along Coordinate Axes

Consider the vector w = (uq,u2,us) = (3,2,4). Then
3 3 0 0 1 0 0
u= 2 O +|2| + (0] =3|0| +2|1| +4|0| =3¢+ 25 +4k.
4 0 0 4 0 0 1

Here 34 is called the vector component of u along ¢ and geometrically the vector u is the sum of
these vectors directed along the coordinate axes.

z

T

U3k UQj

—

0 Ul’l:
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Generalizing, we have the following decomposition of vectors into their vector components along
coordinate axes.

o In R%: w = (uy,us) = u1s + usj .

o In R%: w = (uy,us,u3) = uii + usj + uzk.

o In R™ w=(u,ug,...,up,) =uiey +ugses+ -+ +upe,.
Example 4-6

One can go back and forth between vector components as shown in the following examples:

1L u=(-1,2)=—i+2j

3
—4
2. u= 5 = 3e; —4des + Ses + 2ey

2

3. u=2i+3j—k=(23,-1)

In physical problems writing vectors in terms of elementary vectors can often simplify calculations
involving the vectors.

4.1.5 Vector Subtraction

Definition: Let u be a vector. The negative of wu, denoted —u, is defined to be (—1)wu.

o InR%: —u = (—uy, —us)
o InR3: —u = (—uy, —ug, —u3)
e In R™: —u = (—uy,—ug,...,—uy)

Theoremimplies that —w has the same length as u but is directed in the opposite direction (assuming
u # 0). Vector subtraction can now be defined in terms of vector addition by adding the negative as
follows.

Definition: Let w and v be nonzero vectors in R? , R3 or R”. The difference of u and v is the vector
u — v given by
u—v=u+(-v).

In terms of components it is given by
e InR%: u—v=(u; —vy,us —v3).
o InR3: u—v=(u; —v1,us — V2, U3 — V3) .

e In R™ w—v=(u; —v1,us — Va,..., U, — Up).

Once again, the definition is consistent with the interpretation of vectors as column matrices and matrix
subtraction. Geometrically we add the negative vector —v to w tip-to-tail to get the difference u — v.
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Example 4-7

Find the difference u — v of the given vectors.

1l.u=(1,-1,2) ,v=(-5,4,3)

Solution:
u_v:(l_(_5)7_1_472_3) = (67_53_1)

3 -1

-1 2

2. u= 3| V=

2] 3

Solution: )

3—(-1) 4
v — -1-2] |-3
13—=(-2) 5
2—3 -1

The difference of vectors has a convenient geometric interpretation in terms of the parallelogram induced
by w and v which we introduced with vector addition. If we draw the other diagonal as the directed
line segment from the point U at the tip of u to the point V at the tip of v and we draw the vector
v — u we see that the two will be equivalent.

In other words, the vector v — u is essentially just the other diagonal between the tips of the two
vectors. The correct direction is easily remembered since we must have u + (v — u) = v when added
tip-to-tail. We summarize the discussion with the following theorem.

Theorem 4-4: Let U and V be distinct points in R™ with associated vectors w and v. Then the vector

—
v — u is equivalent to the directed line segment UV from U to V. In other words, UV is parallel to the
vector v — u and the length of the segment (the distance between U and V) equals the length of that
difference, ||v — u|.
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Example 4-8

Find the vector that is equivalent to the directed line segment from P(1,5,7) to Q(2,1,0) and use it
to find the distance between P and Q.

Solution:
The vectors associated with the points are p = (1,5,7) and ¢ = (2,1,0). The directed line segment

}% is then equivalent to the difference

qu:(271’0)7(1’5’7)
—(2-1,1-50-7)
=(1,-4,-7).

The distance between P and @) equals

lg —pll = V12 + (=4)% + (=7)2 = V1 + 16 + 49 = V/66.

The previous discussion suggests the following definition for the distance between two vectors in R™ as
the distance between their terminal points (tips).
Definition: The distance d(u,v) between two vectors u and v is defined to be
d(u,v) = ||lv—ul .
Specifically one has:

e In R%: d(u,v) = \/(v1 —u1)2 + (va — u2)?.

e In R%: d(u,v) = /(v —u1)2 + (v2 — u2)?

e In R™: d(u,v) = /(v1 —u1)2 + (v2 — ug)?

(Ug — U3)2 .

coot (v —up)?.

_|_
_|_
Example 4-9

Find the distance between the given vectors.

1. u=(-1,1), v =(2,5)

Solution:
d(u,v) = [|v — ul
= Ve (DG 1P
=V9+16=v25=5
2 -1
2 u=|-1|,v=1| 4
-3 2
Solution:

d(u,v) = [0~ u
— VT2 A (D + 2~ (-3)?
V92—V
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4.1.6 Properties of Vector Operations

The following properties of vector addition and scalar multiplication are analogous to the more general
matrix properties of Theorem and indeed follow from that with the identification of vectors with
column matrices.

Theorem 4-5: Let u, v, and w be vectors in R™ and let a and b be scalars. The following are true:

(1) ut+v=v+u (commutative law for addition)
(2) (u+v)+w=u+ (v+w) (associative law for addition)
(3) u+0=u

(4) u+(—u)=0

(5) (ab)u = a(bu) = b(au)

(6) a(lu+v) = au + av (scalar distributive law)
(7) (a+b)u =au+ dbu (scalar distributive law)
(8) lu=u

9) Ou=0

Proof:

Selected proofs for the two-dimensional case (n = 2) are as follows. The more general case is analogous.
Let w = (u1,us) , v = (v1,v2) , w = (w1, wsy) be vectors and a and b scalars.

commutative law:

u+ v = (u + v1,u2 + v2)

= (v1 + u1,v2 + u2)
(v1,v2) + (u1,u2)
=v+tu

associative law:

(u+v)+w=(uy + v1,us +va) + (wy, ws)
= (u1 +v1 + w1, up + vo + wo)
= (u1 + (v1 +w1),uz + (va +w2))
= (u1,u2) + (v1 + w1, v2 + wo)

=u+ (v+w)

scalar distributive law:

(a+bu=(a+Db)(ur,u2)
((a+b)u1, (a + b)usg)
= (a

auq + buy, aus + bus)

= (auy,ausz) + (buqy, bug)
= a(uy,uz) + b(uy, uz)
=au + bu
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4.2 Dot Product

Definition: Let w and v be two vectors in R? , R3 or R®. Then the dot product (or the inner
product or scalar product) of uw with v is a scalar denoted u - v given by:

e In R2: UV = UV + U0z .
o In R3: w-v =ujv; + usvy + ugvs .

o In R™: u-v=wuivi +ugvs+ -+ upvy, .

Writing the vectors as column matrices the dot product effectively equals
u-v=ulv,

provided we interpret the latter as the entry of the resulting 1 x 1 matrix.

Example 4-10

Compute the dot product of the given vectors.

Lou=(1,-2-1),v=(3-11)

Solution:
w-v=13)+ (-2)(-1)+ (-1)(1)=3+2—-1=4

-1 5
1 2
2. u= N 3
3 -2
Solution:

wv=uTv=[-1 1 2 3] | 3| =[(-1)(E)+1(D+23)+3(~2)] = [(~5)+2+6-6] = [3],

DN WL DN Ot

which we interpret as the scalar —3.

4.2.1 Properties of the Dot Product

The following properties follow from the definition of the dot product.

Theorem 4-6: Let u , v and w be vectors in R™ and a be a scalar. The following are true:

(1) u-v=v-u (commutative law)
(2) a(u-v) = (au) -v=u-(av)

(3) u-(v+tw)=u-v+u w (distributive law)
(4) uw-0=0

(5) u-u = |lulf?

Proof:

Selected proofs for the two-dimensional case (n = 2) are as follows. The more general case is analogous.
Let w = (u1,u2) , v = (v1,v2) , w = (w1, ws) be vectors and a a scalar.
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commutative law:

U -V = UV + U2V2
= V1U1 + V2U2

=v-u

distributive law:

u-(v+w) = (up,u) - (v1 + wi,ve + ws)
= u1(v1 +w1) + ug(v2 + wo)
= UIV1 + UTW1 + U2V + UW2
= (u1v1 + ugva) + (uywy + ugwsy)

=u-vt+u-w

w-u = |ul’:
u-u= (ul,ug) . (ul,ug)

= U1U + UgU2

2 2
=uj +uj

()

2
= [u|

The relationship between vector length and the dot product can be exploited to obtain further results.

Theorem 4-7: The lengths of the sum and difference of two vectors w and v satisfy
2 2 2 2
lu+ )" + [lu —of|” = 2[jul” + 2] .
Proof:

lu+o]* + Jlu = v)|* = (u+0) - (u+ ) + (u—v) - (u-v)
=(u-utuv+vw+v-v)+ (U - u—u-v—vaw+UV-V)
=2u-u+2v-v

2 2
= 2|ju]” + 2{v]|

In terms of the relationship of w4+ v and u — v to the diagonals of the parallelogram induced by vectors
u and v, the previous theorem has a geometrical interpretation in two and three dimensions. It proves
that the sum of the squares of the diagonal lengths of a parallelogram equals the sum of the squares of
its side lengths, since two sides have length ||u|| and two have length ||v||.
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4.2.2 Angle between Vectors

Two nonzero vectors in two or three dimensions will lie in a plane with an angle # between them formed
at the origin O between 0 and 180 degrees (7 radians).

/o)

O

The dot product allows us to calculate this angle and conversely the angle can be used to evaluate the
dot product.

Theorem 4-8: Let u and v be vectors in R? or R? and let # be the angle between u and v with
0 <0 < 7. Then:
u-v = |lul|||v| cosb.

If u # 0 and v # O then

u-v
cosl) = —————.
[l ]l
Proof:
The result u - v = |Ju|| ||v]| cos € holds trivially if either u or v (or both) are zero vectors, so assume

neither are zero vectors. Let OUV be the triangle determined by the vectors w and v with U and V'
being the terminal points of their respective vectors.

—
Let a = ||u|| and b = |jv]|. If ¢ is the length of directed line segment UV then by Theorem
¢ = ||lv — ul|. Applying the law of cosines one has

2 =a%+b%>—2abcosh.

This implies
2 2 2
v —wl|” = flul]” + [Jv]|” = 2[Jul [v] cos§.
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Expanding the square lengths using the dot product and simplifying gives:
(v —) - (v—u) = (w-u) + (v-v) — 2 ul o] cosd
DU—VU— UV +uT =0T+ -0 — 2 ||ul ||v] cosb
—u-v—u-v=-2|ul|l|v|]cosd
—2u - v = =2 ||ul |v]| cos b
v = Jul o]l cosd

Since u and v are nonzero their lengths are nonzero and it follows that

cosf = &.
[l o]l

Example 4-11

Find the angle between each pair of vectors.

1L u=(-1,21), v=(21,1)

Solution:
w-ov=(-121)-(2,1,1) = (=1)2+2(1) + 1(1) = 1
lul = V(=12 +22 +12 = V6
loll = V22 + 12 +12 =6
Therefore:

u-v 1 _ 1
full o]l V6-v6 6
6 = cos™(1/6) ~ 80.4° = 1.40 (radians) .

cost =

2. u= (2’17_1> y U= (17_171)

Solution:
uw-v=(21,-1)-(1,-1,1)=2(1)+1(-1)+ (-1)(1) =0
Therefore: 0
cos wv =0
lwl[ ol [lull o]
Since cos@ = 0, we have 6 = cos™'(0) = g .

Definition: Two vectors, u and v in R™ are orthogonal if u-v =0.

Orthogonality can therefore happen if the angle 6 between the vectors is 7/2 (as in the last example)
or either u or v is a zero vector.

Example 4-12

The elementary vectors e; are all mutually orthogonal. For example, in R3

er-ex=i-j=(1,0,0)-(0,1,0) = (1)(0) + (0)(1) + (0)(0) = 0.

The sign of the dot product provides useful information. Since the lengths ||u|| and ||v|| are both
positive for nonzero vectors, the sign of cos will be determined by that of the numerator u - v in our
formula and we have the following result.
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Theorem 4-9: Let u and v be nonzero vectors in R? or R? and let # be the angle between them.
Then 6 satisfies

1.0<O<n/2 if w-v>0 (0is0oracute).

2. 0=m/2 if w-v=0 (6isaright angle).

3.m/2<0<7m if w-v<0 (0isobtuseorm).

To distinguish the two exceptional cases of § = 0 (parallel vectors) or § = 7 (antiparallel vectors) one
needs to evaluate the formula for cos 6 to see if it actually is +1 or —1 respectively.

Example 4-13

Use the dot product to determine the range of the angle formed by the given vectors.

Lou=(3,2,-2), v=(21,2)
Solution: -
u-v=03)2)+2)(1)+(-2)(2)=4>0 = 0<6< 5"
2. u=(2,1,-1), v=(1,-1,1)

Solution:
w-w=(2)(1)+ (1) +(-1)1) =0 = 0= (vight angle).

SNERE

Solution:

Angles in R"

In higher dimensions (n > 3) we cannot resort to geometry to evaluate angles. However we can define
the angle 6 between two nonzero vectors in R” to be that value 0 < 6 < 7 satisfying
u-v
cos) = ———.
[lwl o]

Since cosine ranges between —1 and 1 that this angle is well-defined is not obvious. That the definition
works follows from the Cauchy-Schwarz inequality:

Theorem 4-10: If u and v are vectors in R™ then

u-v| <luf o] .

For nonzero vectors we can divide both sides by the positive quantity ||ul| ||v]| to get
‘u-v <1
[l ]l

and our angle 0 is well-defined. Furthermore, one can show that when # = 0 the vectors are parallel
(u = av for some positive scalar a) and when § = 7 the vectors are antiparallel (u = av for some
negative scalar a) as one expects.
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4.2.3 Projection Theorem

We have seen that an arbitrary vector in R™ can be written
u = (U1, us,...,U,) = U1€1 + Ugey + Upe€y, .

Here u; is the first component and uje; is the vector component directed along the first axis. If we
take the dot product of both sides with e; we get

u-e; = (e +uzez + -+ upey) - e
= (u1e1) - €1 + (uzez) - €1+ -+ + (unen) - €1
=ui(e1-e1) fuz(er-ezx) + - +un(er-en)
= ut [leal|* +u2(0) + - + un(0)
=u(1)4+04---+0

:Ul

and in general u - e; = u; . In other words the dot product can be used to find the i** component of
the vector and it follows that the vector component along that direction is just

u;e; = (u . ei)ei .
Moreover our above calculation (in the ¢ = 1 case) shows that
U= uy + u

where
u; =uje; = (u-ej)ep

is directed along the direction e; and
Us =Usey + -+ Uupe, =u—ujer =u— (u-ej)e;
is orthogonal to it, us - €3 = 0.

We can generalize this decomposition to arbitrary directions, not simply coordinate axis directions. We
often want to decompose one vector into a sum of two other vectors such that

U= U] + U

where u; is in the same direction as a (ie. u; is a scalar multiple of a) and wus is orthogonal to a.

u
Uz
a
O uw
If we define e to be the unit vector along the direction a, so e = ma, then our previous discussion
suggests that the vector component of w along the direction of a should be
( ) ( 1 ) 1 u-a
u;=(u-ele=|u-—a | —a=——a
lall =/ llall ™ Jla|?

This is correct and the result is summarized in the following projection theorem.
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Theorem 4-11: Let u and a be vectors in R™ with @ # 0. Then u has a unique decomposition into a
vector projection along the direction of @ and one perpendicular to it:

u=u;+ usz,

where the vector u;, denoted by proj,u, is given by

u-a
—a
lal

and is called the vector component of v along a or the orthogonal projection of v on a and

U] = Proj,u =

U2 =U— ——a
lall

is the component of u orthogonal to a.

Proof: Let u, a # 0 be vectors in R" and suppose u = u; + us where u; = ca is directed along a
and us is orthogonal to it. Then

u-a=(u+u)-a
=u1-at+uz-a
=ca-a+0

2
= c|la]|

u-a

Since |la]| # 0, ¢ = W and u; = proj,u. Then us = u — u; = u — proj,u. Furthermore us is
a

orthogonal to a since

us-a = (u — proj,u) - a

u-a
= <u2a> ‘a
lall

Thus any such decomposition is unique. Since clearly u; = proj,u and us = uw — proj,u exist as
vectors the decomposition exists.

Example 4-14

Let u=(2,—-1,3) , a = (4,—1,2). Find the vector component (u;1) of u along a and the vector
component (uz) of u orthogonal to a. Solution:

u-a=(2)4)+(-1)(1)+(3)(2) =15
la|®> =42 + (1) +22 =21
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Therefore:

u-a 15

5
— Sa=—(4,-1,2) = -(4,-1,2)
all 21 7

w1 = proju =

5
uz = u — proj,u = (2,—1,3) — ?(4, -1,2)

20 ) 10
( 7 b) + 773 7)

_ (.6 21
“\rTTrT

Example 4-15
Find the projection of u = (2,0,1) on a = (1,2,3).

Solution:
u-a=2(1)+(0)(2)+1(3) =5
la|> =12 +22 +32 =14
Therefore w-a 5
proj,u = Wa = ﬁ(l’ 2,3).

The length of the projection of u along a can be written in terms of the angle between them.

O

Theorem 4-12: If u and a # 0 are vectors in R™ then the length of the projection of u on a satisfies:

[projaul = [lul||cos 6],
where 6 is the angle between u and a .
Proof: a
Noting that —|2 is a scalar that can be pulled out of ||-||, we have
a
fproigul = | “ %af = | L] g = 12l g~ [l Tullalleostl o
prOJ u = = = = = = COS .
" la]? lall? la]® la] la]
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4.3 Cross Product

It is possible in three dimensions (R?®) to define a useful multiplication between two vectors that
produces a vector.3

Definition: Let u = (u1,u2,u3) and v = (v1,v2,v3) be vectors in R®. The cross product of u with
v is a vector in R? given by:

uU X v= (Ug’Ug — U3V2, U3V — UIV3, U1V2 — UQ’Ul) .

The cross product formula is easily remembered if we formally allow unit vectors into a 3 x 3 determinant

1 _] k 1 Uy U1
uUXv=|u; Uz uUg| =1\ us v,
U1 Vg U3 k us Us

and cofactor expand along the first row or column respectively. For example, expanding along the first
row of the first determinant,

t 7 k
. |U2 U3
uXv=\u us ugl=-1
V2 U3
U1 V2 U3

+k

Uy U2
U1 U2

Ur us
U1 U3

= i(UQUg — U3’U2) — j(ul’Ug - Ug”Ul) + k:(ulvg — UQ’Ul)

(uzv3 — U3V2, U3V — U1V3, UIV2 — u2111) .

Example 4-16
Find the cross product of the given vectors.
1 u=(-1,2,1), v=(1,1,0)
Solution:
1 7 k
uxv=|-1 2 1 + Cofactor expansion along the first row.
1 1 0
_L2 o -1 1+k: 1 2
“I1 o 10 11
=30—-1)—73(0—-1)+k(-1-2)
—i+7 -3k
(-1,1,-3)
3 -1
2. u=|—-4| ,v= 1
1 1

3Unlike the dot product which is defined for all R™ a cross product with the properties to be outlined later, cannot
be defined in most dimensions. It is possible to define a cross product in R7. Later we will introduce complex numbers.
These can be generalized to quaternions and octonions with four and eight real components respectively. The vector
product in R7 can be related to the vector part of octonion multiplication just as the R3 cross product is related to the
vector part of quaternion multiplication.
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Solution:
2 3 -
uxv=\5 -4 1 + Cofactor expansion along the first column.
k 1 1
-4 1 .13 -1 3 -1
o 1‘3‘1 1‘“‘:'—4 1‘
=1(-4-1)—7B+1)+k(3-4)
=-bi—4j—k
=(-5,-4,-1)

Example 4-17

Given u = (2,-1,1) and v = (3,2, 1), evaluate the following, if possible.

1. ux (u-v)

Solution:
The dot product u - v is a scalar but the cross product acts on two vectors so u X (u - v) is
not defined.

2. u-(uxv)

Solution:
) Jj k
uxv=12 -1 1
3 2 1
T O R T
o2 1773 1 3 2
=-3t+3+7k
:(733177)
Therefore:

u-(uxv)=(2-1,1)-(-3,1,7)=—-6-14+7=0.

In the last example u X v was found to be orthogonal to w. This is true in general.
Theorem 4-13: The vector u x v is orthogonal to both w and v.

Proof:
t 3 k

Let w = (u1,ug,us) and v = (v1,v2,v3). Then u X v = |u1  wus ug| and
U1 V2 U3

u - (’LL X ’U) = (Ul,UQ, Ug) . (’LLQ’Ug — U3V2,U3V] — U1V3, U1V3 — U3’Ul)
= uq (ugv3 — uzvs) + ug(uzvy — uyvs) + uz(uve — usvy)
= ULU2V3 — UTUZV2 + U2U3V1 — U2U1V3 + UIUI V2 — U3U2V]
=0

Similarly one can show that v - (u x v) =0.
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Example 4-18

Find a vector w that is orthogonal to both vectors.

1.u=1(0,1,-2), v=(1,-1,3)

Solution:
wW=uXv
1 7 k
= |0 1 -2
1 -1 3
I U R
A S T B P 1 -1
=1—25—k
= (1772a71)

w = (1,—2,—1) is orthogonal to both w and v.

Check:
uw-w=0(1)+1(-2) — 2(-1)
=0-2+2=0
v-w=1(1)+ (-1)(-2) + 3(-1)
=14+2-3=0
-2 -3
2. u= 5 , v= 0
-1 1
Solution:
i —2 -3 5
w=uxv=1\j 5 0|=4(5-0)—35(-2—-3)+k(0+15)=5i+5j+15k=| 5
kE -1 1 15

4.3.1 Right-Hand Rule

Since u x v is orthogonal to both w and v it is directed out of the plane determined by those two
vectors and it is natural to ask in which of the two possible directions this is. One can readily verify
that the unit vectors in R? satisfy

ixj=k jxk=i kxi=j.

Assume we choose, as has been done so far in this text, a coordinate system that is right-handed.
This means that if you straighten your right hand and point it in the z direction ¢ and then curl your
fingers in the y direction j, your thumb will point in the z direction k. Provided such a coordinate
system is used then the direction of the cross product is similarly determined by the right-hand
rule. Directing your straightened right hand along the direction of w and curling your fingers in the
direction v, the cross product u X v points in the direction of your thumb.
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N —= N

7 T
O u

If left-handed coordinate systems are used then cross products will follow a left-hand rule, but such
coordinate systems will be avoided in this text.*

4.3.2 Properties of the Cross Product

Theorem 4-14: Let u, v, and w be vectors in R? and let a be a scalar. The following are true:

(1) UXV=—VXU (anticommutative law)
(2) ux (v+w)=uxv+uxw (left distributive law)
(3) (u+v)xw=uxw+vXxw (right distributive law)
(4) alu X v) = (au) X v = u X (av)

(5) ux0=0xu=0

(6) uxu=0

(7) lu x v|| = ||u| ||v] sind = \/Hu\|2 v)|* = (u-v)? (cross product length)

Here 6 is the angle determined by w and v, 0 < 6 < 7.

Proof:
Let w = (u1,us2,u3), v = (v1,v2,v3) , and w = (wy,ws, ws3) be vectors in R3 and a a scalar. Selected
proofs of the properties follow below.

anticommutative law:

t 7 k
U XvV=|uy U U3
v V2 U3
= (U2’U3 — U3V2,U3v1 — UIV3, UIV2 — UQ'Ul)
= —1(vausg — v3ug, V3UI — VU3, VU2 — VU1 )
t 7 k
=—|v1 V2 U3
Uy U2 U3

=—-v XU

(Exchanging rows in the determinant flips its sign as expected.)

41t may be wondered how the cross product, in our formulation, can represent physical quantities if its direction
depends on the choice of a right-handed or left-handed coordinate system. In fact the cross product is known as a
pseudovector or axial vector. If one tries to avoid appealing to coordinates by defining the cross product in terms of
the right-hand rule the cross product still behaves unvector-like under improper rotations such as reflections, where it
flips sign (direction) when w and v are reflected across a plane. This said, the cross product is invariant under proper
rotations and finds many useful physical applications with angular momentum and torque being among them.
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uxu:O:
ik
UXUu=|uyr U2 U3
u;y U U3

—~

U2U3 — U3U2, U3UL — ULUZ, UTU2 — U2U1)
0,0, O)

—

o

(Determinant of matrix with two equal rows vanishes as expected.)

@ cross product length:

u x v||* = ||(u2v3 — ugve, uzvr — wrvs, urvs — uzvy)||”

2 2 2
= (ugvs — uzv2)” + (ugvy — u1vs)” + (u1v2 — ugvy)

2,2 2,2 2,2 2,2
= U5V3 — 2UU3VaV3 + UsV; + uzV] — 2U1U3V1V3 + UTV;3

2,2 22 2,2
+ uivs + uivy — 2u1uv1v2 + uyvy

el * [o]* = (w - v)* = (uf +uj +u3) (v} + v +v3) — (w11 + ugvz + ugvs)”
= UF0] + uiv3 +uivd +udvf +u3e + udvi + uivd +uivd + uiel
—y%—%—y%— 2u1v1 U202 — 2U1V1U3V3 — 2U2V2U3V3
= ugvg — 2ugu3vavs + u%v% + u%v% + ugvf — 2ujuzvivs + u%v%
+ u%v% — 2ujuvv2 + u%v%
Therefore
lu x of|* = [Ju|® [[v]|* - (- v)*.
Furthermore,
el [v])* = (- v)* = [|u|® [[o]|* = (||ul| [[v] cos §)°
= JJull* Jol* = Jlu]* [[v]|* cos® 0

||v\|2(1—c0529)
2 . 9

Thus

2 2 2 2 2 .
Vil x ol =/l 0] = (u- 0)2 = /[jul® o] sin?

2 2 .
[ux v = \/IIUII [o]]” = (u - v)? = [Ju]| |[v]| sin 6

Note here that Vsin?# = |sinf| = sin# since 0 < § < 7.

4.3.3 Area of a Parallelogram

The area of a parallelogram equals its base times its height. If one considers the parallelogram
determined by w and v, one has a convenient interpretation of the length of the cross product as the
area of the parallelogram.
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/67 O

19) u

If 0 is the angle between u and v the height of the parallelogram shown is ||v]| sinf and we have that
parallelogram area equals its base times its height,

‘Area Parallelogram = ||ul| ||v||sind = ||u x v|| ‘,

where the last equality follows by Theorem [4-14].
Example 4-19

Find the area of the parallelogram determined by the vectors u = (1,4,4) and v = (0, 3,2).
Solution:

t 3 k
uxv=1|1 4 4
0 3 2
=(8-12,0—2,3-0)
=(-4,-2,3)

A= [lu x ol| = V(=27 + (<27 + 37
e

The area of the parallelogram is /29 square units.

4.3.4 Area of a Triangle

The triangle determined by the terminal points of w and v and the origin O is just half the parallelogram
determined by u and wv.

19) u

Therefore the area of the triangle determined by v and v is given by

1
Area Triangle = 3 |lu x v|l|.
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Example 4-20

Find the area of the triangle determined by the points P;(2,2,0), P,(—1,0,2), and P5(0,4,3).
Solution:
Let p1, p2 and p3 have terminal points P, P> and P5 respectively. Then P; P, is equivalent to

u=py—p; =(-1,0,2) —(2,2,0) = (-3,-2,2),
T
and P; P5 is equivalent to

v=p;—ps=(0,4,3)—(2,2,0) = (-2,2,3).

The triangle determined by P;, P>, and Pj is symmetric to that determined by w and v at the origin.
Their cross product is

1 j k
uxv=\—-3 -2 2
-2 2 3
=(—-6—-4,-4+9,—-6—4)
= (-10,5,-10).

So the area of the symmetric triangles equal

1
Area Triangle = 5 lw x v]|

1

= 5\/(710)2 + 52 + (—10)?
1

= 5V225
1

= 5(15)

15 .
= > square units.
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4.4 Scalar Triple Product

A scalar can be formed from three vectors as follows.?

Definition: If u, v, and w are vectors in R?, then u - (v x w) is called the scalar triple product
of uw,v and w.

Theorem 4-15: The scalar triple product satisfies

Uy v wi
u-(vXw)=|uy vy wWs
uz vz w3

From this determinant formula for the scalar triple product it follows that
u-(vxw)=v-(wxu)=w-(uxwv),

since these require two column exchanges to accomplish.

Example 4-21
Calculate the scalar triple product of w = (3,-2,—5), v = (1,4, —4), and w = (0, 3,2) .

Solution: Using the determinant formula evaluated along the last row gives

3 10
u-(vxw)=|-2 4 3
-5 -4 2

— 3(+1)(8 — (~12)) + (1)(~1)(~4 — (~15))
— 3(20) — (1)(11)

=60-11

=49

4.4.1 Volume of a Parallelepiped

The scalar triple product has a useful geometrical application. Three vectors u, v, and w in R3 that
are not coplanar will determine a parallelepiped.

5Technically the scalar triple product is a pseudoscalar since the presence of the cross product in its definition causes
it to change sign under improper transformations such as reflections.
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The volume will be the area of the parallelogram of its base, |[u x v||, times its height. Since the
vector u X v is orthogonal to the plane of the parallelogram the height is just the absolute value of the
projection of w onto w X v, namely

[lwl[ | cos 6],

where 6 is the angle between w and uw X v. The volume is therefore
(height) (base area) = [[w]] | cos ] [u x vl| = | [[w]| |u x v]| cos6]

with the result that the volume of is just the absolute value of one of the forms of the scalar triple
product of the three vectors, |w - (u x v)|. Using the form of the scalar triple product we originally
introduced gives the formula:

‘Volume Parallelepiped = |u - (v X w)] ‘

One notes that the three formulas for the scalar triple product reflect the fact that any one of the three
sides can be considered the base of the parallelepiped.

Example 4-22

Find the volume of the parallelepiped generated by the vectors u = (3, -2, —5), v = (1,4, —4), and
w = (0,3,2).

Solution:
Using the result from Example we have

Volume = |u - (v x w)| = |49] = 49 (units®).
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5.1 Point-Parallel Form of a Line

Consider a vector v # 0. The terminal points of the scalar multiples of v, given by tv for ¢ any scalar,
will be collinear, by Theorem Since t = 0 implies 0 is one of these points, the line goes through the
origin O.

)

An arbitrary line going through a point P with direction v can be formed by adding the vector tv to
the vector p with terminal point P.

0
We summarize these observations with the following definition.

Definition: The equation of a line that passes through a given point P and is parallel to a given
vector v # 0 is given by:
z(t)=p+tv|,

where t is a scalar parameter. Here P is the terminal point of vector p. This is called the
point-parallel form of a line.

Example 5-1

Find a point-parallel form for the line in R? that passes through the point P(2,1, —3) and is parallel
to the vector v = (1,2,2).

Solution:
Letting p = (2,1, —3) be the vector with terminal point P we have by the previous formula.

z(t)=p+tv=(2,1,-3)+¢(1,2,2),

where ¢ is a scalar.

We note that while the point-parallel form of a line can be visualized in two and three dimensions, the
formula can be used to characterize lines more generally in R”.



Lines and Planes 133

5.1.1 Parametric Equations of a Line

Consider the vector equation x(t) = p + tv. In R® we can write = = (z,y,2), p = (20, %0, 20), and
v = (v1,v2,v3). Then:

z(t) =p+tv
(2,9, 2) = (20, Y0, 20) + t(v1,v2,v3)
r = xg+tvg
=Y =Y +tvy
z =2z9+tug

These are called parametric equations for the line.
xr = x9+ tvg

Parametric equations for a line in R? are similarly
Y =yo +tug
Example 5-2

Find parametric equations for the line passing through the point P(2,1, —1) that is parallel to the
vector v = (—1,1,3) and determine if the point Q(0,5,5) is on the line.

Solution:

x(t) =p+tv
(x,y,2) =(2,1,-1) +t(—1,1,3)
(l’,y,Z):(27t,1+t,*1+3t)

Parametric equations for the line are therefore

r =2—t
y =1+t
z =-—-1+4+3t

The point Q(1,5,5) is on the line if the overdetermined linear system

0=2-t¢
5=1+1¢
5=—-143t

has a solution for ¢. The first equation implies ¢ = 2 but while this satisfies the third equation it
fails to satisfy the second. Therefore the point @ is not on the line.
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5.2 Two-Point Form of a Line

Let P and @ be distinct points. If vectors p and q have these terminal points then the vector v = q—p
will be parallel to the line determined by the points. Inserting this into the point-parallel equation
x(t) = p + tv gives the following.

Definition: The two-point form of a line determined by points P and @ is:

[z(t) = (1L-)p+ tq],

where P and () are terminal points of vectors p and q and t is a scalar parameter.
One observes that £ = p when ¢ = 0 (so point P) and = g when ¢t = 1 (so point Q) with this
parameterization of the line.

Example 5-3

Describe the line that passes through the points P(1,—1,3) and Q(1,2,—4) in both two-point form
and parametric form.

8

t)=(1—-t)p+q
x(t) = (1—1t)(1,-1,3) + (1,2, —4) (two-point form)

Expanding gives the parametric form:
(x,y,2) =(1—t,—141¢,3—3t) + (t,2t, —4¢)
=(1,-1+3t,3—7Tt)
rz=1

=<{y=—1+3t (parametric form)
z2=3-"Tt
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5.3 Point-Normal Form of a Line

If we consider two-dimensional space R? a normal vector n to a line in R? is a nonzero vector that is
perpendicular to the direction v of the line, n - v = 0. Assuming a point-parallel description of a line
x = p + tv it follows that @ — p = tv and we have

n-(x—p)=n-(tv)=t(n-v)=t0)=0,

for any point X on the line.

@)

This suggests the following alternate description of a line in R? in terms of a normal vector.

Definition: The point-normal form of a line in R? passing through a given point P(x,%o) that is
normal (perpendicular) to a given vector n = (a,b) is given by the equation

‘no(w—p) :O‘,
where X (x,y) is any point on the line. Here P and X are the terminal points of vectors p and x
respectively.
Example 5-4

Find the equation of a line passing through P(1, —1) with normal n = (2, —1).

Solution:
Since we are given a point and normal for the line we use the point-normal form recipe with = (x, y)
and p = (1, —1) to get:

n-(x—p)=0
(2,-1) (r—Ly+1) =0
20r—-1)—(y+1)=0 (point-normal form)

Further expansion gives the standard form:

20 —2—-y—1=0
2e—y=3 (standard form)
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If we expand the point-normal equation in terms of the vector components we can recover the standard
form of the line as follows.

n-(z—p)=0
(a,0) - [(z,y) — (z0,50)] = 0
(a,0) - (z — 20,y —y0) =0
a(r —x0) +b(y —yo) =0
ax —axg + by — by =0
ax + by = axq + byg
—_———
=cC
Consideration of the last line shows that the coefficients of  and y in the standard form of a line in R?

have the geometrical interpretation as the components (a,b) of a normal n to the line. If one desires a
vector v that is parallel to the line one observes that

(a,b) - (b,—a) = ab—ba =0,

which shows will be a nonzero vector perpendicular to n which in two dimensions implies

it is parallel to the line. Finally a point P on the line can be found by choosing an arbitrary value of z
and solving for y (or vice versa if coefficient b = 0).

Example 5-5

Find a point-parallel form for the line in R? given by the equation 2z + 3y = 1.

Solution:
We are given the standard form (ax + by = ¢) of 22 4+ 3y = 1. We need to find a point on the line
and a vector parallel to it.

When z = 0:
2r+3y=1
200)+3y =1
_1
y=73-

Therefore the point P (0, %) is on the line.

The vector n = (a,b) = (2,3) is normal to the line. Then v = (b, —a) = (3,—2) is therefore
orthogonal to it. Using the point-parallel form recipe gives

z(t)=p+tv

1
z(t) = (0, 3) +t(3,-2) (point-parallel form)
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5.4 Point-Normal Form of a Plane

In three dimensions a plane may be determined by a point P through which it passes and a normal
vector i which is perpendicular to the plane. We want to find the equation of the plane passing through
a given point P(zo, Yo, z0) and perpendicular to a given vector n = (a, b, c) .

@)

Let X (z,y, z) be any other point on the plane. P and X determine a line in the plane. The directed
line segment PX is equivalent to the vector & — p which must therefore be orthogonal to 1 :

n-(@-p) =0,

where as usual X and P are the terminal points of & and p respectively. Any point X on the plane has
to satisfy this equation. With n = (a,b,¢) and © — p = (x — xo,y — Yo, 2 — 20), then the equation of
the plane becomes:

‘a(:r—:co)—kb(y—yo)—i-c(z—zo):0‘.

These equations are the point-normal form for the plane.

We can rewrite the point-normal form as follows:

n-(x—p) =0
n-x—n-p=20

n-r=mn-p

With n = (a, b, ¢) and setting the constant d = n - p = axg + by + czo this becomes

axr+by+cz=d|.

This is called the standard form of the equation of the plane. In other words a linear equation in
three dimensions written in this form will represent a plane with normal n = (a, b, ¢) provided one of
a, b, or c¢ is nonzero. This is analogous to the normal to a line appearing in the standard form of a
linear equation in R?. Note that the standard form of a plane is not unique since one can multiply
the equation by a nonzero scalar to get an equivalent equation. Geometrically this is just scaling the
normal vector by that amount to produce a new normal to the plane.
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Example 5-6

Find a point-normal and standard form of the equation of the plane that passes through the given
point P which is perpendicular to the given vector n .

1. P(1,3,-2),n=(-2,1,-1)

Solution:
Let X(z,y,z) be any other point on the plane, then F)_g in the plane is equivalent to the
vector € —p = (x — 1,y — 3,2z + 2) and a point normal form for the plane is

n-(x—p)=0
(—271,—1)'($—1,y—372+2) =0
2x-1)+1y—-3)+(-1)(2+2)=0 (point-normal form)

Expanding gives the standard form:

—2x+2+y—3—-2—-2=0
—2c+y—2z=3 (standard form)

2. P(1,1,4),n = (1,9,8)

Solution:
Let X (z,y,2) be any other point on the plane, then I?/? in the plane is equivalent to the
vector x —p = (z — 1,y — 1,2 — 4) and the point-normal form of the plane is

n-(x—p)=0
(1,9,8) - (z—1,y—1,2—4) =0
{lr—1)4+9(y—1)+8(=—4)=0 (point-normal form)

Expanding gives:

r—1+9y—-9+82-32=0
T+ 9y + 8z =42 (standard form)

Example 5-7
Find the point of intersection of the line «(t) = (2,1,1) +¢(—1,0,4) and the plane z — 3y — z = 1.

Solution:
The point on the line will be determined by the value of ¢ in the point-parallel form of the line. The
parametric form of the line is given by:

x(t) = (2,1,1) + t(—1,0,4)
o(t) = (2—t,1,1+4¢t)

r=2-—1
={y=1
z=1+4t

To also sit on the plane (z,y,z) must additionally satisfy the planar equation. Inserting the
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parametric form into that equation gives:

r—3y—z=1
2-t)—3(1)—(1+4)=1
2—-t-3-1-4=1
—5t=3

The point of intersection has coordinates:

Therefore the point is P (1—5‘3, 1, —%) .

The standard form of a plane in R? is just a linear equation. Thus a linear system of m equations in
three unknowns has the geometrical interpretation of the intersection of these m planes. We require
planar intersection because a solution to the linear system must satisfy all its equations.

Example 5-8

The equations given below represent planes in R?. Describe geometrically the given solution set of
these equations

- r+y+z=-4 x —%
r+2y=1 , y|l = %
2y + 3z = -2 4 —%

Solution:

The solution represents the single intersection point P (—25—1, 1—53, —%) of the 3 planes.

2.
y—2z=1 , y| = [1+2t
2t —y=1 < t
Solution:
Since
x 1 1
yl = |1 +t|2],
z 0 1

this is a line that passes through P(1,1,0) and is parallel to the vector v = (1,2,1).
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5.4 Point-Normal Form of a Plane

r+4y—52=0
20—y +8z=9

Solution:

Since

T
Y
z

4
=|-1
0

+t

T 4 — 3t
yl = [—-14+2t
z t

this is a line that passes through P(4,—1,0) and is parallel to the vector v = (—3,2,1).
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5.5 Plane through Three Points

Three noncollinear points in R? will determine a plane. To find the equation of the plane that passes
through the three noncollinear points P, ), R we consider the directed line segments PQ) and P
These lie in the plane and are equivalent to the vectors ¢ — p and r — p respectively. Recall the cross

product of two vectors is orthogonal to both vectors. Therefore a normal vector n to the plane is given
by

n=(a-p)x(r—p),

which can then be inserted into the point-normal equation,

n-(r—p)=0,

to find an equation for the plane.

Example 5-9

Find a point-normal form and standard form for the plane passing through the points P(—1,1,3),
Q(0,3,1), and R(2,1,-1).

Solution:
First find a normal n. ]@ and ﬁ are equivalent to g — p and r — p where

g—p=1(0,31)—(=1,1,3) = (1,2,-2)
r—p=(21,-1)— (=1,1,3) = (3,0, —4)

Taking the cross product gives

i ik
n=(q-p)x(r—-p)=|1 2 =2
3 0 —4

=(—840,—6+4,0—6)
= (787 727 76)

Substitute into the point-normal equation:

n-(x—p)=0
(—-8,-2,—6) - (r+1,y—1,2—3)=0
=8z +1)+(-2)(y— 1)+ (-6)(2z—3)=0 (point-normal form)
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Expanding gives the standard form:

—8r—8—-2y+2—-62+18=0
—8r —2y—62+12=0
—8x — 2y — 6z =—12
dr+y+32=6 (standard form)

Here we simplified the equation by dividing both sides by -2.
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5.6 Point-Parallel Form of a Plane

If P(x0,90,20) is a point and u = (ug, us,u3) and v = (vq, v, v3) are nonzero, noncollinear vectors
then the lines x(s) = p + su and x(t) = p + tv with parameters s and ¢ will intersect at P and will
determine a plane.

Definition: The point-parallel form of a plane in R3 through point P that is parallel to noncollinear
vectors u # 0 and v # 0 is given by

‘a:(s,t):erqurtv ,

where s and t are scalar parameters and P is the terminal point of vector p.

That the lines x(s) = p + su and x(t) = p + tv lie in the surface generated by x(s,t) = p + su + tv
is clear by setting ¢ = 0 or s = 0 respectively in the latter equation. To see that the points X given
by x(s,t) really do lie on a plane, note that a normal to the plane, orthogonal to both w and wv, is
n = u X v and we have
n-(x—p)=n-(p+su+ttv—p)

=n-(su+tv)

=n-(su)+n-(tv)

=sn-u-+itn-v

= 5(0) + t(0)

=0

as required.

5.6.1 Parametric Equations of a Plane

Writing out the vector equation & = p+su+tv in terms of components with © = (z,y, z), p = (x0, Yo, 20),
u = (u1,us,u3), and v = (vy,ve,v3) We get
r=p-+su-+tv
(,y,2) = (%0, Y0, 20) + s(u1, uz, uz) + t(v1,v2,v3)
(2,9, 2) = (v0 + su1 + tvr, yo + sug + tvz, 20 + suz + tvz)
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Therefore
=20 + suj + tvy

= Yo + Sug +tvs .
Z = Zzg+ Susz+ t’Ug
These are called parametric equations for the plane.

Example 5-10

Find the point-parallel form and parametric equations of the plane passing through the point
P(-2,1,3) and parallel to the vectors w = (1,1,—1) and v = (-1,2,0).

Solution:

T =p+su+tv

(x,y,2) = (=2,1,3) + s(1,1,—1) + t(-1,2,0) (point-parallel form)
(r,y,2) =(—24+s—t,14+s+2t,3—5)
T=—-2+4+s5—-1
=qy=1+s+2t (parametric equations)
z=3—s

Example 5-11

Given the plane in standard form
2z 4+ 2y —42 =10,

find a point-parallel form and parametric equations for the plane.

Solution:
To find the point-parallel form we solve the linear system containing the single equation

2z 42y — 42 =10.

The corresponding augmented matrix is reduced to RREF:

2 2 —4|10] = R — R, [@ 1 —2\5} & r+y—22=>5.

Assign the free (independent) variables y and z to parameters so that and . Solving

for the leading (dependent) variable = gives

e r4+y—22=5 = x+s5—2t=5 = |z =5—5+2t]|.

Writing the solution in terms of vectors gives

T d—s+2t 5) -1 2
x(s,t) = |y| = s =|0|+s| 1|+t |0] . (point-parallel form)
z t 0 0 1
~—~— —— =
D u v

One sees that the particular solution here is geometrically a point p on the plane, while the
homogeneous solution, su + twv, gives the offset vector from that point.

The first vector equation implies

T=0—5+2t
y=s . (parametric equations)

z=1
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5.7 Distance to Lines and Planes

A common geometrical problem is to find the distance d between a line (in R? or R3) or plane (in R?)
and a point P off the line or plane. The problem may be solved by finding the closest point @ on the
line or plane to P. The distance is then ||g — p||. Summary of our general approach is as follows:

—_

. Find a point-parallel equation for a line on which @ lies.

2. Substitute g(t) into a geometrical constraint equation to get an equation involving only parameter ¢.

w

. Solve this for ¢ to find ¢ (and hence Q).

=~

. Calculate the distance d = d(p, q) = ||q — p||.

5.7.1 Point-Parallel Line

As an example, suppose one wishes to find the closest point and distance from P to a line, in either R2
or R3, where the line is described by the point-parallel form x(t) = po + tv. Then Q clearly lies on this
line and thus satisfies

q(t) = po +tv

for some particular value of the parameter ¢ to be determined. The directed line segment ]@ must be
perpendicular to the line and it follows that the constraint required to find ¢ is just

(@q—p)-v=0],

into which we substitute g(t) from above and solve.

Example 5-12

Find the distance between the point P(2,5) and the line x(t) = (6,3) + t(4,3). Also find the closest
point @ on the line.

Solution:
The point @, the tip of vector g, must lie on the line so we have

q= (67 3) + t(47 3)
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for some particular value of ¢ which we must find. Now ]@, which is equivalent to ¢ — p where
qg—p=1(6,3)+1t(4,3)—(2,5) = (6+4t—2,34+3t—5) = (4+4t,—2+ 3t),

must be orthogonal to the direction of the line, v = (4, 3). This gives the necessary constraint to
find ¢:

(@=p)-v=0
(4+4t,—2+3t)-(4,3) =0
(4+4t)(4) + (—2+3t)(3) =0
16+ 16t —6+9t =0

25t = —10
10 2
t - - = —
25 )

This implies

~(30-8 15—6
B 5 7 5

(229
T \5'5)"

so the closest point on the line is @ = (22/5,9/5) . The distance from the line to P is therefore the

length of
22 9 22 109 25 12 16 1
—p=(Z2)-en=(Z-=2-2)=(=,-2) =-@12,-1
q-p (575> (2,5) (5 £ g 5) (5, 5) £ (12,-16)

which is

1 1 1 1 2
Lz, 16)H = £ 1012,-16)]| = £ /(127 + (-~ 16)% = Va0 = EO

i~ la-vl -}

5.7.2 Distance Given Normal

If an equation of a line in R? or a plane in R? is given in the standard form
ax+by=c or ar+by+c=d

respectively, then the normal direction to the line n = (a,b) or to the plane n = (a,b,¢) is known. A
point-normal equation similarly gives the normal n. If we want the point ) that lies on the line or
plane that is closest to the point P off of it, then () must sit on the line through P that in the direction
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of the normal, namely the line x(t) = p 4+ tn. So for some particular value of ¢ we have
qt)=p+tn]|.

Setting g = (z,y, z) one has parametric equations for z(t), y(t), and z(¢) which can then be inserted
into the original line or plane equation to find ¢, since @) is constrained to lie there.

Example 5-13

Find the distance between the point P(5,1,15) and the plane 22 — 3y + 6z = —1. Also find the
closest point () in the plane.

Solution:
The plane equation gives the normal to the plane to be

n = (a,b,c) = (2,-3,6).

The point @, tip of the vector ¢ = (z,y, 2), lies on the line through P with direction n and so

qg=p+in

T 5 2
yl =1 1|+t |-3
z 15 6

for some value of the parameter ¢ to be determined. The parametric equations are

r=54+2t
y=1-3t
z =15+ 6t

The constraint to find ¢ comes from the fact that g must lie on the plane and hence satisfy the plane
equation. Inserting the parametric equations into the latter gives:

20 -3y +62=—-1
2(5+2t) —3(1 —3t)+6(15+6t) = —1
10+4t -3+ 9t + 90+ 36t = —1
49t = —98

t=-2
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The closest point in the plane is therefore given by

5 2 54 1
g=| 1| +(=2)|-3| =] 1+6 | = |7],
15 6 15— 12 3

so Q(1,7,3), and the distance between P and the plane is the length of

1 5 —4
q—-p= |7 -1 1| = 6
3 15 —12

which is

d= g —p| = [(=4,6,-12)| = V/(=4)? + 62 + (~12)2 = V196 = 14.

The approach can be used to solve, once and for all for the distance between P and the line or plane
and one has the following theorems.

Theorem 5-1: In R? the distance d between the point P(z,%o) and the line ax + by = c is given by

_axo 4 by — ¢

d

Theorem 5-2: In R? the distance d between the point P(zq, 3o, z0) and the plane ax + by + cz = d is
given by

d

_axo + byo + czo — d

va?z +b% +c?

Example 5-14

Find the distance between the point P(5,1,15) and the plane 2z — 3y + 6z = —1 using the distance
formula.

Solution:

_amo + byo + czo — d|

Va2t

_ [205) =3(1) +6(15) — (1)
V(22 + (-3)2 + 62

_ 98]

V49

98

o7

=14

d

This is the same as we found in Example [5-13|.

In three dimensions two planes will intersect (distance between them d = 0) unless they are parallel. If
they are parallel we can find the distance between them by finding a point on one of the planes and
then calculating the distance from that point to the other plane.
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Example 5-15

Find the distance between the two planes x 4+ 2y — 2z =3 and 2x + 4y — 4z = 7.

Solution:

The normal of z + 2y — 2z =3 is ny = (1,2,-2).

The normal of 2z + 4y — 4z =T is ng = (2,4, —4) = 2(1,2,-2) = 2n4 .

So ny is parallel to no and therefore the planes are parallel. To find a point in the first plane set
y=2z=0toget z =3 so0 P(3,0,0) lies on the first plane. Now find the distance between P(3,0,0)
and the plane 2z + 4y — 4z = 7 using the distance formula:

_awo 4 byo + czo — d|
AT
123)+0+0-7|
/22142 1 (a2

d
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6.1 A Survey of Linear Transformations

The student will have encountered the idea of real-valued functions of real variables, such as f(z) =
sin(z) . Similarly one can define real-valued functions of vectors in R"™. The length of a vector,

flu) = |lull ,

would be such a function. In this chapter we will go one step further and look at functions of vectors
whose result is a vector, that is mappings from R” — R™. Such a function can be thought of
transforming a vector into a new vector.

Definition: A transformation from R" to R™, written T : R™ — R™ is a mapping that assigns a
unique vector v = T'(u) in R™ to each vector u in R™.

The important class of transformations under consideration here will be linear transformations. We
will see that these are ultimately representable in terms of matrices and their action on vectors with
matrix multiplication.

Definition: A linear transformation is a transformation L(u) from R™ to R™ satisfying

(1) L(u+v) = L(u) + L(v)
(2) L(cu) = cL(u)

for any vectors w and v in R™ and scalar c.

Example 6-1

The identity transformation, which will be denoted by 1, takes a vector u in R™ to itself and is
thus defined by W It is a linear transformation from R"™ to R™ since

I(u+v)=u+v=1u)+ 1(v)
1(cu) = cu = cl(u).

To more specifically identify the identity transformation from R™ to R™ we may write 1,, .

Example 6-2

The zero transformation, which will be denoted by O, takes any vector u in R™ to the zero vector
in R™, and is thus defined by | O(u) = 0| It is a linear transformation since

O(u+v)=0=0+0=0(u) + O(v)
O(cu) =0=c0 = cO(u).

To be more specific we may write Q,,,, to identify the zero transformation from R" to R™.

A class of non-trivial linear transformations is as follows.
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Example 6-3

Suppose k is a scalar constant. Define the scalar transformation Cj from R” to R" by
Cr(u) = ku|.

Then C} is a linear transformation since

Cr(u+v) =k(u+v) =ku+ kv = Ci(u) + Cg(v)
Ci(cu) = k(cu) = c(ku) = cCi(u)

For real-valued k geometrically the effect of the transformation is as follows:

Case 1 < k: Cj(u) is a dilation. The vector retains its direction but is lengthened by a factor
of k.

R? R?

R? R?

Case 0 < k < 1: Cj(u) is a contraction. The vector retains its direction but is shortened by a
factor of k.
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Case k =0: Cy(u) = 0u = 0 and we recover the zero transformation Q,,,.

Case k = —1: C_;(u) = —u is inversion through the origin O. The vector retains its length
but points in the opposite direction. We will denote inversion by D so m

R? R?

\\ /’ \
’ u / \
/ Y ' v
H | C,=D ! 0] '
P —
\ o) i \ / h
\ ) \ I
\ / \ /
. / \ /
. / N ,
N s L D(u) /

Inversion through the original is sometimes called reflection through the origin though we
will avoid that terminology.

Case —1 < k < 0: A combination of inversion through the origin and contraction by |&|.

Case k < —1: A combination of inversion through the origin and dilation by |&|.

One observes that the previous linear transformations written in terms of scalar multiplication are
independent of choice of coordinate system (except for the choice of origin O upon which they do
depend). Secondly one often considers the transformation as acting on the terminal points of the
vectors themselves.

Example 6-4

Let n be a unit vector in R". The projection onto n, denoted by P,, and given by

P, (u) = proj,u = Lrgn =(u-n)n

]l

is a linear transformation from R™ to R™. It is linear due to the linearity of the dot product:

P.(u+v) =proj,(u+v)=[(u+v) nln=(u-n+v-n)n
= (u-n)n+ (v-n)n = proj,,u + proj,,v
= P,(u) + Pp(v)
P, (cu) = proj,,(cu) = [(cu) - n]n = ¢(u - n)n = cproj,,u
= cP,(u)

6.1.1 Sum and Scalar Product of Transformations

Just as we define the sum of two real-valued functions f + g to be the result when we add the action of
each function separately, i.e. (f + g)(z) = f(z) + g(z) we can define the sum of two transformations
S(u) and T'(u) by

(S+T)(u)=Su)+T(u).
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Similarly a scalar multiple ¢ times a transformation 7" can be defined by multiplying the scalar times
the result of acting T on the vector,
(cT)(u) = cT'(u).

Theorem 6-1: Let K and L be linear transformations from R™ to R™ and ¢ a scalar then the
transformations K + L and cL are themselves linear.

More generally one can prove inductively that an arbitrary linear combination of a finite number of
such linear transformations will be linear.

Example 6-5

Suppose S = {ni, ng, ..., N} is a set of unit vectors in R” that are mutually orthogonal. The
orthogonal projection onto the span of these vectors will be denoted by Py, n,,.. n, and is given
by

‘ P, ns,...n, (W) = Proj, w + proj,, u + - - - 4 proj,, u .

It is a linear transformation since it is a sum of linear transformations,
Pn17n27~--,nk :Pn1 JrPﬂ2 +"'+P’ﬂk .

As a specific example, P; j in R? is the projection of w onto the z-y plane.

Example 6-6

We have seen how a vector w can be broken into a vector component parallel to a given direction n
and a component orthogonal to it by

u = uy + U = proj,u + (u — proj,u)

If we transform the vector by multiplying only the parallel component u; by a constant scalar k to
get kuy + ug we have the transformation from R™ to R™ given by

’ Sn.k(uw) = kproj,u + (u — proj,u) =u+ (k—1) projnu‘

The transformation is linear since it can be written as a linear combination of linear transformations:

Sn,k = ]lJr(kf I)Pn.

Important special cases are as follows.
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Case k > 1: The component along n expands by a factor of k and we call S, ;, an expansion.

Smk.(u)

n | uﬁ
O (k=3/2)

Case k =1: We see Sy,1 = 1, the identity transformation.

Case 0 < k < 1: The component along n is compressed by the factor £ and we call S, a
compression.

u

l [
O (k=1/2)

If we imagine an image made up of points considered to be terminal points of their respective
vectors from the origin then for k positive Sy, will stretch (k > 1) or squash (0 < k < 1) the
entire image along the direction of n measured from the line (in R?) or plane (in R?) going
through the origin orthogonal to n .

Case k =0: We see Sp, o0 = 1 — P, which returns the component of u orthogonal to n, i.e. us.

Case k = —1: The linear transformation S,, _; which will be denoted @, is given by

‘Qn(u) = —proj,u + (u — proj,u) = u — 2proj,, u

and is called a reflection. In R? it represents a reflection about the line through the
origin with normal n. In R? it is a reflection across the plane through the origin with
normal n. It is called a reflection because a set of points (tips of their respective vectors) will
be transformed to their mirror images across the line or plane.

Note that expansion/compression should be compared with dilation/contraction seen earlier and
reflection should be compared with inversion about the origin. In dilation/contraction and inversion
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the entire vector is modified, not simply a projection of it.
Example 6-7

As an important example we consider rotation in the plane R? and more generally in R3. In the
plane a counterclockwise rotation is determined by an angle 6. Such a transformation will be written

Ry (u)

R2

In three dimensions a rotation is determined by a direction, given by unit vector n, which determines
the axis of rotation through the origin, as well as the angle of rotation, # about that axis. The
right-hand rule with thumb pointing in the direction of n is used to determine the direction of
rotation. The projection of w in the direction of n is unaffected by the rotation. The orthogonal
component which lies in the plane through the origin perpendicular to mn is rotated.

Rn,é‘(u) RS

If we denote the three-dimensional rotation by R, ¢ then it can be given explicitly in R?® by
Rodrigues’ rotation formula:

‘Rn)g(u) = (cosO)u + (sinf)(n x u) + (1 — cosO)(n - u)n ‘

Recalling the linear properties of the cross and dot product (Theorems and respectively):
nXx(u+v)=nxut+nxv n-(ut+tv)=n-ut+n-v
n X (cu) =c(n x u) n-(cu) =c(n-u)

it follows that R, ¢ is a linear transformation. Rotations in higher dimensions can similarly be
determined by using a normal direction n and a rotation in its orthogonal plane. The absence of
the cross product for general R™ does not hinder this.
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Example 6-8

Given the vectors u = (2,0,3) and v = (1,3,5) in R? apply the following linear transformations.
Describe each transformation.

1 1(u) 7 Pig(v)

2 @373(11,) 8. Skg(’u)

3. Ca(u) 9. 5;1(u)

4. C% (’LL) -

5. D(u) 10- Qelw)

6. P;(u) 11. Rg z(u)
Solution:

. I(u) = u = (2,0,3), the identity transformation.
. O33(u) =0=(0,0,0), the zero transformation.
. Cy(u) = 2u = (4,0,6), dilation by a factor of 2.

1
2
3
4. Ci(u) = %u = (1,0, %), contraction by a factor 1/2.
5
6

2
. D(u) = —u = (2,0, —3), inversion about the origin O.
. Pi(u) = (u-4)i = (2,0,3)-(1,0,0)0e = (2+ 0+ 0)t = 2¢ = (2,0,0), projection along the
direction of %, the z-axis.

7. P k(v) = Pi(v) + Pe(v) =[(1,3,5) - 4] + [(1,3,5) - k]k = 1i + 5k = (1,0, 5), projection onto
the z-z plane.

8. Sk2(u) =u+ (2 - 1)proj,u = (2,0,3) + 1[(2,0,3) - klk = (2,0, 3) + 3k = (2,0,6), expansion
in z direction by a factor of 3.

9. Si’%(u) =u+(1/2—1)proj;u = (2,0,3)— 1 [(2,0,3) - ¢]4 = (2,0,3) —i = (1,0, 3), compression
in x direction by a factor of 1/2. =2

10. Qi(u) = u — 2proj;u = (2,0,3) — 2[(2,0,3) - 4]t = (2,0,3) — 47 = (—2,0, 3), reflection across
plane with normal ¢ (the y-z plane).

11. Noting that k-u =k -(2,0,3) = 3 and

—i(0—0)—5(0—2)+k(0—0) =25

o oS,
W~

1
kxu=|0
2

we have

R = (u) = (cosg)u—&— (Sin%)kxu—&— (1—cosg) (k-u)k

= (0)u+ (1)(24) + (1 = 0)(3)k
=25 + 3k =(0,2,3),

a rotation of 90° about the positive z-axis.
The student is encouraged to plot and label all the points (vector tips) that lie in the z-z plane (i.e.

with y-component equal to zero) by using x as the horizontal axis and z as the vertical axis, to help
visualize the effect of the transformations.
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In Example we transformed a single vector, or equivalently a single terminal point. In general we
are often interested in transforming a set of points which constitute an image or object in two or three
dimensions. It is worth considering the effect of such transformations on multiple points whereby their
meaning and application becomes clearer.

Rodrigues’ rotation formula can be used to determine Ry in R? by associating the vector (z,y) in R?
with the vector (z,%,0) in the z-y plane of R® and setting n = k.

Example 6-9

Let € = (x,%) in R2. Derive the formula for the linear transformation Ry (x) by considering the effect
of rotating the vector u = (x,,0) in the z-y plane of R3 by the angle 6 about the z-axis, i.e. about
the direction n = k. Show, by inspection, that the result can be written as the left-multiplication of
@ =[] by an appropriate 2 x 2 matrix.

Solution:
Since
0 T
k= 10| and w= |y| =zt +yj.
1 0

this implies

=0+04+0=0, and

kxu=

0
k-u= 0] -

1

7

J =40—-y)—jO0—2)+k(0—-0)=—yi+aj.

k

o 8§ O R

= o O

The rotation formula gives

R o(u) = (cos@)u + (sinf)(k x u) + (1 —cos0)(k - u)k
=cosf(xi +yj) +sinf(—yi +xj)+0
= ((cos )z — (sinB)y) i + ((sin @)z + (cosO)y) J
Next by identifying = = [5], 4 = [{], and j = [{] in R?, the two dimensional result is

Ro(x) = ((cos@)x — (sinf)y) i + ((sin@)x + (cos)y) j

= ((cos @)z — (sin@)y) H + ((sin 6)z + (cos 0)y) m

_ [(cos@)x — (sinf)y

2
(sin )z + (cos Q)y] (+ a vector in R*)

The last expression can be rewritten using matrix multiplication as

. {0059 —sinQ} m |

sin 6 cosf| |y

Example raises two interesting questions. We were able to represent a linear transformation by
a matrix multiplying the vector. Does multiplying a vector by some other matrix produce a linear
transformation? Secondly, can other linear transformations be similarly represented by multiplication
by a matrix?
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6.2 Matrix Transformations

Turning to our first question raised at the end of the last section we have the following definition.

Definition: Let A be an m X n matrix. A matrix transformation is the transformation from R"”
to R™ given by the matrix multiplication of vector w in R™ (written as a column matrix) on the
left by A:

La(u) = Au|.
That a matrix transformation is a linear transformation follows from the linearity of matrix multiplica-
tion.

Theorem 6-2: The matrix transformation L4 (u) from R™ to R™ is a linear transformation.

Proof:
Let L4 be a matrix transformation with A the m X n matrix. Suppose u and v are vectors in R™ and
¢ is a scalar, then we have the following:

La(u+v)=Au+v)=Au+ Av=La(u) + La(v)
Ly(cu) = A(cu) = ¢(Au) = cLy(u)

Example 6-10

Let A= B ﬂ and let u = [ﬂ and v = B] be vectors. Find

1. La(uw)

ES

Solution:

oz =au= 3 3 []= [ =[]
2. La(v) = Av = [é ﬂ B] - B H S’} - [ﬂ

s s - o= [ -0 - Y - [

which equals La(u) + La(v) as expected.

s =ac0 =[5 9 ([ = []-[45] - 7]

which equals 5L 4 (u) as expected.

Next let us consider the question of which linear transformations may be represented by matrix
transformations. It turns out that all of them are. To see why observe, the following important property
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of linear transformations. First we need our definition of linear combination with matrices applied to
vectors.

Definition: Let vy, v, ..., vg be vectors in R™ and ¢y, ¢, ..., ¢i be scalars. Then the vector
€11 + CoU2 + -+ - 4 CR Vg
is a linear combination of vy, v, ..., vg.

Theorem 6-3: Let L(u) be a linear transformation from R™ to R™. If w is a linear combination of
vectors vy, va,... v in R™, so that

U = C1V1 + CaV2 + -+ + CLVE

then

‘L(u) = c1L(v1) + caL(v2) + -+ + e L(vg) ‘

The implication of the theorem is that if you can decompose a vector into a linear combination of other
vectors, then knowledge of how the linear transformation acts on those vectors is sufficient to determine
how it acts on the original vector.

Example 6-11

1 2 0
Suppose u = |0|, v = |2| and w = |—2| and let L(u) be a linear transformation from R? to R2.
3 0 6

If L(u) = H and L(v) = [_g} find L(w).

Solution:
Our strategy is to write w as a linear combination of w and v (if possible) and then apply the
linearity of L to the result. If w = aw + bv then constants a and b must satisfy

1 2 a 2b a+2b 0
au+bv=a |0| +b0 (2] =|0]| + |2b| = 2b =w= -2
3 0 3a 0 3a 6

Equality of the vectors implies solving the system of equations

a+2b=0
2b= -2
3a=26

The second equation implies and the third implies . These values satisfy the first

equation, 2 + 2(—1) = 0, so this is a solution to the system and we have that w = 2u — 1v, which is
easily checked. The linearity of L implies

L(w) = L(2u — 1v) = L(2u) + L(~1v) = 2L(u) + (—~1)L(v) = 2 H 1 {ﬂ - [; i g] - {_ﬂ .
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Recall that eq, eo, ..., e, are the elementary vectors in R” defined by e; = (1,0,...,0),ex = (0,1,...,0),
., e, =1(0,0,...,1). Then {ej,es,...,e,} is called the standard basis of R”. With respect to this
basis we saw that any vector w has the unique expansion!

u = (U, Us,...,Uy) = U1€] + Uz + ** Upey .
Now consider acting on uw by a linear transformation L that takes vectors from R™ to R™.
L(u) = L(uiey + uges + - + upey,)
=uyL(ey) +usL(ez) + - +upL(ey)
Defining vectors a; = L(e;) in R™ this implies
L(u) = u1a1 + ugas + -+ - + una, .

However, when discussing matrix multiplication of a vector (Section [2.14.2]) we noted that this right
hand side equals Au if A = [aia; - --a,] where a; is the i*® column of A. Hence

L(u) = Au

where
A=laias---a,] =[L(e1)L(es) - Ley,)]

is an m x n matrix whose " column is the vector L(e;). We summarize the result in the following
theorem.

Theorem 6-4: Let L be a linear transformation from R™ to R™ and let {e;, eq, ..., e,} be the standard
basis of R™ . Then L equals the matrix transformation L4 where A is the unique m X n matrix

| A=[L(er)L(es) - L(en)] |

Here L(e;) is a vector in R™ written as a column matrix.

Proof:
The remaining item to show is that the matrix A is unique. We have seen that L(e;) = a;. Suppose
transformation L equalled a second matrix transformation Lp. Then

L(ez) = LB(ei) = Bei = bz
where b; is the i column of B. The final equality follows due to the components of e;. Hence b; = a;.
Since the choice of ¢ was arbitrary, B = A.

Since we have shown that every matrix transformation is linear and now that every linear transformation
equals a matrix transformation we have the following result.

Corollary: A transformation 7T is linear if and only if it equals a matrix transformation.

Theorem gives a prescription for finding a matrix to represent any linear transformation L in terms
of the action of L on the elementary vectors e;. The latter can be found using the explicit forms of L
of common transformations found earlier, or one can deduce them directly from the transformation the
operator presents as the following examples show.

1Uniqueness follows for if u had some other expansion u = viej + vaes + - - - vpe, we could take the dot product of
each expansion with respect to e; to get w - e; = u; for the first and w - e; = v; for the second, showing u; = v;. Since ¢
was arbitrary the expansion is unique.
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Example 6-12

Find a matrix transformation equal to the linear transformation.

1. The reflection Q; in R2.
2. The dilation Cs in R2.

Solution:

1. The reflection @; in R? is a reflection across the line with normal j. Since j points along the
y-axis, the reflection is across the z-axis (i.e. the line y = 0). Such a reflection leaves the
vector ¢ unchanged and takes j to —j. (This can be seen by thinking of the action of the
transformation on the endpoints (1,0) and (0, 1) of ¢ and j respectively.) In symbols

?’
o Liey) = L(i) =i = H
e 0 e = L) =i = -1 [j| =]
(0,-1)
—J

Thus Q; = La where A = [L(e1)L(e2)] = [(1) _ﬂ :

2. The dilation Cy in R? stretches all vectors by a factor of two, so, in particular the elementary

vectors transforms as

Y

!

(0,2)

] |
(0,1)

J

O i

Il

[N}
L —
O =
—_
Il
1
[l V]
—_

Ley) = L(i) = 2i
L(

es) = L(j) = 2j = 2 m = M

—_—
—=

1,0) 22 (2,0)

Thus Cy = L4 where A =[L(e1)L(es)] = B g} .
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Example 6-13

Rederive the matrix transformation for Ry in R? using Theorem Also find the transformation
for Ry ¢ in R3.

Solution:
The following diagram shows the effect of rotating the elementary vectors ¢ and j by an arbitrary
counterclockwise rotation 6 in R2.

Yy "
Rolg).- " § R(i)
// ’
NG
FOXL
\ 12 vy

Consideration of the triangles shown and noting the hypotenuse of each is 1 since they sit on the
unit circle, gives the following components for Ry(z) and Ry(j) respectively:

. {cos 9} . {_ sin 9] |

sin 6 cos 6

These are the columns of the equivalent matrix transformation for Ry and we have that Ry equals
the matrix transformation L4 where

_ [cos 0 —sin 9}

sin 6 cosf

This is the matrix that was found in Example [6-9].

In R3 if we rotate by § about the z-axis the elementary vectors ¢ and j stay in the plane while k is
unchanged and we have

cos —sind 0
Ryo(i) = |sind Rio(j) = | cost Ry o(k) = |0
0 0 1

We see that the linear transformation Ry ¢ equals the matrix transformation Lp with matrix

cosf) —sinf O
B = |sinf cosf O
0 0 1

By describing our basic linear transformations by vectors and their operations we were able to show
that they were linear by taking advantage of the linear properties of scalar, dot, and cross products. An
additional advantage of this approach is that we observe that a linear transformation is independent of
choice of Cartesian coordinates (aside from the fixed point origin upon which they all depended) just
as vectors are.

When considering matrix transformations we have defined them with respect to the standard basis
{e1,€3,...,e,} of R". When using R3, say, to represent a physical problem then the components
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of a vector will depend on the orientation of the coordinate axes chosen in physical space which, in
turn, determine the directions the elementary vectors e; represent. The matrix A representing a linear
transformation L(w) such as a rotation of § about a particular direction in physical space will itself
depend on this orientation of axes. Someone else choosing the same origin but a different orientation of
coordinate axes would find different components and matrix to represent the same physical vector and
linear transformation. It is a standard problem in linear algebra to consider how the components of
the same vector in different coordinate systems are related. Similarly one considers how the matrix
representations of the same operator in different systems are related.

Having chosen a particular orientation of coordinate system in space one can define a linear trans-
formation by a matrix transformation acting on the standard basis of that system. However the
matrix representation of that transformation in other coordinate systems will be, in general, a different
matrix. With further linear algebra, that matrix can be determined knowing the orientation of the
other coordinate system to the initial one.
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6.3 Composition of Linear Transformations

If f(x) = sinx and g(z) = 22, then the composition of functions fog is defined by (fog)(z) = f(g9(x)) =
sin(z?), with g applied first and f applied to that result. Order in application of the functions typically
matters, as it does in this example where g o f # f o g since (g o f)(z) = g(f(x)) = (sinz)? which is a
different function. We have seen that linear combinations of transformations from R" to R™ produced
new transformations and that if all the transformations were linear the new transformation was also
linear. To this method of producing new transformation we can add transformation composition.

Definition: If S is a transformation from R™ to R! and T is a transformation from R” to R™ then
the composition of transformations S o T' defined by

[(SoT)(u) = S(T(u))],

is a transformation from R” to R’

Composition of more that two transformations is similarly accomplished. In the event the transforma-
tions are linear we have the following result.

Theorem 6-5: Let K be a linear transformation from R™ to R! and let L be a linear transformation
from R™ to R™ equal to matrix transformations L4 and Lpg respectively where A is an [ X m matrix
and B is an m X n matrix. Then the composition transformation K o L defined by

(K oL)(u) = K(L(w)|,

is a linear transformation from R™ to R! and equals the matrix transformation given by L4p where
AB is the [ x n matrix product of A and B.

Proof:
(KoL)(u) = K[L(u)] = K(Bu) = A(Bu) = (AB)u = Lap(u).
Note the following:

1. The matrix of the transformation applied first is placed furthest to the right.

2. Composition of more than one linear transformation is possible (assuming the dimensions of R
align appropriately) and the result can be shown to be linear by induction.

3. The fact that function composition typically depends on the order of application of the functions
is mirrored by the fact that matrix multiplication does not, in general, commute (AB # BA).

Example 6-14

If K is the reflection about the line y = x and L is the rotation Rz in R?, find a matrix transformation
equal to the composition K o L. What, geometrically, is the new linear transformation?

Solution:
The line y = x is the diagonal with slope m = 1. Reflection of ¢ across it goes to 7 and similarly j
becomes 2. In other words, the endpoints (0,1) and (1,0) exchange locations. Thus
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so K = Lj where A=[K(@)K(j)] = {(1) (1)} .

L is a positive rotation of 7 = 90° which rotates ¢ to 7, i.e. point (1,0) goes to (0,1). The vector j

is rotated to —¢, i.e. point (0,1) goes to (—1,0) under the rotation. Thus

7
03 Hi)=5= ]
w-ie-[] [
—1 1 —= 2

so L= Ly where B = [L()L(j)] = [2 é] .

The composition transformation K o L is equivalent to the matrix transformation L 4p where AB is
the product of the matrices
0 1](0 -1 1 0
S 1 R

The effect of the transformation composition on a vector is thus

e} =[]

We see that under K o L the z-component is unchanged but the y-component is flipped. This a
reflection about the z-axis. The normal to that axis is the vector 7 and so we have the identification

KoL=0@Qj;.

Example 6-15

In addition to writing an arbitrary rotation in three dimensions by R = R, ¢ it is possible to write
it as a composition of three angular rotations about the axes of a fixed coordinate system with
basis {%,5,k}, such as

Rapy = Riy o RjpoLia.

The matrix transformation is then the product of the three corresponding matrices. The angles
(a, B,7) are referred to as Euler Angles. There are many conventions for such angles. This
formulation of rotation has utility when describing the position of the axes of one coordinate system
with respect to another.
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6.4 Linear Operators

In most of the examples we have done so far our linear transformations have been from R™ back to
itself. This important class of transformations has its own name.

Definition: A linear operator is a linear transformation from R™ to R™.

So dilations, contractions, inversions, expansions, compressions, reflections, and rotations are all linear
operators. The matrix of a linear operator from R" to R™ will be a square matrix of order n and we
can classify our operators according to the type of matrix transformation they equal.

6.4.1 Symmetric Operators

Recall a symmetric matrix satisfies A7 = A. Consideration of our general transformation Cy,(u) = ku,
of which the identity, zero, dilation, contraction, inversion operators are special cases, show they all
give rise to symmetric matrix representations. For instance in R® we have, by consideration of Cy (%),
etc., that C} is equal to L4 where
k 0
A= 10 0
0

o O
ol

which is clearly symmetric.

As another example, the projection operator P, where n = (n;,n,,n,) is a unit vector, has a symmetric
matrix representation. In R3 we find, by evaluating Py (%), etc., that P, is equal to L4 where

NgNy  NyNg NNy
A= |ngny nyny nuny|
NgNz  NyNy NN

which is symmetric. Since (A + B)T = AT + BT = A + B for symmetric matrices A, B, it follows that
the sum of symmetric matrices is also symmetric. Therefore the more general orthogonal projection
Pp, ns,....n, Will also induce a symmetric matrix.

As yet a further example consider the linear operator Sy of which compression, expansion, and
reflection are special cases. We saw that S,  could be written

Snkp =1+ (k—1)P,.

This will also be symmetric since (k — 1) is a scalar and (cA)T = cAT = cA if A is symmetric. This
implies that cA is symmetric if A is and adding this to symmetric 1 will still be symmetric. Explicitly
in R® we have that Sy j is equal to L4 where

14+ (k= 1Dngn, (k —1)nyny (k—1D)n.ng
A= | (k—1Dngn, 1+ (k= 1)nyny, (k — 1)n,n, ,
(k—1)ngn, (k —1)nyn, 14+ (k—Dnyn,

which explicitly is symmetric.

Definition: A linear operator on R™ equipped with the usual dot product is called symmetric if
it equals a matrix transformation L4 where A is a symmetric matrix.
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The zero, identity, dilations, contraction, inversion, expansion, compression, and reflection operators
are therefore symmetric. The product of symmetric operators is also symmetric if A and B commute
since (AB)T = BT AT = BA = AB for two commuting symmetric matrices. As such we expect an
arbitrary symmetric matrix may be decomposable in terms of these types of matrices.

Theorem 6-6: A symmetric linear operator L on R"” satisfies

’u~L(v):L(u)~v‘,

for all v and v in R™.

Proof:
L equals L4 where A is a symmetric matrix. Then for any w, v in R™ we have

w-Lv)=u-(Av) = (ul)Av = (uT)ATv = (Au)Tv = L(u) -v.

Note that this latter property can also be considered the definition of a symmetric linear operator since
it can be shown to imply a symmetric matrix representation.

6.4.2 Idempotent Operators

Recall an idempotent matrix satisfies A2 = A. It can be shown that the zero, identity, and projection
operators P, and P, n .. n, induce idempotent matrix transformations. This can be shown explicitly
using our R3 version of P,, shown previously.

Definition: A linear operator on R" equipped with the usual dot product is called idempotent if
it equals a matrix transformation L4 where A is an idempotent matrix.

The zero, identity, and projection operators P, and Py, n .. n, are therefore idempotent.

Theorem 6-7: An idempotent linear operator L satisfies L o L = L. That is, for any vector w in R"

Proof: L equals L4 where A is an idempotent matrix. Then for any v in R™ we have

L(L(u)) = L(Au) = A(Au) = (A*)u = Au = L(u).

Note that this latter property can also be considered the definition of an idempotent linear operator
since it can be shown to imply an idempotent matrix representation.

6.4.3 Orthogonal Operators

Inversion, reflections, and rotations fall into an important group of linear operators which we now
explore. Recall an orthogonal matrix satisfies A~' = A”. The identity operator’s matrix representation
is just I, an orthogonal matrix. The inversion operator has matrix representation —I which is also
orthogonal. The reflection operator @,, also equals a matrix transformation where A is orthogonal.
Finally rotations have orthogonal matrix representations.
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Example 6-16

cosf) —sinf

The Rp matrix given by A = [sin 0 cos 0

] is orthogonal since A7 = { cosf sin 9} and

—sinf cosf

7 |cosf) —sinf cosf sinf
AAT = [sin 0 cos 0} [ sinf cosf

- cos? 0 + sin” 0 cosfsing —sinfcosf| (1 0O 7
"~ |sinfcosf — cosfsin 6 cos? 0 + sin? 0 0 1

Similarly AT A = I and thus A=! = AT,

Using Rodrigues’ rotation formula to evaluate Ry, g(¢), etc. one can show that the rotation operator
equals L4 where matrix A is:

cos +n2 (1 — cos ) ngny (1 —cosf) —n,sind ngn, (1 —cosd) + n, sinf
A= |nyng (1 —cosf)+n,sind cosf +n? (1 — cos ) nyn, (1 —cosf) —ng sind
n.ng (1 —cosf) —nysing n.ny, (1 —cosf) + nysind cosf +n? (1 — cosf)

This can be shown to be orthogonal as well.

Definition: A linear operator on R™ equipped with the usual dot product is called orthogonal if
it equals a matrix transformation L4 where A is an orthogonal matrix.

The identity, inverse, reflection and rotation operators are therefore orthogonal. Orthogonal linear
operators have the following important property.

Theorem 6-8: If L is an orthogonal linear operator on R™ equipped with the usual dot product then
it preserves the dot product. For any vectors w and v in R™ we have

‘L(u)-L('v):u-v‘.

Proof:
L equals L4 where A is an orthogonal matrix. Then for any vectors w and v in R™ we have

L(u) - L(v) = (Au) - (Av) = (Au)T (Av) = (u? AT)(Av)

=ul(ATAv=u" (A" Aw=u"Tv=v"v=u-v.

Setting u = v shows ||L(u)||* = L(u) - L(u) = u - u = ||Ju|? from which the following corollary is
implied.
Corollary: An orthogonal linear operator L on R™ preserves the length of a vector, | ||L(w)| = |lull |.

Note that property is clear for rotations, reflections, and inversions. Since angle between vectors can
be written in terms of the dot product and lengths of two vectors it follows that an orthogonal linear
operator also preserves angles between vectors.

Note that either the preservation of dot product or of length can be used to define an orthogonal linear
operator as they can be shown to be equivalent and they imply an orthogonal matrix representation.

Finally a product of orthogonal matrices is orthogonal since (AB)~! = B~'A~! = BT AT = (AB)” for
orthogonal matrices A and B. So we expect a general orthogonal matrix to be decomposable in terms
of rotations, reflections, and inversions.



Linear Transformations 171

6.4.4 Polar Decomposition of Operators

To conclude this chapter we note the following theorem which shows that every matrix A can be
decomposed into a product of a symmetric and an orthogonal matrix.

Theorem 6-9: Let A be a square matrix with real entries. Then A can be written as the product of a
symmetric matrix S and an orthogonal matrix O as?

[i=50]

This is called the polar decomposition?® of A.
Since any linear operator on R™ equals a matrix operator L4 we have the following corollary.

Corollary: If L is a linear operator on R™ then L can be written as the composition of a symmetric
operator S and an orthogonal operator O as

[L=500].

These theorems are useful as they characterize all linear operators quite generally as being decomposable
into two operations. The first is a length-preserving orthogonal operation which will consist of a
composition of rotations, reflections, and inversions. This will then be followed by a symmetric operator
which will consist of a composition of operations that will typically scale and project the vector along
various directions.

2In fact the theorem is stronger than stated. The symmetric matrix found can be restricted to those that are positive
semi-definite (i.e. no reflections) and in the event that A is invertible this decomposition is unique.

3The term polar decomposition is used as it is analogous to the decomposition of a complex number as re?® which,
upon multiplication of another complex number will scale it by a factor of r and rotate in the plane by an angle 6.
Complex numbers will be discussed in Chapter [J].
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7.1 Subspaces of R"

As the name suggests, a subspace S of R” is a set of vectors contained within R™. It inherits all the
properties of R™. Additionally we require it be closed.

Definition: A non-empty subset S of vectors from R™ that is closed under vector addition and scalar
multiplication is called a subspace of R™. Closure means that the vectors u + v and cu are also
in S for any vectors w and v in S and scalar c.

Theorem 7-1: The zero vector 0, is an element of S for any subspace S of R".

Proof: Since S is non-empty let u be a vector in S. Then (—1)u = —u is also in S due to scalar
closure and so u + (—u) = w — uw = 0 lies in S due to closure under addition.

Note that S = {0,} is a subspace of R”. Also S = R" itself is a subspace of R".

Definition: A set of vectors B = {uq,us,...,ur} in subspace S is said to span S if every vector v in
S can be written as a linear combination of vectors from B. That is, there exist scalars ¢y, ..., ¢k
such that

vV =cu) +cous + ... +ug,
for every v in S'.
Example 7-1
The standard basis B = {e1, ..., e} spans R™.

Conversely we can define the span of a set of vectors.

Definition: Let B = {u1,uz,...,ur} be a set of k vectors from R™. Then the span of the set,
denoted by span (B) = span{u1,ua, ..., ux}, is the set of all linear combinations of the vectors
in the set, i.e. all vectors

V=cCluy + CUz + - + CRUuy

where ¢; are scalars.
Since clearly the sum of two such linear combinations will still be a linear combination and the scalar
product of such a linear combination will also be so, we have the following non-trivial subspaces.

Theorem 7-2: The span of a set of vectors B = {u1,us,...,u,} from R™, span (B), is a subspace
of R™.

Example 7-2

Let v be a nonzero vector in R? or R? and let ¢ be a parameter. Then the line through the origin
given by the set
L = {x(t) = tv such that ¢ is in R}

is a subspace of R? or R? respectively.

Example 7-3

Let u and v be two nonzero, noncollinear vectors in R? and let s and ¢ be parameters. Then the
plane through the origin given by the set

P = {x(s,t) = su + tv such that s and ¢ are in R}
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I is a subspace of R3.

So in the previous examples the sum of two vectors or the product of one of them by a scalar will
remain in the subspace, line or plane, respectively.

As a final non-trivial subspace example consider the following.

Definition: If L is a linear transformation from R™ to R™ then the null space or kernel of L is the
set of all vectors in R™ satisfying L(u) = Oy,.

If L equals matrix transformation L 4 for matrix A then it follows that the null space of L is the set of
solutions of the homogeneous linear system

Ax=0.
Theorem 7-3: The null space of a linear transformation L from R™ to R™ is a subspace of R".

Proof: Let u and v be vectors of R™ in the null space of linear transformation L and let ¢ be a scalar.
Then

L(u+v)=L(u)+ L(v)=0+0=0
L(cu) =cL(u) =c0 =0

Thus v + v and cu will also lie in the null space of L and it is therefore closed under addition and
scalar multiplication and hence a subspace of R™.
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7.2 Linear Independence

We are often interested in finding the fewest number of vectors required to span a subspace S. To that
end we define the following concept.

Definition: A set B = {vy,vs,...,v,} of vectors from R™ is linearly independent if the vector
equation
vy +cve+...+c,v, =0

has only the solution ¢; = 0 for ¢ = 1,...,n. Otherwise the set B is called linearly dependent.

Note the following;:

e A set of two or more vectors is linearly dependent if and only if one of them can be expressed as
a linear combination of the others.

e A linearly independent set of vectors cannot contain the zero vector as, assuming it is the first
vector, v1 = 0, then ¢; could be set to anything and all other scalars could be set to 0 thereby
providing a solution to the equation which was not identically zero.

e If we let A be the matrix whose i*® column is the vector v;, so
A= ['Ul'Ug .. 'Un]

then the previous vector equation is equivalent to a homogeneous system given by:

C1 0
Co O
[vl v2 DR U,n/} : —_—
Cn, 0
or
Ac=0.
If the system has the unique (trivial) solution ¢ = 0, then the set B = {v1,vs,...,v,} is linearly

independent. If this system has infinitely many solutions, then the set B is linearly dependent.

e If the matrix A is square this is further simplified. If det A # 0 then we have the unique (trivial)
solution and the set is independent. If det A = 0 then there are infinitely many solutions and the
set is dependent.

Example 7-4

Determine whether the given set of vectors is linearly dependent or independent.

1. B= {’Ul,’U2}‘ where v = <1a 1)7 V2 = (_1’2) :
Solution:
c1v1 +cav2 =0
1 -1 C1 o 0
1 2 Co B 0

Ac=0
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Solving the system [A|0] directly we have:

RQ‘)RQ*Rl I:O 3

Using back-substitution:

0320 = [ = 0]
e ci—c=0—= cl—O:Oz

So ¢ = (0,0) is the only solution and therefore B = {v1,v2} is a linearly independent set.
Alternatively, since A is square we can use the determinant:

det A = l(l) _2’ =1(2) = (=1)(1) =3#0

which implies B is a linearly independent set.

2. B = {vy,v3,v3} where v; = (1,1,-2), v2 = (2,5,—1), and v3 = (0,1,1).

Solution:
We must consider the solutions ¢ = (¢, ¢2, ¢3) for the following system:

C1V1 + CoV2 + Cc3v3 = 0

1 2 0 C1 0

= 1 5 1| [ea] = |0
—2 —1 1| |es 0
Ac=0

Expanding coefficient matrix A along the first row, we have

det A = =MHDG+D) +2(-1)(1+2)+0=6-2(3) =0

N = =
— Ot N
— = O

Therefore there are infinitely many solutions for ¢ = (¢1, ¢2,¢3) and set B = {v1, v, v3} is
linearly dependent.

3. B = {v1,v2,v3} where v; = (0,0,2,2), vo = (3,3,0,0), and v3 = (1,1,0,—1).

Solution:

C1V1 + CoVg + C3V3 = 0

03 1 0
— 3121_0
2 0 o] |72 o
2 0 —1| L 0

Ac=0
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Since A is not square so solve the system using [A|0]:
0 3 110
0 3 110
2 0 010
2 0 -11]0
4
R, & Rg 2 0 00
0 3 110
0 3 110
2 0 -11]0
4
2 0 00
03 110
Rg — R3 —Ry |0 O 00
R4 — R4 — R1 00 —-110
\
2 0 0]0 2 =0
0 3 110 3ca+c3=0
R3+< R, |0 0 —1]0 —c3=0
00 010 00
Using back-substitution:
e 3co+c3=0 = 3c,+0=0 =
Therefore the only solution is (c1,ce,c3) = 0 and B = {v1,v2, v3} is linearly independent.

Definition: Let S be a subspace of R™ then if B = {u1,us,...ux} is a linearly independent set of
vectors that spans S, then B is called a basis for S.

Example 7-5

The standard basis B = {ey, es, ..., e,} is a basis for R".

Example 7-6

The set B = {v} where v is a nonzero vector is a basis for the line L in R? or R? given in Example .
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Example 7-7

The set B = {u,v} where w and v are nonzero, noncollinear vectors is a basis for the plane P in R3
given in Example [7-3].

Note the following:

e A basis for S is made up of the smallest number of vectors that will span S.

e While the vectors that make up a basis for S are not unique, it can be shown that every basis
must have the same number of elements. This is called the dimension of S. So the line L in R?
or R3 has dimension of 1, and the plane P in R has dimension of 2 as expected.

e If R" is equipped with the usual dot product, note that the vectors in the basis for a subspace S
need not be unit vectors nor do they need to be mutually orthogonal. However it can be shown
that given such a basis one can always construct a new basis that has these properties. One such
procedure is called the Gram-Schmidt process. Such a basis is called an orthonormal basis.
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8.1 Eigenvalues and Eigenvectors

Definition: Let A be a square nxn matrix. A scalar ) is said to be an eigenvalue or a characteristic
value of A if there exists a nonzero vector & in R™ such that:

e = a].

The nonzero vector x is called an eigenvector of A corresponding to the eigenvalue \.

Example 8-1
2] . . 4 =2 . . .
Show x = 1| isan eigenvector of A = 1 1 and find its corresponding eigenvalue.

Solution: . {411 —ﬂ m - [g;ﬂ = E] =3 m

2| . . . .
Thus Az = 3z and therefore x = { ] is an eigenvector of A corresponding to eigenvalue A = 3.

1
Example 8-2
0 0 -2
Show x = (—2,1,1) is an eigenvector of A = |1 2 1| and find its corresponding eigenvalue.
1 0 3
Solution:
0 0 -2 (-2 04+0—-2 -2
Az=|1 2 1 Il=]-2+2+1|=| 1| =)=
1 0 3 1 —24+0+3 1
Thus Az = 1l and = (—2,1,1) is an eigenvector of A corresponding to eigenvalue A = 1.

A nonzero scalar multiple of an eigenvector of A also is an eigenvector of A.

Example 8-3

In Example it was shown x = (—2,1,1) was an eigenvector of A corresponding to eigenvalue
A= 1. Then 2z = (—4,2,2) is also an eigenvector corresponding to A = 1 since

0 0 —-2| |-4 0+0—-4 —4 —4
AQz)=[1 2 1| | 2| =|-4+4+2| =] 2| =) | 2| =)=
1 0 3 2 —44+0+6 2 2

Therefore 2 is also an eigenvector of A with the same eigenvalue of A = 1.

Additionally if two eigenvectors correspond to the same eigenvalue A of A their sum will also be an
eigenvector of A. We summarize these results in the following theorem.

Theorem 8-1: If w and v are eigenvectors of A associated with the same eigenvalue A, and c is a
scalar then u + v and cu are also eigenvectors of A associated with A provided they do not equal the
zero vector. (l.e. v # —u and ¢ #0.)
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Proof:
Let u, v be eigenvectors of A corresponding to eigenvalue A and let ¢ be a scalar. Then

A(u+v) = Au+ Av = du+ \v = A(u + v)
A(cu) = c(Au) = c(Au) = A(cu) .

It follows from Theorem that the eigenvectors corresponding to a particular eigenvalue A of A
combined with the zero vector 0 form a subspace of R".

Definition: The subspace of R™ consisting of all eigenvectors x associated with a particular eigenvalue
A of A and the zero vector is called the eigenspace of A corresponding to .
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8.2 Finding Eigenvalues and Eigenvectors

Recall that if B is a square matrix of order n then the homogeneous system Ba = 0 has the unique
trivial solution & = 0 if det B # 0 and it have infinitely many nontrivial solutions if det B = 0. We can
cast the problem of finding eigenvalues and eigenvectors of the n X n square matrix A in this form by
solving the eigenvalue equation for x .

Ax = \x
= Az —dx =0
= Ax — ANz =0
=(A-A)x=0

Setting B = A — AI it follows that to have non-trivial (@ # 0) solutions to this system of n equations
in n unknowns we require

|det(A—\I) =0].

Theorem 8-2: Let A be an n X n matrix. The number A is an eigenvalue of A if and only if
det(A—XI) =0.

Consideration of the form of the determinant shows the left hand side of the equation is a polynomial

in A with coefficients determined by A. With that in mind we have the following definition.

Definition: The polynomial P4 () = det(A — AI) is called the characteristic polynomial of A and
the equation det(A — AI) = 0 is called its characteristic equation.

To find the eigenvalues of a matrix A and their associated eigenvectors now becomes a two step process:

1. Solve the characteristic equation for the eigenvalues of A.

2. For each eigenvalue A solve the linear system | (A — AI)xz = 0| for x to find its associated
eigenvectors.

Example 8-4

Find the eigenvalues and eigenvectors of the given matrix.
2 3
=[]

Solution:

det(A — ) = ‘Q_A 3

4 3-A
=2-NB-)N)-12=0
=620 -3+ -12=0
=M -5A-6=0

= (A=6)(A+1)=0

)\1:6
=
Ay =—1

-0
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)\1 =6:
To find the eigenvalues 1 = (21, x2) corresponding to A; we need to solve:

(A—6I):If1 =0

oo f oof 91

this can be done using the augmented matrix as follows

-4 310
4 =310

Since

¢

3
0 0

0 —41’1+3£E2:O
<
0 0=0

R2—>R2+R1

Here we have circled the leading entry. Back-substitution in the linear system gives

o |19 =1
3
o 4114+ 31r2=0 = 41 +3t=0 = |21 = Zt
3 2 3
Thus the eigenvectors are x; = {4]5 } =t [ﬂ =1t [4} and {(3,4)} is a basis for the A =6
eigenspace.
>\2 =—1:
(A—(-1))z2=0
(A+Dxa=0
3 3|0
4 410
I
Ri— iR 1 1]0
Ro— iRy [1 10
¢
(1) 110
Ry—Ry—Ri [0 00
o (1o =1

e 1 +1o=0 = 21+t=0 =

The eigenvectors are xo = [_i] =t {_ﬂ and {(—1,2)} is a basis for the A = —1 eigenspace.
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8.2 Finding Eigenvalues and Eigenvectors

Note:

e Since the eigenvalues of a square matrix A are the solutions of the corresponding characteristic
equation (i.e. roots or zeroes of the characteristic polynomial), it follows by the Fundamental
Theorem of Algebra that an n x n matrix A has at least one eigenvalue and at most n numerically
different eigenvalues. (So a 3 x 3 matrix has 1, 2, or 3 eigenvalues). However these eigenvalues

may not all be real-valued.

e Since the eigenvectors corresponding to A are solutions of

(A-=XDx =0

the eigenspace of A corresponding to eigenvalue ) is the null space of the matrix B =A — A\ .
i.e. the solutions of Bx = 0. The basic solution eigenvectors will span the eigenspace. So in
Example {(3,4)} is a basis for the A = 6 eigenspace and {(—1,1)} is a basis for the A = —1

eigenspace.

Example 8-5

Find the eigenvalues and bases for the eigenspaces of the given matrix.

5 —7 7
A=14 -3 4

4 -1 2

Solution:

First find the eigenvalues:

det(A— M) =0

5—-A -7 7
=] 4 —-3-A 4 |=0
4 -1 2—-A

= GB-MN[(=3-N2 =N +4+742—-\) —16]+7[-4—4(-3-X)] =0

= BN+ A2+ 74\ 8] + T4\ +8] =0

= 5A%2 +5X =10 = X3 = A2 + 2\ =0 (Simplify and multiply both sides by —1.)
= A —4)\? —7A+10=0 (Note A\ = 1 solves this. Group to get (A — 1) factor.)
SN AN AT H4-1=0

=N =1) =4\ =1) =7\ —=1) =0 (Use a® —b*> = (a —b)(a® + ab+b*).)

SA=DNHA+1D) 40+ 1D)A-1) —=TA=1)=0
SA=DNH+A+1-40+1) =7 =0
=A=1)(A\=3)1-10)=0
=A=1)A=5)(A+2)=0
A=
= A =5
Az = —2
=1
(A—()Dx; =0
4 -7 710
4 —4 410
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7 710
R2—>R2—R1 0 3 =310
Rs - Rs— Ry, |0 6 6|0

Rs — R3 — 2Ry 0 0 010

o (13=1

310 —313=0 = 31y, —3t=0 —
o 4y —Tog+ T3 =0 = 4oy —Tt+Tt =0 —

0 0
Therefore x; = |¢| =t [1| and so {(0,1,1)} is a basis for the A = 1 eigenspace.
t 1

)\2:5:

(A—5I)CE2:0
0 -7 710
4 -8 410
4 -1 =310

I
R+ R3[4 -1 -31|0
4 -8 410
0o -7 710

4
4 -1 =3/0]
RQ*)RQ*Rl 0 -7 710
0o -7 7|0

\

R3s — Rs — R»

=1
o —Tro+Tr3=0 = —Too+Tt=0 =

e dry —10—323=0 = 421 —t—-3t=0 =

t 1
Therefore xo = |[t| =t [1| and so {(1,1,1)} is a basis for the A = 5 eigenspace.
t 1
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(A—(~2))zs =0

7T =7 710
4 -1 410
4 -1 410
J
Ri— iR [1 -1 1]0
4 -1 410
R; - R3— Ry |0 0 0]0
\
(1) -1 1]o
Ry — Ry —4Ry | 0 @ 00
0 0 010

[m=1
e —a2t+a3=0 = 21 —-0+t=0 =

—t -1
Therefore k3 = | 0| =t | 0| and so {(—1,0,1)} is a basis for the A\ = —2 eigenspace.
t 1

It can occur that the characteristic polynomial P4()\) contains a particular eigenvalue A more than
once as a root. Additionally the corresponding eigenspace of A may have a dimension greater than one.

Definition: The algebraic multiplicity M of an eigenvalue A of square matrix A is the number of
times it appears as a root of the characteristic polynomial P4()). The geometric multiplicity
m of eigenvalue A\ of A is the number of linearly independent eigenvectors corresponding to A, i.e.
the dimension of the eigenspace of A.

The two multiplicities are related as follows.

Theorem 8-3: If A is an eigenvalue of A with algebraic multiplicity M then the number m of linearly
independent eigenvectors associated with A (its geometric multiplicity) satisfies

1<m< M.
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Example 8-6

Find the eigenvalues and eigenvectors of the given matrix. Identify the algebraic and geometric
multiplicities of each eigenvalue.

2 -5 5
A= |0 3 -1
0 -1 3
Solution:
det(A— X)) =0

=] 0 3—A2 —-1]=0
0 -1 3-A

2-N)[B3=XN>-1]=0

2-N)9—-6A+X—1)=0

2 A2 —6A+8) =0 (Multiply both sides by -1 and factor.)
A=2)A=2)=0

\
>
-
—~

Next find the corresponding eigenvectors.

A1:4:
(A— 4Dz =0
2 -5 5/0
0 -1 —1/0
0 -1 -1/0
[}

@ =
0 110

Ry = Ry —Ra | C(? 00

[ ) £E3:t

o —1o—x3=0 = -0 —t=0 =
o 211 —bxo+5x3=0 = —227—5(-t)+5t=0 =

ot 5
Therefore 1 = |—t| =t |—1], so {(5,—1,1)} is a basis for the A = 4 eigenspace and the
t 1
geometric multiplicity of Ay =4ism; =1.
)\2 =2:
(A — 2[)%2 =0
0 -5 510
0 1 —-110

0 -1 110
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U
Ri——iR [0 1 =110
1 —-1|0
0 -1 110
\
0 (1) -1]0
Ry - Ry— Ry |0 0 0]0
Rs—=Rs+Ri [0 0 00
o |11 =1
.
e o —23=0 = 29—5=0 =
t 1 0
Therefore zo = |s| =¢ |0|+s |1],s0{(1,0,0),(0,1,1)} is a basis (check linear independence)
S 0 1

for the A = 2 eigenspace and the geometric multiplicity of Ay =2 is my = 2.

In this example the geometric multiplicity equalled the algebraic multiplicity for both eigenval-
ues.
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8.3 Linear Independence of Eigenvectors

The following can be proved by induction.

Theorem 8-4: If B = {x1,xs,...,xk} is a set of eigenvectors of n x n matrix A corresponding to
distinct eigenvalues (so A; # A; for ¢ # j) then B is linearly independent.

As a special case when all the eigenvalues of A are distinct we have the following.

Corollary: Let A be a n x n matrix. If A has n distinct eigenvalues, then A has a set of n linearly
independent eigenvectors.

A more general result than the corollary is the following, proved similarly to the original theorem.

Theorem 8-5: Let A be an n x n matrix. If the geometric multiplicity m of each eigenvalue of A
equals its algebraic multiplicity M then A has a set of n linearly independent eigenvectors.

Example 8-7
In Example [B-5] we found the matrix

5 =7 7
A=1(4 -3 4
4 -1 2
had distinct eigenvalues A\; = 1, A2 = 5, and A3 = —1 with corresponding eigenvectors v; = (0,1, 1),

ve = (1,1,1), and v3 = (—1,0,1). Evaluating the following determinant along the first row

1 -1
1 0=0+1(-1)1-0)+(-)+H(1-1)=-1%#0
1 1

—_ = O

shows the set {v1,va,v3} is linearly independent as expected from the corollary.




192 8.4 Diagonalization

8.4 Diagonalization

8.4.1 Properties of Diagonal Matrices

Recall that an n x n matrix D = [d;;] is called diagonal if every entry not on the main diagonal is zero,
i.e. if d;j = 0 whenever i # j. In general an n x n diagonal matrix has the form:

d 0 0
0 do 0
D= )
0 o0 dn
Note that some of the dy,ds, - ,d, values may be equal to zero.
Example 8-8
The following matrices are diagonal.
2 00 010 0
A=10 -1 0 D=
0 0 5 0 0 0 O
0 0 0 5
Diagonal matrices have convenient properties.
d 0 - 0 w; 0 - 0
0 do - 0 0 wy -+ 0
Theorem 8-6: Let D = | . . Cland W= | | . . | be nxn diagonal matrices.
0 0 dy 0 0 W,
Then:
d1w1 0 0
0 ng)g 0
1. DW=WD = ) .
0 0 d, Wy,

2. detD = (d1)(d2) te (dn)

3. D is nonsingular (invertible) if and only if each entry on the main diagonal is nonzero (d; # 0) in

which case
%1 0O --- 0
1
. 0 o 0
0 O a

4. The eigenvalues of D are its main diagonal entries: di,ds, ..., d, .
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Example 8-9

Find the inverse of the given matrix.

2 0 0 O

0 -3 0 O

L. D= 0 0 4 0

0O 0 0 -1
Solution:

Since d; # 0 for i = 1,2,3,4 then D~ exists with

10 0 0

1|0 =3 0 0

D‘ooio

0 0 0 -1
-1 0 0
2.D=10 4 0
0 0 0

Solution:

d3 = 0 so D is noninvertible.

8.4.2 Diagonalizable Matrices

Most matrices are not diagonal, but some are related to diagonal matrices.

Definition: If A and B are n x n matrices then A is similar to B if there exits an invertible matrix

P satisfying
P 'AP = B|.

A matrix A will be diagonalizable if it is similar to a diagonal matrix.

Definition: Let A be a n xn matrix. Then A is diagonizable if there exists an n x n invertible matrix
P such that P71 AP is a diagonal matrix. When such a P exists we say that P diagonalizes A .

Theorem 8-7: (Conditions for diagonalizability)
Let A be an n X n matrix with eigenvalues A1, Aa, ..., A,. Let v1,vs,..., v, be eigenvectors of A with
v; associated with A;. Suppose that these eigenvectors are linearly independent and let P be the n x n

matrix having v; as its j*® column, so ’ P =[vivg - - vy) ‘ Then P is nonsingular (invertible) and

M o --- 0
0 X -+ 0

PtAP=1| . . |=D
0 0 - A\

The diagonal matrix D has the eigenvalues of A along its main diagonal in the same order as the
eigenvectors are listed as columns of P.



194 8.4 Diagonalization

Remarks:

1. P! exists because det P # 0 since the eigenvectors are linearly independent.

2. The eigenvalues of A need not be distinct. So A1, A, ..., A, in the theorem includes multiplicity.
3. The necessary condition for A to be diagonizable is that it have n linearly independent eigenvectors.
4

. If A has n distinct eigenvalues or all the eigenvalues have equal algebraic and geometric multiplicity
then A will automatically have n linearly independent eigenvectors and hence be diagonalizable.

Example 8-10

Diagonalize the given matrix if possible.

2 3
=1 3]
Solution:

From Example matrix A had two distinct eigenvalues A\; = 6, Ay = —1 with corresponding
(linearly independent) eigenvectors v; = (3,4) and vy = (—1,1). So A is diagonalizable by

P = [v1vs] = [Z _ﬂ .

2.
5 =7 7
A=14 -3 4
4 -1 2

Solution:

From Example matrix A had three distinct eigenvalues Ay = 1, Ay = 5, and A3 = —2
with corresponding (linearly independent) eigenvectors vy = (0,1,1), v2 = (1,1,1), and
v3 = (—1,0,1). So A is diagonalizable by

01 -1
P:[’Ul’vg’vg]: 1 1 0
11 1
Check:
-1 2 -1 =7 710 1 -1 10 0 A 0 0
PlaPp=| 1 -1 1|4 -3 4||1 1 o|l=|05 0|l=|0 X 0|l=D
0 -1 1|14 =1 2|1 1 1 0 0 =2 0 0 X5
3.
2 -5 5§
A=10 3 -1
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Solution:
From Example matrix A had two eigenvalues but each had algebraic multiplicity equalling
geometric multiplicity. Then A; = 4, Ay = 2, and A3 = 2 with corresponding (linearly inde-
pendent) eigenvectors v; = (5,—1,1), vo = (1,0,0), and v3 = (0,1,1). So A is diagonalizable
by
5 1 0
P=[vivvs]= [-1 0 1
1 01
Check:
10—112—55510 4 0 0 A0 0
P*IAP:§2 5 =510 3 =1 |-1 0 1| =10 2 0|=]10 X O0|=D
0 1 1] [0 -1 3 1 01 0 0 2 0 0 A3
Not every matrix is diagonalizable as shown in the next example.
Example 8-11
Diagonalize the given matrix if possible.
-2 0 1
A= 1 1 0
0 0 -2
Solution:
det(A— M) =0
—-2-A 0 1
= 1 1-— /\ 0 =0
—2-A
= (2-N)1-X)(-2-X1)=0
= (1-NA+22=0
M=1, My =
LM 1=1
Ao=—2, My=2
A1=1
(A-—(1))x1 =0
-3 0 110
1 0 00
0 0 =310
I
Ry & Rs 1 0 00
-3 0 110
00 =30
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4
10 0|0
Ry -+ Ry +3R; |0 O 110
00 =30
4
(1) o oo
o o0 (Vo
R3—Rs+3R2 | 0 0 0 |0
o (1o =1
o [z3=0
e [21=0
0
Therefore ©; = |¢t| =t [1| and {(0,1,0)} is a basis for the A = 1 eigenspace.
0
A2:—2:
(A-=(-2))z2 =0
(A+2Nxe =0
0 0 1/0
1 3 010
00 0]0
4
RieR [(1) 3 0|0
o o0 (Vo
0 0 00
o |15 =1
o (23=0
o w130, =0 = 2 +3t=0 = [z, = =3t
-3t -3
Therefore xo = t| =t| 1| and {(—3,1,0)} is a basis for the A = —2 eigenspace.
0 0

So geometric multiplicity is ms = 1. Since mo = 1 < My = 2, A is not diagonalizable.
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8.4.3 Applications of Diagonalization

If an n X n matrix A is diagonalizable, then:
P'AP=D

where D is a diagonal matrix. We can solve for A in terms of D by premultiplying by P and
postmultiplying by P~! on both sides to get:
P'AP=D
P(P'AP)P~' = PDP!
(PP~ YHYAPP')=PDP!
IAI = PDP™!
A=PDP™!

Recalling that the m*™ power of square matrix A is just the product of A multiplied m times we have

A" =AA-- A
H,—/
m times
= (PDP Y (PDP™Y)...(PDPY)
=PD(P'P)D(P~'P)---(P7'P)DP!
=PDIDI---DP!
=PDD---DP!
——

m times
= ppmp!
where .
A0 0 A0 0
0 Ao 0 0 A\ 0
Dm = = .
0 0 - A 0 0 - AT

We observe that the same P that diagonalizes A also diagonalizes A™ and furthermore that the
eigenvalues of A appearing in its diagonal matrix are AJ*. This is the case since if  is an eigenvector
of A corresponding to eigenvalue A we have that x is also an eigenvector of A™ corresponding to
eigenvalue \™ since

AMg = A" A = A" Dz = A"l =... = \"x.

More generally yet, the matrix P will diagonalize any polynomial function of diagonalizable matrix A,
p(A). Tt will have the same eigenvectors as A and its eigenvalues will be p()\;) .

A direct application of the result A™ = PD™P~! is the simplicity of taking large powers of a
diagonalizable matrix.
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Example 8-12

Find A0 ifA:[ 3 _2].

-4 1
Solution:
det(A—X) =0
3—\ -2
|—4 1—)\‘_0
B3=XN1-X)—-8=0
3—3A—-A+A2—-8=0
A2 _4N—-5=0
A=5)A+1)=0
A =5
Ay =-—1
A1=5:
(A=50x, =0
-2 210
—4 —410
|3
R1—>—%R1 @ 1

0
Ry — Ry — 2Ry 0 0 0]

=]
e 1 +ao=0 = z1+t=0 :>

Therefore ¢, = [_i] =t [_ﬂ so {v1} = {(~1,1)} is a basis for the A = 5 eigenspace.
)\2 =—1:
4 =210
—4 210
I
modn @ [0
R2 — R2 + Rl 0 0 0
® | To = t

1
05131—%:(;220 - ml—%t:() — 351:5?5

1

Therefore xo = [Qtt} =1t B} so {va} = {(1,2)} is a basis for the A = —1 eigenspace.
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Then P = [vyvq] = {_1

Finally we have

1 5 0
2} and D = [0 _1].

-2 1
-1 _ 1
We find P —3{1 J.

A™ — PDanfl
AlO — PDlOP—l

_[1 1“510
1 2[]0
1
3
1
3

[ 2(5'19) 4+ 1
—2(5") +2

I

el

—510 4 1]

510 +2 |

[—2 1

1 1
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8.5 Properties of Eigenvalues

Definition: Let A = [a;;] be an n x n matrix. Then the trace of matrix A, denoted by tr (A) is
the sum of the diagonal entries of A,

‘tr(A):all—l—agg—l—...—l—a,m .

Example 8-13

5 4 -3
Find the traceof A= | 2 1 0
-1 4 =2
Solution:
tr(Ad)=5+1+(-2)=4
Theorem 8-8: Let A;, Ao, ... A be square matrices of order n. Then the trace of the product,

tr (A1 As - - - Ay) is invariant under cyclic permutations,

tr (A1A2 e Ak) =tr (A2A3 cee AkAl) =tr (A3A4 cee AkAlAQ) =...

Theorem 8-9: Let A be an n x n matrix with eigenvalues Aq, Ag, ..., \,, where here we are allowing
for multiplicity. Then:

1. detAz)\l)\2~-~)\n
2. tr(A):)\l—‘r)\Q—i-"--i-)\n

Proof:
We prove the theorem in the event that matrix A is diagonalizable. It is more generally true.! Let A
be diagonalized by matrix P so P"'AP = D where D is diagonal with eigenvalues \; on the diagonal.
Then A = PDP~! and

1. det A = det (PDP™') = det (PP™'D) =det (ID) =det D = Az A,

2. tr (A) =tr (PDP™') =tr (DP7'P) =tr (DI) =tr (D) = A1+ Xa + -+ Ay
where here we used that we can commute matrices under a determinant as well as the invariance of the

trace under cyclic permutation of the matrices.

Example 8-14

Verify the properties of Theorem for the following matrix.

2 =5 5)
A=10 3 -1
0 -1 3

n the more general case it can be shown that any square matrix A is similar to an upper triangular matrix with the
eigenvalues of A along the diagonal. This is called the Jordan normal form of A. Because the latter matrix has the
same determinant and trace as the special case diagonal matrix, the proof above is essentially the same.
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Solution:
From Example we had the following eigenvalues with the given algebraic multiplicities.

M=4, My =1
Do =2, My=2.

So A1 =4, Ay =2, A3 = 2 allowing for multiplicities.
Then using Theorem
det A = )\1)\2)\3 = (4)(2)(2) =16
tr(A) =X +X+X3=4+2+2=38.
Direct calculation using the matrix A gives

det A=2(+1)9-1)+0+0=16
tr(A)=2+43+3=38.

in agreement with the theorem.

Theorem can be used in reverse to find eigenvalues in limited cases.

Example 8-15
Find the eigenvalues of a 2 x 2 matrix A with det A = —4 and tr (A) = —3.

Solution:
Let A1 and A2 be the eigenvalues of the matrix A.
We know that:

A1+ A2 :tr(A) =-3
)\1)\2 =detA=—4

Therefore
Ao =—-3— )\
= )\1(—3 — )\1) =4
—3\ — A\ =4

M 43)—4=0
(M +4)(\ —1)=0.

So Ay = —4 (in which case Ay = =3 — (—=4) = 1) or Ay = 1 (in which case Ay = -3 — 1 = —4).
Therefore the eigenvalues of A are \= —4and A=1.
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8.6 Interpreting Eigenvalues and Eigenvectors

We have seen in Section that a linear operator L(x) on R™ has a square matrix representation
so that L(x) = La(x) = Axz. We can cast the discussion of eigenvalues and eigenvectors into linear
operator terminology as follows.

Definition: Let L be a linear operator on R™. A scalar ) is said to be an eigenvalue of L if there
exists a nonzero vector x in R™ such that:

L(z) = Az |.

The nonzero vector x is called an eigenvector of L corresponding to the eigenvalue \.

Now consider a linear operator such as S; 1 /o on R3. This is a compression by a factor of one half along
the direction of the z-axis. What can we say about the eigenvalues and eigenvectors of this operator?
The eigenvalue problem geometrically asks us to find those nonzero vectors (eigenvectors) that, when
operated upon by L, return a scalar multiple (the eigenvalue) times themselves. Most vectors in R?
will not be eigenvectors of S; ;o since their z-components will be compressed by a factor 1/2 while
their orthogonal components will remain unchanged. However if one considers a vector that lies only
along the x-axis, such as w = uq% then Si’l/g(u) = %uli = %u We thus conclude that such vectors are
eigenvectors of S; ;o with eigenvalue A = 1/2. Indeed the eigenspace corresponding to A = 1/2 will be
the vectors directed along the z-axis (i.e. the line) with basis {i}.

Are there other eigenvalues and eigenvectors of S; 1,27 Suppose a vector has zero component along the
z-axis, so u = usjJ + usk. Then this vector would be its own orthogonal projection and it would be
unaffected by the compression. i.e. S;;/2(u) = u2j + usk = u = 1lu. In other words such a vector will
be an eigenvector corresponding to the eigenvalue A = 1. The eigenspace corresponding to A = 1 will
just be these vectors lying in the y-z plane, a basis of which is just {j,k}. As such we see that the
eigenvalues and eigenvectors of a linear operator have important physical interpretations. Moreover,
cast in this linear operator form, we realize that, quite generally, they will be independent of choice of
coordinates. Any compression Sy, will have an eigenvalue A = k corresponding to eigenspace with
basis {n} and eigenvalue A = 1 corresponding to the subspace of dimension n — 1 of vectors in R”
orthogonal to n.

Example 8-16

The matrix transformation L4 on R3 has

14 12 0
A=—-112 21 0
0 0 5

If A has eigenvalue A\; = 1 with eigenspace basis {(4,—3,0),(0,0,1)} and eigenvalue Ay = 6 with
eigenspace basis {(3,4,0)}, describe the linear operator L 4.

Solution:

Vectors parallel to (3,4,0) are scaled by a factor of Ay = 6. The eigenvector (3,4,0) is orthogonal to
vectors in the eigenspace of A\; = 1 since (3,4,0) - (4,—3,0) = 0 and (3,4,0) - (0,0,1) = 0. Vectors in
the eigenspace of A\; remain unchanged by L 4 since the eigenvalue is 1. We conclude that L 4 is an
expansion by factor k = 6 along the direction of (3,4,0). A unit vector in that direction is

1
n=-——(3,4,0) = (3/5,4/5,0).
32Jr42+02( ) = (3/5,4/5,0)

Thus Ly = Sp6 -
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Example 8-17
What eigenvalues and eigenvectors does the rotation operator Ry, o in R? have?

Solution:
The only vector that remains unchanged, short of becoming a scalar multiple of itself, is a vector
directed along the axis of rotation, namely u = un. For such a vector we have

Rno(u) =un=u=1lu.

It follows that A = 1 is the eigenvalue corresponding to this eigenvector and that the eigenspace
corresponding to A = 1 is the line directed along the axis of rotation with basis {n}. A rotation
matrix has additional complex-valued eigenvalues and eigenvectors. While the latter do not represent
physical vectors as they are not real-valued, they nevertheless provide useful information about
the rotation as one may determine the plane of rotation from them. The complex eigenvalues
similarly determine the angle of rotation. Complex eigenvalues and eigenvectors will be discussed in
Section [0.6].

We note that for matrices arising from linear operators in physical problems, the eigenvalues and
corresponding eigenvectors typically have physical meaning as in our geometrical examples. In R? two
observers working with the same linear operator but potentially in coordinate systems rotated with
respect to each other would find the same eigenvalues for the operator despite the fact their matrix
representations would be different. Similarly they would find that the corresponding eigenvectors
despite having different coordinates in their respective systems would represent the same vectors in
physical space. Due to this coordinate system independence, eigenvalues of operators arising from
physical problems can represent observable properties and we expect them to show up in analysis
of such problems. Since by Theorem [8-9] the determinant and trace of a matrix depends only on its
eigenvalues, these too are properties of the operator that are independent of the matrix representation
used by each observer and thus typically have a physical meaning.
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8.7 Interpreting Diagonalization

Continuing the discussion from the previous section we saw that the compression S; 1,2 had eigenvalue
A1 = 1/2 with corresponding eigenvector ¢ and eigenvalue Ay = 1 with corresponding eigenvectors j
and k. Since S; 1 /(%) = %z and S; 1/2(j) = j and S; 1/2(k) = k it follows that the operator equals L 4
where

3 00 At 00
001 0 0 X

If we had the general operator Sy ; and we chose our coordinate axes so that n = ¢ then the matrix A
would also be diagonal. For a general choice of axes, as we saw in Section[6.4.1] the matrix representation
of Sy, would be symmetric but not necessarily diagonal.

So if we are working with a linear operator L represented by matrix A in R3 (or more generally R™) one
might wonder if there is some set of coordinate axes that we might have chosen in which the operator’s
matrix representation would be diagonal. Questions of coordinates in physical space imply a notion of
distance which, in R™, implies the use of an inner product which we take to be our usual Euclidean dot
product. In that case the answer to the question is that such a system of coordinate axes exists if the
matrix is orthogonally diagonalizable.

Definition: Square matrix A is orthogonally diagonalizable if there exists an orthogonal matrix
P such that
P 'AP=D,

where D is a diagonal matrix.

Recall that P~! = P7 for an orthogonal matrix so PT AP = D. The orthogonal matrix P provides the
information required to relate the coordinate axes in which the matrix representation is diagonal to
the original axes. As an orthogonal matrix it will be composed of reflections, rotations, and inversions.
The following theorem characterizes all orthogonally diagonalizable matrices.

Theorem 8-10: An n X n matrix A is orthogonally diagonalizable if and only if it is symmetric.

Many useful operators on R™ are symmetric as we have seen and therefore are orthogonally diagonalizable.
Working in a coordinate system in which the operator is diagonal often simplifies calculations. Such
coordinate system transformations requires a more general discussion of vector spaces and their bases
than will be provided at this juncture.?

2We note that the more general criteria of a matrix being merely diagonalizable only guarantees that new coordinate
axes can be chosen in which the matrix representation is diagonal but these axes are no longer necessarily mutually
orthogonal. Lengths of vectors transformed into those coordinates would not, in general, be preserved.
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9.1 Origin of Complex Numbers

The idea of a complex number arose out of the problem of finding solutions to the equation
p(z) =0

where p(z) = ap2" + ap_12""1 + -+ a22? + a1z + ag is a polynomial of order n (so a, # 0). The
solutions of this equation, known as the roots or zeros of the polynomial p(z), are useful for factoring
and vice versa. If ¢ is a solution of this equation (so p(c) = 0) this implies (z — ¢) is a factor of p(z)
and we can write p(z) = (z — ¢)q(z) where ¢(z) is a simpler polynomial of order n — 1. However not
every polynomial equation has a real solution. So a quadratic equation like

22 —2245=0
has no solution since, using the quadratic formula,

_ Vi2Z — —
L b+ 2b 4ac:2:|:\/24 20:11%\/—716
a

and no real number squares to get -16. Assuming square root obeys the usual properties, namely

Vs = \/r\/s, we could write v/—16 = v/16y/—1 = 44/—1 and the (non-real) solutions simplify to
z=1x£4v—-1.

Thus the lack of solution for all similar equations reduces to the lack of a square root to -1. While
solutions involving y/—1 cannot represent anything physical, it was found, when seeking a general
formula for the root of a cubic equation

az® +b2* +cz+d=0,

that if one pretended that v/—1 behaved like any other number it worked, as an intermediary, to finding
real-valued solutions to the cubic equation. In this way \/—1 had bookkeeping utility in generating
actual (real) solutions to problems. With the development of mathematics axiomatically and the proven
utility of treating v/—1 as a number, complex numbers were born.!

Definition: A number of the form z = x + iy where x and y are real numbers and i = /—1 is called a
complex number. Here

e 1 is called the real part of z and is denoted by = = Re(z)

e y is called the imaginary part of z and is denoted by y = Im(z)

Example 9-1

The solutions to the previous quadratic are the complex numbers
z1 =1+ 44, zo=1—41,
with real and imaginary parts

Re(z1) =1 Im(z) =4 Re(z2) =1 Im(z2) = —4.

Tt is to be noted that complex numbers are now at the heart of our physical theories. In quantum mechanics, the
physical theory describing atoms and other microscopic phenomenon, the wave function ¥ is a complez scalar field. One
manipulates this field of complex numbers to extract real numbers that describe actual physical measurements.
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9.2 Complex Conjugate

Every complex number z has a complex conjugate.

Definition: The complex conjugate of complex number z = x + iy is denoted Z and is given by

F=)
Example 9-2

Find the complex conjugates of

1. 2=4+ 3¢

2. z=-34+51

3. 2=2
Solution:

l. 2=4431 = z=4-3i
2. 2=-34+5 = z=-3-51

3. 2=21 = Z=-21
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9.3 Operations on Complex Numbers

Let z1 = x1 + iy and zo = x5 + iy2 be complex numbers. For addition and subtraction the ¢ behaves

just like a variable or constant:

Addition: ‘ z1 4+ 22 = (x1 + x2) +i(y1 + y2) ‘

Subtraction: ‘ 21— 20 = (x1 — x2) +i(y1 — y2) ‘

For multiplication of two complex numbers one remembers that ¢ = v/—1 simplifies powers of i:

3. i3

=1

2

Example 9-3

1. i=+v-1

2. i? = —1 (definition of square root)

1= —1

With this in mind we have

400 =22 = (-1)(-1) =1

Multiplication: ‘ 2122 = (T122 — Y1Y2) + i(z1Y2 + T291) ‘

Since

z12z2 = (21 +iy1) (2 + iy2)

= 219 + iT1Yo + iY1T2 + Y12
T12 +i(T1y2 + Y122) — Y1Y2
= (z122 — y1y2) + 1(z1Y2 + y122) -

Note that complex multiplication is commutative, just as for real numbers.

Theorem 9-1: The complex conjugate of a product is the product of the complex conjugates,

2122 = 21 22 |-

Evaluation of the quotient of two complex numbers, z;1/z2 can be resolved by multiplying the fraction
by 1 = Zz3/Z3 as shown below.

Division:

22

21

T1X2 + Y1Y2

.L2Y1 — T1Y2

x5 + Y3

x5+ Y3
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Since:
z1 _ x1+in

Za T2+ 1y

(1 Fiyr) (w2 — dye)

(224 iy2) (2 — i)
T1To — iT1Y2 + iToy1r — P2Y1Y2

T3 — izays + iToys — 2y3
1T + i(X2y1 — T1Y2) + Y1Y2

x5 + Y3

_ (@122 + y1y2) + iz2ys — 21y2)

x5+ Y3

12 +Y1Y2

.T2Y1 — T1Y2

R

x5+ Y3

Note that the form of the quotient shows every complex number z has a multiplicative inverse

z x

Y

z 2Z

1’2+y2

{2
$2+y2

provided z = x + iy # 0 since then x? + y? # 0, just like for real numbers.?

With this discussion in mind complex arithmetic is readily performed. Note that the above formulas

for multiplication and division need not be memorized. One need only remember that i2

= —1 for

multiplication and to multiply by 1 = Z/Z to evaluate division by z.

2Note this, in part, explains why we introduced 4 such that i2
there would be nonzero numbers having no multiplicative inverse.

Example 9-4
If 21 =3 — 2i and 29 = 2 + i, evaluate:
1. 21+ 29
2. 21— 73
3. 2129
4. 71z
5. 2
Z2
Solution:
l.z1+20=0383-20)+(2+i)=5—1
2. 21—-23=383-2i)—(2—i)=1—1
3. 2122 =(3-2)(24+4) =6+3i—4i —2i°=6—-i—2(—1)=6—7i—2=8—1
4. 712 =(3+21)(2—4)=6—-3i+4i — 2> =6+i—2(—1)=6+i+2=8+i=7212
5 z1:3—22':(3—2@')(2—2’):6—32'—42'4—22'2:6—72'—1—2(—1):6—72'—2
2 241 (241)(2—1) 4— 204 2i— 2 4—(-1) 4+1
_4-T 4T
5 5 5

—1 as opposed to something else. If i2 = 1 then
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9.4 Solving Complex Equations

Equations involving complex variables and numbers can be solved using the usual algebraic manipula-
tions.

Example 9-5

Solve the following equations for z.

1. 2243+2i=(2+1i)?
2. 3240 —2(22—i)=2—1

1
3. —=2+34
z
4, 22 —iz=2+1
5. 22 =44
Solution:

1. 224+3+2i=(2+1i)?
22 =(2+i)*> -3 -2i
22 =4+4i+i* —3—2i
2z =142+ (—1)
22 = 2i

zZ=1

2. 3z+i—22z—i)=2—i

3z4+i1—4z+21=2-1

—2=2—-i-3i
—2=2—4i
z=—2+4+4
3. 22 —iz=2+1
(2—i)z=2+1
2+
T 9
24+ (2+1)
C(2-9)(2+9)
At 4+
T At 2—2i—2
444i—1
SV
 344i
T3
3 4
Z—g-i-gl
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4.

5.

1 .
— =24+
z
1
R
B 23
(24 34)(2 - 34)
B 92— 3
T 1 6i+6i— 922
23
T a9
23
T3
2 3
=——-—i
13 13
22 =44

Write z = x + iy where x and y are real variables. Then

22 =4i

(z +iy)? = 4i

z? + Zixzy + i%y? = 4i
2% +i(2xy) —y® = 4i
(2* —y?) +i(2zy) = 4i

2 _ .2 _ 2 _ .2 _
¥ —y 0 N ¥ —y 0
20y =4 Ty =

22—y =0
22 =y

T =*y

If x = —y, then substitution into xy = 2 gives

No solution since y is a real number.
If x =y, then

(Y)(y) =2
y* =2
y::I:\/Q

Since x = y, then solutions are z = V2+iv2o0r z= -2 —iV2.

As with any equations the solutions can be checked in the original equation.
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9.5 The Complex Plane

Since a complex number z = x + iy is composed of two real numbers z and y constituting its real and
imaginary parts, we can consider z to be represented by the ordered pair (z,y). With that in mind we
consider complex numbers to live in the complex plane.

y = Im(z)

A real number z, which is a special case of a complex number z where Im(z) = 0, lives on the real axis
line of the complex plane.

The distance from the origin of the complex plane to the point z is its magnitude.

Im(z)

Re(z)

Definition: The magnitude or absolute value or modulus of a complex number z = x + iy,
denoted by |z, is defined to be
lz| = V2% +y2.

Note that when z is real then |z| = |z + 0i] = V22 = |x| reduces to the real absolute value.
Example 9-6

Find the magnitude of the given complex number.

1. 2=4+2
r=4,y=2
|z| = V42 +22 =20
2| = 2V5

2. z2=-5+4+3%

rT=-5,y=3
o] = V(=57 + 3
2] = V34
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3. z=-2
r=-2,y=0
ol = V2P + 0P
2] = Vi=2

Direct calculation shows the following.
Theorem 9-2: If 2 is a complex number then |z|? = 27 and |z| = |2|.

Interpreting complex numbers as points in the plane we have the following.

Definition: The distance between two complex numbers z; = 1 + iy and zo = x5 + iy is given by:

|21 — 22| = \/($1 —x2)? + (y1 — y2)?.
Example 9-7

Find the distance between the complex numbers z; =2 — 37 and 20 =3 + 1.

|21 — 20| = (2= 31) — (B+1)| = | — 1 — 4i| = /(-1)2 + (—4)2 = V17.

Solution:

9.5.1 Polar Representation

Im(z)

A point in polar coordinates (r,6) as shown above, satisfies

T

cosf=— = |z =rcost
r

. Yy — N

sinf == = |y =rsinf
r

To find r and 6 we solve the previous equations.

22 +y? =r?cos? 0 + r?sin? 0 = r?(cos® 0 +sin® 0) = r3(1) = r? = |r = /a2 +y2 = |7]

y rsinf  sind

= =tanf = tanQ:g
x rcosf  cosb T

Note the quadrant for angle 6 which solves this last equation is determined by the position of (z,y) in
the complex plane.
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A complex number z = x + iy can therefore be written
z=x+ 1y =rcosf +irsinf

where r = |z| is the magnitude of z and 6 is called the argument of z and is denoted arg (z) . Note
the argument of z is not unique. (It can be replaced by 8+ 2n7m where n = 0,£1,42 ...). However there
exists only one argument 6 is in the range —m < # < 7 and this is called the principle argument.

Since Euler’s formula states®

e = cos® + isinf

we can simplify the form of z in terms of r and 6.

Definition: The polar form of a complex number z = x + iy is

z=r7(cosf +isinf) = re® |,

where r = |z| and 0 = arg(z) .

Here e = 2.7182. .. is the natural constant (Euler’s number).

Example 9-8

Find the polar form of the complex number.

1. 2=2+4+2;
Solution:
r=2,y=2
r=224+y2=122422=/8=2/2
2
tan@z%zizl = ng (Since (2,2) is in Quadrant I.)
Therefore z = 2 + 2i = 24/2¢'7 .
2. z =41
Solution:
z=0,y=4
r:\/z2+y2:\/02+42:4
sind=4>0, cosd=0 = Hzg
Therefore z = 4i = 4e'% .
3. z=—14+3i
Solution:
xz*lay:\/g
2
r=va2+y2 =1\ (-1)24+V3 =V4=2
3 2
tanf = L = il = V3= 0=n—- g = % (Since (—1,v/3) is in Quadrant 11.)
T _

Therefore z = —1 ++/3i = 2615

3For readers who have studied series, Euler’s Formula can be proven by plugging i6 for z in the Maclaurin series for
e?, simplifying the powers of i using i> = —1, and then breaking the resulting terms into the real and imaginary ones.
The Maclaurin series of cosine and sine will be recognized in these pieces.
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The law of exponents,

ewez — ew+z

which holds for complex numbers w and z show the value of the polar form of a complex number for
multiplication, division, and powers.

Theorem 9-3: If z; = et and 25 = 7"26“)2, then:

1. | 2120 = ryroe®11+02)

2. A1 Llei(91—92)
z9 )

Proof:

2120 = 110192 = piroe® %2 = piryet1 T2 = pypyet(01102)

Note that for z = re?? we have since

Z =r(cosf + isinf) = r(cosf — isinf) = r[cos(—0) + isin(—0)] = re~*

where we used that cosine is an even function and sine is an odd function. Then

21 2172 Tleial 7'26_1.92 T1€i91—i92 ,',.167;(91—92)

— _ — — — 1 i(01-62)
2o 29%5  roef2roe—ifz  pyeifa—if2 roel T ’

where we used e? = 1.

Note:
The result for multiplication shows that the effect of multiplying a complex number by z = re* is to
scale the magnitude by r and rotate the number counterclockwise by an angle 6.

P rneznﬂ )

Theorem 9-4: If z = re*, then:

Proof:
Using the usual rules for powers which hold for complex numbers we have:

S = (Teie)n _ rn(eié)n _ rneina
Letting z = €'’ in the previous theorem gives the following corollary which can be used to prove many
trigonometric identities.

Corollary: (De Moivre’s Theorem)
For any integer n one has (ei‘g)n = e which implies

‘ (cos@ + isin®)™ = cos(nf) + isin(nd) ‘
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Example 9-9
If 21 =24 2i = 2v/2ei%, 29 = 4i = 4€'%, and 23 = —1 + V/3i = 2ei2‘7ﬂ, evaluate the indicated power.

1. (21)4

Solution:
(z1)* = (2+20)* = (2V2e'T)* = 24(V2)*(e'T)* = 16(4)(e'™) = 64¢'™ = 64(—1) = —64
2. (2’2)10
Solution:
(22)10 _ (4i)10 — (4)10(6i5)10 _ (4)1Oei57r — (4)10(€i7r)5 _ (4)10(71)5 _ 7(4)10

3. (2)°

Solution: ' _
(23)% = (2¢'3)% = 25(¢

To conclude this section it is easy to confuse complex numbers with other mathematical constructions
that are similar but conceptually different. For instance, it is easy to confuse a vector in R? with
a complex number since they have two components which add in the same way. However complex
numbers are numbers in that they share the same axioms as real numbers and form a mathematical
field. In particular they have a commutative multiplication that is not possessed by a vector in R?. As
such we should think of complex numbers in linear algebra as being used in the same way as are real
numbers, namely as entries in a matrix (or potentially a vector) or as scalars that multiply a matrix
(or vector).

A second confusion that is easily made is to think of the polar representation of a complex number as
the same as polar coordinates. While it is true that one derives r and @ in z = re*® from 2 and ¥ in the
same way one transforms a function f(z,y) of Cartesian coordinates into a function f (r,0) of polar
coordinates, the underlying coordinate system does not carry with it any of the structure of complex
numbers; there is no 4, etc. So transforming from Cartesian to polar coordinates can be generalized in
three dimensions to a transformation from Cartesian coordinates (z,y, z) to spherical-polar coordinates
(r,6,¢), while no analogue of complex numbers even exists in three dimensions.* We can be interested
in complex (or real) functions of complex numbers, f(z), and this is the basis of a course in complex
analysis. Here the multiplicative structure of the complex number imbues such functions with rich
properties with wide application. Our rudimentary treatment of complex numbers here is simply to
solve some basic problems that arise in linear algebra as will be shown in the next section.

4 Analogues of complex numbers can be created in four dimensions (called quaternions) and eight dimensions (called
octonions). The latter numbers do not satisfy all the field axioms that real and complex numbers do, in particular
their multiplication does not commute. However they too have their useful applications. Historically quaternions were
developed before vectors, and vectors in arbitrary n dimensions arose in part by realizing that the multiplicative structure
of quaternions was not needed for many physical problems.
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9.6 Complex Eigenvalues and Eigenvectors

The Fundamental Theorem of Algebra implies that every polynomial p(z) of order n has n complex
roots (allowing for algebraic multiplicity). This shows that, in general we will find n eigenvalues for
a square matrix A of order n, though some of those values may be complex. A polynomial with real
coefficients having a complex root z will also have Z as a root. So complex roots show up in pairs. As
an example, our polynomial from Section with real coefficients, p(z) = 22 — 22 +5, had two complex
roots, namely z = 1 + 47 and its complex conjugate z = 1 — 4i. So if p(z) were the characteristic
polynomial for a 2 x 2 matrix, these roots would have been its (complex) eigenvalues. The following
theorem shows that certain matrices are guaranteed to have real eigenvalues.

Theorem 9-5: The eigenvalues of a symmetric matrix with real entries are real.

We can solve for eigenvalues and eigenvectors involving complex eigenvalues using our usual techniques
of solving linear systems, now applied to matrices with complex entries.

Example 9-10

Find the eigenvalues and eigenvectors of the given matrix.

0 -1
=)
Solution:
det(A—2I)=0
-2 -1
= ‘ 1 /\’ 0
= AM+1=0
AL =1 . . .
= 3 . (complex eigenvalues despite real matrix!)
2= =1

Next find the eigenvectors by manipulating the matrices with complex numbers in the same way we
did the real matrices.

A1 =1:
(—i —110
L —1 10
I
R & Ry M1 —7 10
—i —1]0
3
1 —i 0 .
R2—>R2+iR1 l:() _1_2‘2 0:| (Butz = 1)
U
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‘ [m=1]
e —ixo=0 = 1 —it=0 =

Therefore x; = [zt] =t [Z] and so {(i,1)} is a basis for the A\ = ¢ eigenspace.

t 1
)\zz—i:
(A= (=i))zz =0
i —110
1 1|0

Ry < Ry |1 )
i —1

1 7
RQ*)RQ*Z'Rl |:0 7171.2

()
K

« [2=1]
e rit+ixo =0 = 1 4+it=0 = H

Therefore xo = [_;t} =t {_11] and so {(—i,1)} is a basis for the A = —i eigenspace.
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Preamble

The purpose of this License is to make a manual, textbook, or other func-
tional and useful document “free” in the sense of freedom: to assure everyone the
effective freedom to copy and redistribute it, with or without modifying it, either
commercially or noncommercially. Secondarily, this License preserves for the au-
thor and publisher a way to get credit for their work, while not being considered
responsible for modifications made by others.

This License is a kind of “copyleft”, which means that derivative works of the
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General Public License, which is a copyleft license designed for free software.

‘We have designed this License in order to use it for manuals for free software,
because free software needs free documentation: a free program should come with
manuals providing the same freedoms that the software does. But this License is
not limited to software manuals; it can be used for any textual work, regardless
of subject matter or whether it is published as a printed book. We recommend
this License principally for works whose purpose is instruction or reference.

1. APPLICABILITY AND DEFINITIONS

This License applies to any manual or other work, in any medium, that con-
tains a notice placed by the copyright holder saying it can be distributed under
the terms of this License. Such a notice grants a world-wide, royalty-free license,
unlimited in duration, to use that work under the conditions stated herein. The
“Document”, below, refers to any such manual or work. Any member of the pub-
lic is a licensee, and is addressed as “you”. You accept the license if you copy,
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connection with the subject or with related matters, or of legal, commercial,
philosophical, ethical or political position regarding them.

The “Invariant Sections” are certain Secondary Sections whose titles are
designated, as being those of Invariant Sections, in the notice that says that the
Document is released under this License. If a section does not fit the above
definition of Secondary then it is not allowed to be designated as Invariant. The
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The “Cover Texts” are certain short passages of text that are listed, as Front-
Cover Texts or Back-Cover Texts, in the notice that says that the Document is
released under this License. A Front-Cover Text may be at most 5 words, and a
Back-Cover Text may be at most 25 words.

A “Transparent” copy of the Document means a machine-readable copy,
represented in a format whose specification is available to the general public, that
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or (for images composed of pixels) generic paint programs or (for drawings) some
widely available drawing editor, and that is suitable for input to text formatters
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formatters. A copy made in an otherwise Transparent file format whose markup,
or absence of markup, has been arranged to thwart or discourage subsequent
modification by readers is not Transparent. An image format is not Transparent
if used for any substantial amount of text. A copy that is not “Transparent” is
called “Opaque”.

Examples of suitable formats for Transparent copies include plain ASCII with-
out markup, Texinfo input format, LaTeX input format, SGML or XML using a
publicly available DTD, and standard-conforming simple HTML, PostScript or
PDF designed for human modification. Examples of transparent image formats
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The “Title Page” means, for a printed book, the title page itself, plus such
following pages as are needed to hold, legibly, the material this License requires
to appear in the title page. For works in formats which do not have any title page
as such, “Title Page” means the text near the most prominent appearance of the
work’s title, preceding the beginning of the body of the text.

The “publisher” means any person or entity that distributes copies of the
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A section “Entitled XYZ” means a named subunit of the Document whose
title either is precisely XYZ or contains XYZ in parentheses following text that
translates XYZ in another language. (Here XYZ stands for a specific sec-
tion name mentioned below, such as “Acknowledgements”, “Dedications”,
“Endorsements”, or “History”.) To “Preserve the Title” of such a section
when you modify the Document means that it remains a section “Entitled XYZ”
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The Document may include Warranty Disclaimers next to the notice which
states that this License applies to the Document. These Warranty Disclaimers
are considered to be included by reference in this License, but only as regards
disclaiming warranties: any other implication that these Warranty Disclaimers
may have is void and has no effect on the meaning of this License.

2. VERBATIM COPYING

You may copy and distribute the Document in any medium, either commer-
cially or noncommercially, provided that this License, the copyright notices, and
the license notice saying this License applies to the Document are reproduced
in all copies, and that you add no other conditions whatsoever to those of this
License. You may not use technical measures to obstruct or control the reading
or further copying of the copies you make or distribute. However, you may accept
compensation in exchange for copies. If you distribute a large enough number of
copies you must also follow the conditions in section 3.

You may also lend copies, under the same conditions stated above, and you
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If you publish printed copies (or copies in media that commonly have printed
covers) of the Document, numbering more than 100, and the Document’s license
notice requires Cover Texts, you must enclose the copies in covers that carry,
clearly and legibly, all these Cover Texts: Front-Cover Texts on the front cover,
and Back-Cover Texts on the back cover. Both covers must also clearly and
legibly identify you as the publisher of these copies. The front cover must present
the full title with all words of the title equally prominent and visible. You may
add other material on the covers in addition. Copying with changes limited to
the covers, as long as they preserve the title of the Document and satisfy these
conditions, can be treated as verbatim copying in other respects.

If the required texts for either cover are too voluminous to fit legibly, you
should put the first ones listed (as many as fit reasonably) on the actual cover,
and continue the rest onto adjacent pages.

If you publish or distribute Opaque copies of the Document numbering more
than 100, you must either include a machine-readable Transparent copy along
with each Opaque copy, or state in or with each Opaque copy a computer-network
location from which the general network-using public has access to download using
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ment well before redistributing any large number of copies, to give them a chance
to provide you with an updated version of the Document.

4. MODIFICATIONS

You may copy and distribute a Modified Version of the Document under the
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that version gives permission.
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cipal authors, if it has fewer than five), unless they release you from this
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C. State on the Title page the name of the publisher of the Modified Version,
as the publisher.

D. Preserve all the copyright notices of the Document.

E. Add an appropriate copyright notice for your modifications adjacent to
the other copyright notices.

F. Include, immediately after the copyright notices, a license notice giving
the public permission to use the Modified Version under the terms of this
License, in the form shown in the Addendum below.

Preserve in that license notice the full lists of Invariant Sections and re-
quired Cover Texts given in the Document’s license notice.

H. Include an unaltered copy of this License.

I. Preserve the section Entitled “History”, Preserve its Title, and add to it

an item stating at least the title, year, new authors, and publisher of the
Modified Version as given on the Title Page. If there is no section Entitled
“History” in the Document, create one stating the title, year, authors, and
publisher of the Document as given on its Title Page, then add an item
describing the Modified Version as stated in the previous sentence.

J. Preserve the network location, if any, given in the Document for public
access to a Transparent copy of the Document, and likewise the network
locations given in the Document for previous versions it was based on.
These may be placed in the “History” section. You may omit a network
location for a work that was published at least four years before the Doc-
ument itself, or if the original publisher of the version it refers to gives
permission.

K. For any section Entitled “Acknowledgements” or “Dedications”, Preserve
the Title of the section, and preserve in the section all the substance and
tone of each of the contributor acknowledgements and/or dedications given
therein.

L. Preserve all the Invariant Sections of the Document, unaltered in their text
and in their titles. Section numbers or the equivalent are not considered
part of the section titles.

M. Delete any section Entitled “Endorsements”.
included in the Modified Version.

Do not retitle any existing section to be Entitled “Endorsements” or to
conflict in title with any Invariant Section.
Preserve any Warranty Disclaimers.

Such a section may not be



If the Modified Version includes new front-matter sections or appendices that
qualify as Secondary Sections and contain no material copied from the Document,
you may at your option designate some or all of these sections as invariant. To
do this, add their titles to the list of Invariant Sections in the Modified Version’s
license notice. These titles must be distinct from any other section titles.

You may add a section Entitled “Endorsements”, provided it contains noth-
ing but endorsements of your Modified Version by various parties—for example,
statements of peer review or that the text has been approved by an organization
as the authoritative definition of a standard.

You may add a passage of up to five words as a Front-Cover Text, and a
passage of up to 25 words as a Back-Cover Text, to the end of the list of Cover
Texts in the Modified Version. Only one passage of Front-Cover Text and one
of Back-Cover Text may be added by (or through arrangements made by) any
one entity. If the Document already includes a cover text for the same cover,
previously added by you or by arrangement made by the same entity you are
acting on behalf of, you may not add another; but you may replace the old one,
on explicit permission from the previous publisher that added the old one.

The author(s) and publisher(s) of the Document do not by this License give
permission to use their names for publicity for or to assert or imply endorsement
of any Modified Version.

5. COMBINING DOCUMENTS

You may combine the Document with other documents released under this
License, under the terms defined in section 4 above for modified versions, provided
that you include in the combination all of the Invariant Sections of all of the
original documents, unmodified, and list them all as Invariant Sections of your
combined work in its license notice, and that you preserve all their Warranty
Disclaimers.

The combined work need only contain one copy of this License, and multiple
identical Invariant Sections may be replaced with a single copy. If there are
multiple Invariant Sections with the same name but different contents, make the
title of each such section unique by adding at the end of it, in parentheses, the
name of the original author or publisher of that section if known, or else a unique
number. Make the same adjustment to the section titles in the list of Invariant
Sections in the license notice of the combined work.

In the combination, you must combine any sections Entitled “History” in
the various original documents, forming one section Entitled “History”; likewise
combine any sections Entitled “Acknowledgements”, and any sections Entitled
“Dedications”. You must delete all sections Entitled “Endorsements”.

6. COLLECTIONS OF DOCUMENTS

You may make a collection consisting of the Document and other documents
released under this License, and replace the individual copies of this License in the
various documents with a single copy that is included in the collection, provided
that you follow the rules of this License for verbatim copying of each of the
documents in all other respects.

You may extract a single document from such a collection, and distribute it
individually under this License, provided you insert a copy of this License into
the extracted document, and follow this License in all other respects regarding
verbatim copying of that document.

7. AGGREGATION WITH INDEPENDENT
WORKS

A compilation of the Document or its derivatives with other separate and
independent documents or works, in or on a volume of a storage or distribution
medium, is called an “aggregate” if the copyright resulting from the compila-
tion is not used to limit the legal rights of the compilation’s users beyond what
the individual works permit. When the Document is included in an aggregate,
this License does not apply to the other works in the aggregate which are not
themselves derivative works of the Document.

If the Cover Text requirement of section 3 is applicable to these copies of the
Document, then if the Document is less than one half of the entire aggregate,
the Document’s Cover Texts may be placed on covers that bracket the Document
within the aggregate, or the electronic equivalent of covers if the Document is in
electronic form. Otherwise they must appear on printed covers that bracket the
whole aggregate.

8. TRANSLATION

Translation is considered a kind of modification, so you may distribute trans-
lations of the Document under the terms of section 4. Replacing Invariant Sec-
tions with translations requires special permission from their copyright holders,
but you may include translations of some or all Invariant Sections in addition to
the original versions of these Invariant Sections. You may include a translation
of this License, and all the license notices in the Document, and any Warranty
Disclaimers, provided that you also include the original English version of this
License and the original versions of those notices and disclaimers. In case of a
disagreement between the translation and the original version of this License or
a notice or disclaimer, the original version will prevail.

If a section in the Document is Entitled “Acknowledgements”, “Dedications”,
or “History”, the requirement (section 4) to Preserve its Title (section 1) will
typically require changing the actual title.

9. TERMINATION

You may not copy, modify, sublicense, or distribute the Document except as
expressly provided under this License. Any attempt otherwise to copy, modify,
sublicense, or distribute it is void, and will automatically terminate your rights
under this License.

However, if you cease all violation of this License, then your license from a par-
ticular copyright holder is reinstated (a) provisionally, unless and until the copy-
right holder explicitly and finally terminates your license, and (b) permanently, if
the copyright holder fails to notify you of the violation by some reasonable means
prior to 60 days after the cessation.

Moreover, your license from a particular copyright holder is reinstated per-
manently if the copyright holder notifies you of the violation by some reasonable
means, this is the first time you have received notice of violation of this License
(for any work) from that copyright holder, and you cure the violation prior to 30
days after your receipt of the notice.

Termination of your rights under this section does not terminate the licenses
of parties who have received copies or rights from you under this License. If your
rights have been terminated and not permanently reinstated, receipt of a copy of
some or all of the same material does not give you any rights to use it.

10. FUTURE REVISIONS OF THIS
LICENSE

The Free Software Foundation may publish new, revised versions of the GNU
Free Documentation License from time to time. Such new versions will be similar
in spirit to the present version, but may differ in detail to address new problems
or concerns. See http://www.gnu.org/copyleft/.

Each version of the License is given a distinguishing version number. If the
Document specifies that a particular numbered version of this License “or any
later version” applies to it, you have the option of following the terms and condi-
tions either of that specified version or of any later version that has been published
(not as a draft) by the Free Software Foundation. If the Document does not spec-
ify a version number of this License, you may choose any version ever published
(not as a draft) by the Free Software Foundation. If the Document specifies that
a proxy can decide which future versions of this License can be used, that proxy’s
public statement of acceptance of a version permanently authorizes you to choose
that version for the Document.

11. RELICENSING

“Massive Multiauthor Collaboration Site” (or “MMC Site”) means any World
‘Wide Web server that publishes copyrightable works and also provides prominent
facilities for anybody to edit those works. A public wiki that anybody can edit is
an example of such a server. A “Massive Multiauthor Collaboration” (or “MMC”)
contained in the site means any set of copyrightable works thus published on the
MMC site.

“CC-BY-SA” means the Creative Commons Attribution-Share Alike 3.0 li-
cense published by Creative Commons Corporation, a not-for-profit corporation
with a principal place of business in San Francisco, California, as well as future
copyleft versions of that license published by that same organization.

“Incorporate” means to publish or republish a Document, in whole or in part,
as part of another Document.

An MMC is “eligible for relicensing” if it is licensed under this License, and
if all works that were first published under this License somewhere other than
this MMC, and subsequently incorporated in whole or in part into the MMC, (1)
had no cover texts or invariant sections, and (2) were thus incorporated prior to
November 1, 2008.

The operator of an MMC Site may republish an MMC contained in the site
under CC-BY-SA on the same site at any time before August 1, 2009, provided
the MMC is eligible for relicensing.

ADDENDUM: How to use this License for
your documents

To use this License in a document you have written, include a copy of the
License in the document and put the following copyright and license notices just
after the title page:

Copyright © YEAR YOUR NAME. Permission is granted to copy,
distribute and/or modify this document under the terms of the
GNU Free Documentation License, Version 1.3 or any later ver-
sion published by the Free Software Foundation; with no Invariant
Sections, no Front-Cover Texts, and no Back-Cover Texts. A copy
of the license is included in the section entitled “GNU Free Docu-
mentation License”.

If you have Invariant Sections, Front-Cover Texts and Back-Cover Texts, re-
place the “with ... Texts.” line with this:

with the Invariant Sections being LIST THEIR TITLES, with the
Front-Cover Texts being LIST, and with the Back-Cover Texts be-
ing LIST.

If you have Invariant Sections without Cover Texts, or some other combination
of the three, merge those two alternatives to suit the situation.

If your document contains nontrivial examples of program code, we recom-
mend releasing these examples in parallel under your choice of free software li-
cense, such as the GNU General Public License, to permit their use in free soft-
ware.
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