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Chapter 1

Introductory Comments to
the Student

This textbook is meant to be an introduction to abstract linear algebra for
first, second or third year university students who are specializing in math-
ematics or a closely related discipline. We hope that parts of this text will
be relevant to students of computer science and the physical sciences. While
the text is written in an informal style with many elementary examples, the
propositions and theorems are carefully proved, so that the student will get
experince with the theorem-proof style. We have tried very hard to em-
phasize the interplay between geometry and algebra, and the exercises are
intended to be more challenging than routine calculations. The hope is that
the student will be forced to think about the material.

The text covers the geometry of Euclidean spaces, linear systems, ma-
trices, fields (Q,R, C and the finite fields F,, of integers modulo a prime p),
vector spaces over an arbitrary field, bases and dimension, linear transfor-
mations, linear coding theory, determinants, eigen-theory, projections and
pseudo-inverses, the Principal Axis Theorem for unitary matrices and ap-
plications, and the diagonalization theorems for complex matrices such as
the Jordan decomposition. The final chapter gives some applications of
symmetric matrices positive definiteness. We also introduce the notion of a
graph and study its adjacency matrix. Finally, we prove the convergence of
the QR algorithm. The proof is based on the fact that the unitary group is
compact.

Although, most of the topics listed above are found in a standard course
on linear algebra, some of the topics such as fields and linear coding theory
are seldom treated in such a course. Our feeling is, however, that because
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coding theory is such an important component of the gadgets we use ev-
eryday, such as personal computers, CD players, modems etc., and because
linear coding theory gives such a nice illustration of how the basic results
of linear algebra apply, including it in a basic course is clearly appropriate.
Since the vector spaces in coding theory are defined over the prime fields, the
students get to see explicit situations where vector space structures which
don’t involve the real numbers are important.

This text also improves on the standard treatment of the determinant,
where either its existence in the n x n case for n > 3 is simply assumed or it
is defined inductively by the Laplace expansion, an d the student is forced
to believe that all Laplace expansions agree. We use the classical definition
as a sum over all permutations. This allows one to give a quite easy proof
of the Laplace expansion, for example. Much of this material here can be
covered in a 13-15 week semester.

Throughout the text, we have attempted to make the explanations clear,
so that students who want to read further will be able to do so.
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Chapter 2

Euclidean Spaces and Their
Geometry

By Euclidean n-space, we mean the space R™ of all (ordered) n-tuples of real
numbers. This is the domain where much, if not most, of the mathematics
taught in university courses such as linear algebra, vector analysis, differen-
tial equations etc. takes place. And although the main topic of this book
is algebra, the fact is that algebra and geometry can hardly be seperated:
we need a strong foundation in both. The purpose of this chapter is thus
to provide a succinct introduction to Euclidean space, with the emphasis on
its geometry.

2.1 R" and the Inner Product.

2.1.1 Vectors and n-tuples

Throughout this text, R will stand for the real numbers. Euclidean n-space,
R™ is by definition the set of all (ordered) n-tuples of real numbers. An
n-tuple is just a sequence consisting of n real numbers written in a column
like

Sometimes the term sequence is replaced by the term or string or word. The
entries 71, ...,r, are called the components of the n-tuple, r; being the ith
component. It’s important to note that the order of the components matters:
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e.g.
1 2
21 # |3
3 1

Definition 2.1. The elements of R" will be called vectors, and R" itself will
be called a Fuclidean n-space.

Vectors will be denoted by a bold faced lower case letters a,b,c... and
so forth. To simplify our notation a bit, we will often express a vector as a
row expression by putting

= (r1,79,. .. ,rn)T.

Tn

A word of explanation about the term vector is in order. In physics
books and in some calculus books, a vector refers any directed line segment
in R? or R3. Of course, a vector r in R” is a directed line segment starting
at the origin 0 = (0,0,...,0)” of R™. This line segment is simply the set of
points of the form tr = (try,try, ... tr,)T, where 0 <t < 1. More generally,
the term vector may refer to the set of all directed line segments parallel
to a given segment with the same length. But in linear algebra, the term
vector is used to denote an element of a vector space. The vector space we
are dealing with here, as will presently be explained, is R", and its vectors
are therefore real n-tuples.

2.1.2 Coordinates

The Euclidean spaces R', R? and R? are especially relevant since they phys-
ically represent a line, plane and a three space respectively. It’s a familiar
assumption that the points on a line L can be put into a one to one cor-
respondence with the real numbers R. If a € R (that is, if a is an element
of R), then the point on L corresponding to a has distance |a| from the
origin, which is defined as the point corresponding to 0. Such a one to one
correspondence puts a coordinate system on L.

Next, we put a coordinate system called zy-coordinates on a plane by
selecting two (usually orthogonal) lines called an z-axis and a y-axis, each
having a coordinate system, and identifying a point P in the plane with the
element (py, pg)T of R?, where p; is the projection of P parallel to the y-axis
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onto the x-axis, and po is the projection of P parallel to the x-axis onto the
y-axis. This is diagrammed in the following figure.

FIGURE (Euclidean PLANE)

In the same manner, the points of Euclidean 3-space are parameterized
by the ordered 3-tuples of real numbers, i.e. R3; that is, that is, every point
is uniquely identified by assigning it xyz-coordinates. Thus we can also put
a coordinate system on R3.

FIGURE (Euclidean 3-space)

But just as almost everyone eventually needs more storage space, we
may also need more coordinates to store important data. For example, if
we are considering a linear equation such as

3z +4y + 5z 4+ 6w =0,

where the solutions are 4-tuples, we need R* to store them. While extra
coordinates give more degrees of freedom, our geometric intuition doesn’t
work very well in dimensions bigger than three. This is where the algebra
comes in.
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2.1.3 The Vector Space R"

Vector addition in R? or R? is probably already very familiar to you. Two
vectors are added by a rule called the Parallelogram Law, which we will
review below. Since n may well be bigger than 3, we define vector addition
in a different, in fact much simpler, way by putting

ap b1 ay + by
a9 bg as + b2

a+b=| . |+]|.|= . (2.1)
an b, an + by,

Thus addition consists of adding the corresponding components of the two
vectors being added.

There is a second operation called scalar multiplication, where a vector
a is dilated by a real number r. This is defined (in a rather obvious way) by

ay rai
a9 rag

ra=r]| . | = . . (2.2)
Qyp, Tan

These two operations satisfy the axioms which define a vector space.
They will be stated explicitly in Chapter 4. Scalar multiplication has an
obvious geometric interpretation. Multiplying a by r stretches or shrinks a
along itself by the factor |r|, changing its direction if » < 0. The geometric
interpretation of addition is the Parallelogram Law.

b +ta

PARALLELOGRAM LAW
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Parallelogram Law: The sum a-+b is the vector along the diagonal of the
parallelogram with vertices at 0, a and b.

Thus vector addition (2.1) agrees with the classical way of defining ad-
dition. The Parallelogram Law in R? by showing that the line through
(a,b)” parallel to (c,d)” meets the line through (c,d)” parallel to (a,b) at
(a+c,b+d)T. Note that lines in R? can be written in the form rz + sy = t,
where 7, s,t € R, so this is an exercise in writing the equation of a line and
computing where two lines meet. (See Exercise 2.29.)

Checking the Parallelogram Law in R? requires that we first discuss how
to represent a line in R3. The Parallelogram Law in R", will follow in exactly
the same way. We will treat this matter below.

2.1.4 The dot product

We now take up measurements in R"™. The way we measure things such as
length and angles is to use an important operation called either the inner
product or the dot product.

Definition 2.2. The inner product of two vectors a = (a1, as,...,a,)" and
b = (by,ba,...,b,)T in R™ is defined to be

1=1

Note that if n = 1, a - b is the usual product. The inner product has
several important properties. Let a, b and ¢ be arbitrary vectors and r any
scalar (i.e., 7 € R). Then

1) a-b=b-a,

2) (a+b)-c=a-c+b-c,

3) (ra)-b=a-(rb)=r(a-b), and

4) a-a> 0 unless a =0, in which case a-a = 0.

(1)
(2)
3)
(4)

These properties are all easy to prove, so we will leave them as exercises.
The length |a| of a € R™ is defined in terms of the dot product by putting

laj = Va-a
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This definition generalizes the usual square root of the sum of squares defi-
nition of length for vectors in R? and R3. Notice that

ral = |r[a].

The distance between two vectors a and b is defined as the length of
their difference a — b. Denoting this distance by d(a,b), we see that

d(a,b) = Ja—Db|
— ((a-b)-(a—b))""

n

— (2:((],Z — bi)z)l/Q.

1=1

2.1.5 Orthogonality and projections

Next we come to an important notion which involves both measurement and
geometry. Two vectors a and b in R™ are said to be orthogonal (a fancy word
for perpendicular) if a- b = 0. Note that the zero vector 0 is orthogonal to
every vector, and by property (4) of the dot product, 0 is the only vector
orthogonal to itself. Two vectors in R?, say a = (a1,a2)” and b = (b1, b3)7,
are orthogonal if and only if and only if a1b; 4+ asbs = 0. Thus if a1, by # 0,
then a and b are orthogonal if and only if as/a; = —b;/by. Thus, the slopes
of orthogonal vectors in R? are negative reciprocals.

For vectors in R™, the meaning of orthogonality follows from the following
property.
Proposition 2.1. Two vectors a and b in R™ are orthogonal if and only if
la+b|=]a—Db|

Let’s prove this geometrically, at least for R2. Consider the triangle with
vertices at 0,a,b. The hypotenuse of this triangle is a segment of length
|a—b|, which follows from the Parallelogram Law. Next consider the triangle
with vertices at 0,a,—b. The hypotenuse of this triangle is a segment of
length |a+ b|, which also follows from the Parallelogram Law. Now suppose
|a+b| = |a—b|. Then by the side side side criterion for congruence, which
says that two triangles are congruent if and only if they have corresponding
sides of equal length, the two triangles are congruent. It follows that a and b
are orthogonal. For the converse direction, suppose a and b are orthogonal.
Then the side angle side criterion for congruence applies, so our triangles
are congruent. Thus |a+ b| = |a —b].
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DIAGRAM FOR PROOF

In fact, it is much easier to use algebra (namely the dot product). The
point is that a-b = 0 if and only if |a+ b| = |a — b|. The details are left as
an exercise.

One of the most fundamental applications of the dot product is the
orthogonal decomposition of a vector into two or more mutually orthogonal
components.

Proposition 2.2. Let a,b € R” be given, and suppose that b # 0. Then
there exists a unique scalar r such that a = rb + ¢ where b and c are
orthogonal. In fact,

and

Proof. We see this as follows: since we want rb = a — ¢, where ¢ has the
property that b - ¢ = 0, then

rb-b=(a—c)-b=a-b—c-b=a-b.

As b-b # 0, it follows that » = a-b/b - b. The reader should check that
b
c=a-— (%)b is orthogonal to b. Thus we get the desired orthogonal

decomposition

on

a .

b

a=( )b+ c.

o
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Pb (a) b

ORTHOGONAL DECOMPOSITION

Definition 2.3. The vector
a-b
(—b : b)

will be called the orthogonal projection of a on b.

Pb (a) = b

By the previous Proposition, another way to express the orthogonal de-
composition of a into the sum of a component parallel to b and a component
orthogonal to b is

a=Py(a) + (a— Py(a)). (2.4)

Now suppose b and ¢ are any two nonzero orthogonal vectors in R?, so
that b-c = 0. I claim that any vector a orthogonal to b is a multiple of c.
Reason: if b = (by,b2)” and a = (ay,a2)”, then a1b; + azby = 0. Assuming,
for example, that by # 0, then

b2 C1
a1 = —7—a2 = —ag,
b1 2
and the claim follows.

It follows that for any a € R2, there are scalars r and s so that a =
rb + sc. We can solve for r and s by using the dot product as before. For
example, a-b = rb - b. Hence we can conclude that if b £ 0, then

rb = Pb(a)7
and similarly, if ¢ # 0, then

sc = P.(a).
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Therefore, we have now proved a fundamental fact which we call the pro-
jection formula for R2.

Proposition 2.3. If b and c are two non zero mutually orthogonal vectors
in R?, then any vector a in R? can be uniquely expressed as the sum of its
projections. In other words,

a-b a-c
=P, P, =(——)b+(—)c. 2.
a = Py(a) + Pela) = ()b + (T )c (25)
Projections can be written much more simply if we bring in the notion
of a unit vector. When b # 0, the unit vector along b is defined to be the

vector of length one given by the formula

N b b
OO
(Check that b is indeed of length one,) Unit vectors are also called directions.
Keep in mind that the direction a exists only when a # 0. It is obviously
impossible to assigne a direction to the zero vector. If b and € are unit
vectors, then the projection formula (2.5) takes the simpler form

a=(a-b)b+ (a-¢)c. (2.6)
~ 1
Example 2.1. Let b = (3,4)7 and ¢ = (4,-3)". Then b = 3(3,4)T and

~ 1
c = 3(4, —3)T. Let a = (1,1). Thus, for example, Py(a) = g(3,4)T, and
7 1
= (3,47 + -(4,-3)T.

2.1.6 The Cauchy-Schwartz Inequality and Cosines

If a = b + c is an orthogonal decomposition in R"™ (which just means that
b-c =0), then
lal* = [bf* + [c[*.
This is known as Pythagoras’s Theorem (see Exercise 4).
If we apply Pythagoras’ Theorem to (2.4), for example, we get

lal* = [Py (a)]* + la — Py ()|
Hence,
a-b (a-b)?
bob’ CE
Cross multiplying and taking square roots, we get a famous fact known as
the Cauchy-Schwartz inequality.

la]* > [Py(a)* = ( *[b|* =
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Proposition 2.4. For any a, b € R"™, we have
la-b] < Jallb].

Moreover, if b # 0, then equality holds if and only if a and b are collinear.

Note that two vectors a and b are said to be collinear whenever one of
them is a scalar multiple of the other. If either a and b is zero, then auto-
matically they are collinear. If b # 0 and the Cauchy-Schwartz inequality is
an equality, then working backwards, one sees that |a — Py(a)|? = 0, hence
the validity of the second claim. You are asked to supply the complete proof
in Exercise 6.

Cauchy-Schwartz says that for any two unit vectors a and B, we have
the inequality

~1<a-b<l.

We can therefore define the angle 6 between any two non zero vectors a and
b in R™ by putting
6 :=cos '(a-b).

Note that we don’t try to define the angle when either a or b is 0. (Recall
that if —1 < < 1, then cos™! z is the unique angle # such that 0 < § < 7
with cosf = z.) With this definition, we have

a-b =|a||b|cosf (2.7)

provided a and b are any two non-zero vectors in R™. Hence if |a] = |b| = 1,
then the projection of a on b is

Py(a) = (cosf)b.

)

0 Py(a) = |al(cos )b b

-
>

PROJECTION
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Thus another way of expressing the projection formula is
a = (cos B)b + (cos y)<.

Here 8 and v are the angles between a and b and c respectively, and cos 3
and cos~y are the corresponding direction cosines.

In the case of R2, there is already a notion of the angle between two
vectors, defined in terms of arclength on a unit circle. Hence the expression
a-b = |a||b|cosf is often (especially in physics) taken as definition for the
dot product, rather than as definition of angle, as we did here. However,
defining a - b in this way has the disadvantage that it is not at all obvious
that elementary properties such as the identity (a+b)-c =a-c+b-c hold.
Moreover, using this as a definition in R™ has the problem that the angle
between two vectors must also be defined. The way to solve this is to use
arclength, but this requires bringing in an unnecessary amount of machinery.
On the other hand, the algebraic definition is easy to state and remember,
and it works for any dimension. The Cauchy-Schwartz inequality, which is
valid in R™, tells us that it possible two define the angle 6 between a and b
via (2.7) to be 6 := cos (4 - b).

2.1.7 Examples

Let us now consider a couple of typical applications of the ideas we just
discussed.

Example 2.2. A film crew wants to shoot a car moving along a straight
road with constant speed z km/hr. The camera will be moving along a
straight track at y km/hr. The desired effect is that the car should appear
to have exactly half the speed of the camera. At what angle to the road
should the track be built?

Solution: Let # be the angle between the road and the track. We need
to find @ so that the projection of the velocity vector vg of the car on the
track is exactly half of the velocity vector v of the camera. Thus

VR VT 1
A A

and v - vp = |Vg||vr|cos €. Now |vr| = = and |vp| = y since speed is by
definition the magnitude of velocity. Thus

1
x—gcosﬁz—
Y 2
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Consequently, cos @ = y/2z. In particular the camera’s speed cannot exceed
twice the car’s speed.

Example 2.3. What we have seen so far can be applied to finding a formula
for the distance from a point v = (vy,v2)7 in R? to a line ax + by =
c. Of course this problem can be solved algebraically by considering the
line through (vy,v2)” orthogonal to our line. A more illuminating way to
proceed, however, is to use projections since they will give a method which
can be used in any R™, whereas it isn’t immediately clear how to extend
the first method. The way to proceed, then, is to begin by converting the
line into a more convenient form. The way we will do this is to choose two
points (z9,y0)” = a and (z1,51)” = b on the line. Then the line can also be
represented as the set of all points of the form a+tc, where ¢ = b—a. Since
distance is invariant under translation, we can replace our original problem
with the problem of finding the distance d from w = v — a to the line tc.
Since this distance is the length of the component of w orthogonal to c, we
get the formula

d = !W—PC(VYL\
= = (G2

We will give another way to express this distance below.

Example 2.4. Suppose / is the line through (1,2)7 and (4, —1)”. Let us
find the distance d from (0,6)7 to £. Since (4, —1)T — (1,2)" = (3, -3)7, we
may as well take

c=1/v2(1,-1)7T.

We can also take w = (0,6)7 — (1,2)7, although we could also use (0,6)7 —
(4,—1)T. The formula then gives

— T, _N\T _N\T
d — (_1’4)T_<( 1,4) \/5(1, 1) >(1,\/§1)

— |- (F) a-r

_ 33\
- 279
3v/2
=
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Exercises

Exercise 2.1. Verify the four properties of the dot product on R".
Exercise 2.2. Verify the assertion that b-c = 0 in the proof of Theorem 2.2.

Exercise 2.3. Prove the second statement in the Cauchy-Schwartz inequal-
ity that a and b are collinear if and only if |a - b| < |a]|b].

Exercise 2.4. A nice application of Cauchy-Schwartz is that if a and b are
unit vectors in R” such that a-b = 1, then a = b. Prove this.

Exercise 2.5. Show that Py (rx + sy) = rPp(x) + sPp(y) for all x,y € R"
and r, s € R. Also show that Py(x) -y = x- Pp(y).

Exercise 2.6. Prove the vector version of Pythagoras’s Theorem. If ¢ =
a+banda-b =0, then |c|?> = |a]? + |b|>.

Exercise 2.7. Show that for any a and b in R",
la+b|> —|a—bl* =4a-b.

Exercise 2.8. Use the formula of the previous problem to prove Proposition
2.1, that is to show that |a+ b| = |a — b| if and only if a-b = 0.

Exercise 2.9. Prove the law of cosines: If a triangle has sides with lengths
a, b, ¢ and @ is the angle between the sides of lengths a and b, then ¢ =
a® + b* — 2abcos . (Hint: Consider c=b —a.)

Exercise 2.10. Another way to motivate the definition of the projection
Py(a) is to find the minimum of |a —tb|?. Find the minimum using calculus
and interpret the result.

Exercise 2.11. Orthogonally decompose the vector (1,2,2) in R? as p +q
where p is required to be a multiple of (3,1,2).

Exercise 2.12. Use orthogonal projection to find the vector on the line
3x 4+ y = 0 which is nearest to (1,2). Also, find the nearest point.

Exercise 2.13. How can you modify the method of orthogonal projection
to find the vector on the line 3z + y = 2 which is nearest to (1, —2)?
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2.2 Lines and planes.

2.2.1 Lines in R"

Let’s consider the question of representing a line in R™. First of all, a line in
R? is cut out by a singlle linear equation ax + by = c. But a single equation
ax + by + cz = d cuts out a plane in R3, so a line in R3 requires at least two
equations, since it is the intersection of two planes. For the general case, R",
we need a better approach. The point is that every line is determined two
points. Suppose we want to express the line through a and b R™. Notice
that the space curve

x(t)=a+t(b—a)=(1—t)a+tb, (2.8)

where t varies through R, has the property that x(0) = a, and x(1) = b.
As you can see from the Parallelogram Law, this curve traces out the line
through a parallel to b — a as in the diagram below.

Equation (2.8) lets us define a line in any dimension. Hence suppose a
and c are any two vectors in R™ such that ¢ # 0.

Definition 2.4. The line through a parallel to c is defined to be the path
traced out by the curve x(t) = a + tc as t takes on all real values. We will
refer to x(t) = a+ tc as the vector form of the line.

In this form, we are defining x(t) as a vector-valued function of ¢t. The
vector form x(t) = a + tc leads directly to parametric form of the line. In
the parametric form, the components x1, ..., x, of x are expressed as linear
functions of t as follows:

T1 = a1 +tcy, xo =as +tca,..., Ty = Gn + tcy. (2.9)

Letting a vary while b is kept fixed, we get the family of all lines of the
form x = a + tc. Every point of R” is on one of these lines, and two lines
either coincide or don’t meet at all. (The proof of this is an exercise.) We
will say that two lines a+tc and a’ +tc’ are parallel if ¢ and ¢’ are collinear.
We will also say that the line a + tc is parallel to c.

Example 2.5. Let’s find an expression for the line in R* passing through
(3,4,—1,0) and (1,0,9,2). We apply the trick in (2.8). Consider

x = (1—1)(3,4,—1,0) +(1,0,9,2).
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Clearly, when t = 0, x = (3,4, —1,0), and when ¢t = 1, then x = (1,0,9, 2).
We can also express x in the vector form x = a + ¢(b — a) where a =
(3,4,—1,0) and b = (1,0,9,2). The parametric form is

1 =-2t+1, wo=-—-4t+4, x3=10t+1, mz4=2L.

Example 2.6. The intersection of two planes in R? is a line. Let’s show this
in a specific example, say the planes are z+y+2z = 1 and 2x—y+22z = 2. By
inspection, (1,0,0) and (0,0, 1) lie on both planes, hence on the intersection.
The line through these two points is (1 —¢)(1,0,0) +¢(0,0,1) = (1 —¢,0,1).
Setting x = 1 —t¢, y = 0 and z = ¢t and substituting this into both plane
equations, we see that this line does indeed lie on both planes, hence is in
the intersection. But by staring at the equations of the planes (actually by
subtracting twice the first equation from the second), we see that every point
(x,y,2) on the intersection has y = 0. Thus all points on the intersection
satisfy y = 0 and = + z = 1. But any point of this form is on our line, so we
have shown that the intersection of the two planes is the line.

Before passing to planes, let us make a remark about the Parallelogram
Law for R”, namely that a + b is the vector along the diagonal of the
parallelogram with vertices at 0, a and b. This is valid in any R™, and can
be seen by observing (just as we noted for n = 2) that the line through a
parallel to b meets the line through b parallel to a at a + b. We leave this
as an exercise.

2.2.2 Planes in R3

The solution set of a linear equation
ar +by+cz=d (2.10)

in three variables z,y and z is called a plane in R3. The linear equation
(2.10) expresses that the dot product of the vector a = (a,b,¢)T and the
variable vector x = (x,v,2)7 is the constant d:

a-x=d.

If d = 0, the plane passes through the origin, and its equation is said to
be homogeneous. In this case it is easy to see how to interpret the plane
equation. The plane ax + by + ¢z = 0 consists of all (r, s, t)T orthogonal to
a = (a,b,c)T. For this reason, we call (a,b,c)” a normal to the plane. (On
a good day, we are normal to the plane of the floor.)
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Example 2.7. Find the plane through (1,2,3)” with nomal (2,3,5)”. Now
a=(2,3,5)7, soin the equation (2.10) we have d = (2,3,5)7-(1,2,3)T = 23.
Hence the plane is 2z + 3y + 5z = 23.

Holding a # 0 constant and varying d gives a family of planes filling up
R3 such that no two distinct planes have any points in common. Hence the
family of planes ax+by+cz = d (a, b, ¢ fixed and d arbitrary) are all parallel.
By drawing a picture, one can see from the Parallelogram Law that every
vector (r,s,t)7 on ax + by + cz = d is the sum of a fixed vector (zo,yo, 20)"
on ax + by + cz = d and an arbitrary vector (x,7,2)” on the parallel plane
ax + by + cz = 0 through the origin.

FIGURE

2.2.3 The distance from a point to a plane

A nice application of our projection techniques is to be able to write down a
simple formula for the distance from a point to a plane P in R3. The problem
becomes quite simple if we break it up into two cases. First, consider the
case of a plane P through the origin, say with equation axz + by + cz = 0.
Suppose v is an arbitrary vector in R? whose distance to P is what we
seek. Now we can decompose v into orthogonal components where one of
the components is along the normal n = (a,b,c)”, say

v =Pu(v)+ (v —Py(v)), (2.11)
where von
P,(v) = (ﬁ)n

It’s intuitively clear that the distance we’re looking for is

d=[Py(v)| = |v-n|/vn"n,

but we need to check this carefully. First of all, we need to say that the
distance from v to P means the minimum value of |v — r|, where r is on P.
To simplify notation, put p = Py(v) and q =v — p. Since v=p +q,

v—-r=p+q-—r.

Since P contains the origin, q — r lies on P since both q and r do, so by
Pythagoras,
lv—rf>=p|* +|a—r|*
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But p is fixed, so |v —r|? is minimized by taking |q—r|? = 0. Thus |[v—r|* =
Ip|?, and the distance D(v, P) from v to P is indeed
|v - n| B

D(v.P)=|p| = 2 = |v 4.
(n-n)?

Also, the point on P nearest v is q. If v = (r, s,t)T, the distance is

|ar + bs + ct|
VaZ £ 02+ 2

We now attack the general problem by reducing it to the first case. We
want to find the distance D(v,Q) from v to an arbitrary plane @ in R3.
Suppose the equation of @ is ax + by + cz = d, and let ¢ be a vector on Q. 1
claim that the distance from v to () is the same as the distance from v —c to
the plane P parallel to @) through the origin, i.e. the plane az + by +cz = 0.
Indeed, we already showed that every vector on () has the form w + ¢ where
w is on P. Thus let r be the vector on @ nearest v. Since d(v,r) = |v—r], it
follows easily from r = w + ¢ that d(v,r) = d(v — ¢, w). Hence the problem
amounts to minimizing d(v — ¢, w) for w € P, which we already solved.
Thus

D(v,P) =

D(V7Q) = |(V - C) : ﬁ‘?
which reduces to the formula

_ar +bs+ct —d

D(v,Q) =
v, Q) va? + b2 + 2
since
~ c-n d
c-n=— =

(n-n)z Va2 +b2+c2
In summary, we have

Proposition 2.5. Let Q be the plane in R3 defined by ax+by+cz = d, and
let v be any vector in R3, possibly lying on Q. Let D(v,Q) be the distance
from v to (). Then

lar + bs + ¢t — d|
va? +b% +c?

In fact, the problem we just solved has a far more general version known
as the least squares problem. We will come back to this topic in a later
chapter.

D(VaQ) =
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Ii is as an exercises to find a formula for the distance from a point to a
line. A more challenging exercise is to find the distance between two lines.
If one of the lines is parallel to a and the other is parallel to b, then it turns
out that what is needed is a vector orthogonal to both a and b. This is the
same problem encountered if one wants to find the plane through three non
collinear points. What is needed is a vector orthogonal to q — p and r — p.
Both of these problems are solved by using the cross product, which we take
up in the next section.
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Exercises

Exercise 2.14. Express the line az + by = ¢ in R? in parametric form.

Exercise 2.15. Express the line with vector form (z,y)” = (1,—1)T +
£(2,3)7 in the form ax + by = c.

Exercise 2.16. Find the line through the points a and b in the following
cases:

(i) a=(1,1,-3) and b = (6,0,2)”, and
(ii) a= (1,1,-3,4)T and b = (6,0,2, -3)".
Exercise 2.17. Prove the Parallelogram Law in R" for any n.

Exercise 2.18. Find the line of intersection of the planes 3x —y + 2 =0
and x — y — z = 1 in parametric form.

Exercise 2.19. Do the following;:

(a) Find the equation in vector form of the line through (1, —2,0)7 parallel
to (3,1,9)7.

(b) Find the plane perpendicular to the line of part (a) passing through
(0,0,0)T.

(c) At what point does the line of part (a) meet the plane of part (b)?

Exercise 2.20. Determine whether or not the lines (z,y, 2)” = (1,2,1)7 +
t(1,0,2)T and (z,y,2)T = (2,2,-1)T +¢(1,1,0)T intersect.

Exercise 2.21. Consider any two lines in R3. Suppose I offer to bet you
they don’t intersect. Do you take the bet or refuse it? What would you do
if you knew the lines were in a plane?

Exercise 2.22. Use the method of § 2.2.2 to find an equation for the plane
in R? through the points (6,1,0)7, (1,0,1) and (3,1,1)”

Exercise 2.23. Compute the intersection of the line through (3,—1,1)7
and (1,0,2)7 with the plane ax + by + cz = d when

a=b=c=1,d=2,

(i) a=b=c=1and d=3.

Exercise 2.24. Find the distance from the point (1,1,1)7 to
(i) the plane z +y + 2z =1, and

(ii) the plane x — 2y + z = 0.
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Exercise 2.25. Find the orthogonal decomposition (1,1, 1)T = a+b, where
a lies on the plane P with equation 2z +y + 2z =0 and a- b = 0. What is
the orthogonal projection of (1,1,1)7 on P?

Exercise 2.26. Here’s another bet. Suppose you have two planes in R? and
I have one. Furthermore, your planes meet in a line. I'll bet that all three
of our planes meet. Do you take this bet or refuse it. How would you bet if
the planes were all in R* instead of R3?

Exercise 2.27. Show that two lines in R” (any n) which meet in two points
coincide.

Exercise 2.28. Verify that the union of the lines x = a + tb, where b is
fixed but a is arbitrary is R™. Also show that two of these lines are the same
or have no points in common.

Exercise 2.29. Verify the Parallelogram Law (in R™) by computing where
the line through a parallel to b meets the line through b parallel to a.
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2.3 The Cross Product

2.3.1 The Basic Definition

The cross product of two non parallel vectors a and b in R? is a vector
in R? orthogonal to both a and b defined geometrically as follows. Let P
denote the unique plane through the origin containing both a and b, and
let n be the choice of unit vector normal to P so that the thumb, index
finger and middle finger of your right hand can be lined up with the three
vectors a, b and n without breaking any bones. In this case we call (a,b,n)
a right handed triple. (Otherwise, it’s a left handed triple.) Let 6 be the
angle between a and b, so 0 < 6 < 7. Then we put

ax b = |a||b|sinfn. (2.12)

If a and b are collinear, then we set a x b = 0. While this definition
is very pretty, and is useful because it reveals the geometric properties of
the cross product, the problem is that, as presented, it isn’t computable
unless a- b = 0 (since sin@ = 0). For example, one sees immediately that
|a x b| = |a||b|sin 6.

To see a couple of examples, note that (i,j, k) and (i, —j, —k) both are
right handed triples, but (i, —j, k) and (j, i, k) are left handed. Thusixj =k,
while j x i = —k. Similarly, j x k =i and k x j = —i. In fact, these examples
point out two of the general properties of the cross product:

axb=-bxa,

and
(—a) xb=—(axb).

The question is whether or not the cross product is computable. In fact, the
answer to this is yes. First, let us make a temporary definition. If a,b € R™,
put

anb= (a2b3 — agbo, azby — a1bsz, a1by — a2b1).

We call a A b the wedge product of a and b. Notice that a A b is defined
without any restrictions on a and b. It is not hard to verify by direct
computation that a A b is orthogonal to both a and b, so aAb =r(a x b)
for some r € R.

The key fact is the following

Proposition 2.6. For all a and b in R3,

axb=aADb.
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This takes care of the computability problem since a A b is easily com-
puted. An outline the proof goes as follows. The wedge product and the
dot product are related by the following identity:

laAbl?> 4 (a-b)? = (|a||b|)% (2.13)

The proof is just a calculation, and we will omit it. Since a-b = |a||b| cos 6,
and since sinf > 0, we deduce that

la A b| = |a||b]|sin 6. (2.14)

It follows that a A b = +|a||b|sinfn. The fact that the sign is + proven by
showing that
(aAb)-n>0.

The proof of this step is a little tedious so we will omit it.

2.3.2 Some further properties

Before giving applications, we let us give some of the algebraic properties of
the cross product.

Proposition 2.7. Suppose a,b,c € R3. Then :
(i) axb=—-bxa,
(1) (a+b)xc=axc+bxc, and

(i7i) for any r € R,
(ra) x b=ax (rb) = r(a x b).

Proof. The first and third identities are obvious from the original definition.
The second identity, which says that the cross product is distributive, is not
at all obvious from the definition. On the other hand, it is easy to check
directly that

(a+b)Ac=aAc+bAc,

so (it) has to hold also since ® = A. O

Recalling that R? can be viewed as the complex numbers, it follows that
vectors in R' = R and R? can be multiplied, where the multiplication is both
associative and commutative. Proposition 2.7 says that the cross product
gives a multiplication on R? which is distributive, but not commutative. It is
in fact anti-commutative. Also, the cross product isn’t associative: (axb)xc
and a x (b x c) are not in general equal. Instead of the usual associative
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law for multiplication, the cross product satisfies a famous identity known
as the Jacobi identity:

ax(bxc)+bx(cxa)+cx(axb)=0.

The Jacobi Identity and the anti-commutativity axb = —b x a are the basic
axioms for what is called a Lie algebra, which is an important structure in
abstract algebra with many applications in mathematics and physics. The
next step in this progression of algebras (that is, a product on R* is given by
the the quaternions, which are fundamental, but won’t be considered here.

2.3.3 Examples and applications

The first application is to use the cross product to find a normal n to the
plane P through p, q,r, assuming they don’t all lie on a line. Once we have
n, it is easy to find the equation of P. We begin by considering the plane
Q@ through the origin parallel to P. First put a = q—p and b = r — p.
Then a,b € @, so we can put n = a x b. Suppose n = (a,b,c¢)” and
p = (p1,p2,p3)T. Then the equation of Q is ax + by + cz = 0, and the
equation of P is obtained by noting that

n-((z,y,2)" — (p1,p2,p3)") =0,

or, equivalently,
n- ($ay7 Z)T =n- (p17p27p3)T'

Thus the equation of P is
ax + by + cz = apy1 + bpa + cps.

Example 2.8. Let’s find an equation for the plane in R? through (1,2,1)7,
(0,3, —1)T and (2,0,0)T. Using the cross product, we find that a normal
is (—1,2,1)7 x (=2,3,-1)T = (=5,-3,1)T. Thus the plane has equation
—5z — 3y +2 = (-5,-3,1)7 - (1,2,1)7 = —10. One could also have used
(0,3, —1)T or (2,0,0)” on the right hand side with the same result, of course.

The next application is the area formula for a parallelogram.

Proposition 2.8. Let a and b be two noncollinear vectors in R®. Then the
area of the parallelogram spanned by a and b is |a X b]|.

We can extend the area formula to 3-dimensional (i.e. solid) parallelo-
grams. Any three noncoplanar vectors a, b and c in R? determine a solid
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parallelogram called a parallelepiped. This parallelepiped P can be explic-
itly defined as

P={ra+sb+tc|0<rs,t <1}

For example, the parallelepiped spanned by i, j and k is the unit cube in R3
with vertices at 0, 1, j, k,i+j,i+k, j+ k and i+ j+ k. A parallelepiped
has 8 vertices and 6 sides which are pairwise parallel.

To get the volume formula, we introduce the triple product a- (b x c) of
a, b and c.

Proposition 2.9. Let a, b and ¢ be three noncoplanar vectors in R3. Then
the volume of the parallelepiped they span is |a - (b x c)|.

Proof. We leave this as a worthwhile exercise. O

By the definition of the triple product,
a- (b X C) = a (bQCg — bgcg) — ag(bgcl — blcg) + a3(b162 — bQCl).

The right hand side of this equation is a 3 x 3 determinant which is written

ap az ag
det bl bg bg
it €2 C3

We’ll see somewhat later how the volume of n-dimensional parallelepiped is
expressed as the absolute value of a certain n x n determinant, which is a
natural generalization of the triple product.

Example 2.9. We next find the formula for the distance between two lines.
Consider two lines ¢; and ¢, in R3 parameterized as a; + tb; and as + tby
respectively. We want to show that the distance between ¢1 and /s is

d= |(a1 —ag) . (b1 X b2)|/|b1 X b2|

This formula is somewhat surprising because it says that one can choose
any two initial points a; and as to compute d. First, let’s see why b; X bg
is involved. This is in fact intuitively clear, since by x bs is orthogonal to
the directions of both lines. But one way to see this concretely is to take
a tube of radius r centred along ¢; and expand 7 until the tube touches
l5. The point vo of tangency on ¢ and the center vy on ¢; of the disc
(orthogonal to ¢1) touching ¢y give the two points so that d = d(vy,v2),
and, by construction, vi — vy is parallel to b; x by. Now let v; = a; + ¢;b;
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for i = 1,2, and denote the unit vector in the direction of b; x by by u.
Then

d = |V1—V2|

V1 — Vo
)
[vi — va

= [(vi—v2)-1

|(a; —ag + t1by — t2bo) - U]

= |(a1 —a2) ﬁ|

The last equality is due to the fact that by x bs is orthogonal to t1b1 — tabo
plus the fact that the dot product is distributive. This is the formula we
sought.

For other applications of the cross product, consult Vector Calculus by
Marsden and Tromba.
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Exercises

Exercise 2.30. Using the cross product, find the plane through the origin
that contains the line through (1, —2,0)7 parallel to (3,1,9)7.

Exercise 2.31. Using the cross product, find

(a) the line of intersection of the planes 3z+2y—z = 0 and 4x+5y+2z = 0,
and

(b) the line of intersection of the planes 3z+2y—z = 2 and 4x+5y+2z = 1.

Exercise 2.32. Is x x y orthogonal to 2x — 3y? Generalize this property.

Exercise 2.33. Find the distance from (1,2, 1)T to the plane containing
1,3,4)7, (2,-2,-2)", and (7,0,1)T. Be sure to use the cross product.

Exercise 2.34. Formulate a definition for the angle between two planes in
R3. (Suggestion: consider their normals.)

Exercise 2.35. Find the distance from the line x = (1,2,3)7 +¢(2,3, -1)T
to the origin in two ways:

(i) using projections, and

(ii) using calculus, by setting up a minimization problem.

Exercise 2.36. Find the distance from the point (1,1,1)7 to the line z =
24t,y=1—1t,2=3+4 2t,

Exercise 2.37. Show that in R3, the distance from a point p to a line
x = a + tb can be expressed in the form

|(p —a) x b
bl '

d=
Exercise 2.38. Prove the identity
lax b|* + (a- b)* = (Jal[b])*.
Deduce that if a and b are unit vectors, then
laxb>+ (a-b)? =1.
Exercise 2.39. Show that
ax(bxc)=(a-c)b—(a-b)c.

Deduce from this a x (b x ¢) is not necessarily equal to (a x b) x c. In fact,
can you say when they are equal?



Chapter 3

Linear Equations and
Matrices

3.1 Linear equations: the beginning of algebra

The subject of algebra arose from the study of equations. The simplest kind
of equations are linear equations, which are equations of the form

a1r1 + agxs + - + ATy = C,

where a1, as,...a, are a set of numbers called the coefficients, z1,zs,...x,
are the variables and c is the constant term. In most familiar situations,
the coefficients are real numbers, but in some of the other settings we will
encounter later, such as coding theory, the coefficients might be elements of
some a finite field. Such considerations will be taken up in later chapters.
The simplest linear equation one can imagine is an equation with only
one variable, such as ax = b. For example, consider 3x = 4. This equation
is easy to solve since we can express the solution as = 3/4. In general, if

a # 0, then x = é, and this is the only solution. But if « = 0 and b # 0,
a

there is no solution, since the equation is 0 = b. And in the case where a and
b are both 0, every real number x is a solution. This points outs a general
property of linear equations. Either there is a unique solution (i.e. exactly
one), no solution or infinitely many solutions.

Let’s take another example. Suppose you are planning to make a cake
using 10 ingredients and you want to limit the cake to 2000 calories. Let
a; be the number of calories per gram of the i¢th ingredient. Presumably,
each a; is nonnegative, although this problem may eventually be dealt with.

39
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Next, let ; be the number of grams of the ith ingredient. Then ayx1+asxo+
-+ 4 ajgx1g is the total number of calories in the recipe. Since you want the
total number of calories in your cake to be at most 2000, you could consider
the equation a1z 4+ asws + -+ + ajpr1g = 2000. The totality of possible
solutions x1,xs,...,r19 to this equation is the set of all possible recipes
you can concoct with exactly 2000 calories. Decreasing the amount of any
ingredient will then clearly decrease the total number of calories. Of course,
any solution where some z; is negative don’t have a physical meaning.

A less simple example is the question of finding all common solutions of
the equations z = 22 + zy® and 22 = z + y*. Since the equations represent
two surfaces in R3, we would expect the set of common solutions to be a
curve. It’s impossible to express the solutions in closed form, but we can
study them locally. For example, both surfaces meet at (1,1,1)7, so we can
find the tangent line to the curve of intersection at (1,1,1)” by finding the
intersection of the tangent planes of the surfaces at this point. This will at
least give us a linear approximation to the curve.

General, nonlinear systems are usually very difficult to solve; their theory
involves highly sophisticated mathematics. On the other hand, it turns out
that systems of linear equations can be handled much more simply. There
are elementary methods for solving them, and modern computers make it
possible to handle gigantic linear systems with great speed. A general linear
system having of m equations in n unknowns z1, ..., x, can be expressed in
the following form:

41121 + a1222 + - -+ + apT, = b1
211 + G932 + - -+ + aopT, = b
(3.1)
Am1T1 + Am2Z2 + -+ + Ty = bm'

Here, all the coefficients a;; and all constants b; are assumed for now to be
real numbers. When all the constants b; = 0, we will call the system homo-
geneous. The main problem, of course, is to find a procedure or algorithm
for describing the solution set of a linear system as a subset of R".

For those who skipped Chapter 1, let us insert a word about notation.
A solution of (3.1) is an n-tuple of real numbers, i. e. an element of R™. By
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convention, n-tuples are always written as column vectors. To save space,
we will use the notation

U1

U2

(ul,u2,...,un)T =

Un

The meaning of the superscript 7 will be clarified below. We would also like
to point out that a brief summary of the highlights of this chapter may be
found in the last section.

3.1.1 The Coefficient Matrix

To simplify notation, we will introduce the coefficient matrix.

Definition 3.1. The coefficient matriz of the above linear system is the
m X n array

ail a12 Q1n
a1 a3 e a9on,

A= . , . (3.2)
Aml1 Am2 ... Amn

The augmented coefficient matriz is the m x (n + 1) array

ail a2 e QA1in bl
asl a923 e ao2n, b2

(Ab)=| . . : . (3.3)
Aml1 aAm2 ... Amn, bm

In general, an m X n matriz is simply a rectangular m X n array as in
(3.2). When m = n, we will say that A is a square matrix of degree n.

Now let’s look at the strategy for finding solving the system. First of
all, we will call the set of solutions the solution set. The strategy for finding
the solution set is to replace the original system with a sequence of new
systems so that each new system has the same solution set as the previous
one, hence as the original system.

Definition 3.2. Two linear systems are said to be equivalent if they have
the same solution sets.

Two equivalent systems have the same number of variables, but don’t
need to have the same number of equations.
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3.1.2 Gaussian reduction

The procedure for solving an arbitrary system is called Gaussian reduction.
Gaussian reduction is an algorithm for solving an arbitrary system by per-
forming a sequence of explicit operations, called elementary row operations,
to bring the augmented coefficient matrix (A|b) in (3.3) to a form called
reduced form, or reduced row echelon form. First of all, we define reduced
row echelon form.

Definition 3.3. A matrix A is said to be in reduced row echelon form, or
simply, to be reduced, if it has three properties.

(i) The first non zero entry in each row of A is 1.

(ii) The first non zero entry in every row is to the right of the first non
zero entry in all the rows above it.

(iii) Every entry above a first non zero entry is zero.

We will call a first non zero entry in a row its corner entry. A first non zero
entry in a row which has not been made into 1 by a dilation is called the
pivot of the row. Pivots aren’t required to be 1.

For reasons that will be explained later, an n X n matrix in reduced row
echelon form is called the n x n identity matriz. For example,

1 00
[2:<(1) (1)> and 13: 010
0 01
Here are some more examples of reduced matrices:
éggg (12309) (01309)
00 15 00014 00010

Notice that the last matrix in this example would be the coefficient matrix
of a system in which the variable x1 does not actually appear. The only
variables that occur are o, ..., z5. Note also that the n x n identity matrix
I, and every matrix of zeros are also reduced.
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3.1.3 Elementary row operations

The strategy in Gaussian reduction is to use a sequence of steps called
elementary row operations on the rows of the coefficient matrix A to bring
A into reduced form. There are three types of elementary row operations
defined as follows:

e (Type I) Interchange two rows of A.
e (Type II) Multiply a row of A by a non zero scalar.

e (Type III) Replace a row of A by itself plus a multiple of a different
row.

We will call Type I operations row swaps and Type II operations row
dilations. Type III operations are called transvections. We will boycott this
term. The main result is that an arbitrary matrix A can always be put into
reduced form by a sequence of row operations. Before proving this, we will
work an example.

Example 3.1. Consider the counting matrix

1 2 3
C=14 5 6
7 8 9
We can row reduce C as follows:
1 2 3 1 2 3
c2Mlo —3 —6| ™M [0 -3 —6
7 8 9 0 -6 —12
1 2 3 LBk 1 2 3 1 0 —1
=l R A L = A T
0 O 0 0 0 O 0 0 O

Notice that we have indicated the row operations.

Proposition 3.1. Every matrix A can be put into reduced form by some
(not unique) sequence of elementary row operations.
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Proof. 1f a11 # 0, we can make it 1 by the dilation which divides the first
row by ai1. We can then use row operations to make all other entries in
the first column zero. If a1; = 0, but the first column has a non zero
entry somewhere, suppose the first non zero entry is in the ¢th row. Then
swapping the first and ith rows puts a non zero entry in the (1, 1) position.
Now proceed as above, dividing the new first row by the inverse of the new
(1,1) entry, getting a corner entry in the (1,1) position. Now that there
we have a corner entry in (1, 1), we can use operations of type III to make
all elements in the first column below the (1,1) entry 0. If the first column
consists entirely of zeros, proceed directly to the second column and repeat
the procedure just described on the second column. The only additional
step is that if the (2,2) entry is a corner, then the (1,2) entry may be made
into 0 by another Type III operation. Continuing in this manner, we will
eventually obtain a reduced matrix. O

REMARK: Of course, the steps leading to a reduced form are not unique.
Nevertheless, the reduced form of A itself is unique. We now make an
important definition.

Definition 3.4. The reduced form of an m x n matrix A is denoted by A,..q.
The row rank, or simply, the rank of an m x n matrix A is the number of
non-zero rows in A,..q.

3.2 Solving Linear Systems

Let A be an m x n matrix and consider the linear system whose augmented
coefficient matrix is (A|b). The first thing is to point out the role of row
operations.

3.2.1 Equivalent Systems

Recall that two linear systems are said to be equivalent if they have the
same solution sets. The point about Gaussian reduction is that performing
a row operation on the augmented coefficient matrix of a linear system gives
a new system which is equivalent to the original system.

For example, a row swap, which corresponds to interchanging two equa-
tions, clearly leaves the solution set unchanged. Similarly, multiplying the
ith equation by a non-zero constant a does likewise, since the original system
can be recaptured by multiplying the ith equation by a~'. The only ques-
tion is whether a row operation of Type III changes the solutions. Suppose
the ith equation is replaced by itself plus a multiple k£ of the jth equation,
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where ¢ # j. Then any solution of the original system is still a solution of
the new system. But any solution of the new system is also a solution of
the original system since subtracting k times the jth equation from the ith
equation of the new system gives us back the original system. Therefore the
systems are equivalent.

To summarize this, we state

Proposition 3.2. Performing a sequence of row operations on the aug-
mented coefficient matrix of a linear system gives a new system which is
equivalent to the original system.

3.2.2 The Homogeneous Case

We still have to find a way to write down the solution set. The first step
will be to consider the homogeneous linear system with coefficient matrix
(A]0). This is the same as dealing with the coefficient matrix A all by itself.

Definition 3.5. The solution set of a homogeneous linear system with co-
efficient matrix A is denoted by N (A) and called the null space of A.

The method is illustrated by the following example.
Example 3.2. Consider the homogeneous linear system

Ox1 4+ 20 +223 +0x4+3c+5—26 =
O0x1 + 0z 4 Ox3 + x4 + 225 + 0zg = 0.

The coefficient matrixA is already reduced. Indeed,
01 20 3 -1
A= <0 001 2 0 > '
Our procedure will be to solve for the variables in the corners, which we
will call the corner variables. We will express these variables in terms of
the remaining variables, which we will call the free variables. In A above,
the corner columns are the second and fourth, so x5 and x4 are the corner

variables and the variables z1,x3, x5 and x¢ are the free variables. Solving
gives

To = —2.%‘3 — 31‘5 + Zg

Ty = —21’5

In this expression, the corner variables are dependent variables since they
are functions of the free variables. Now let (x1,x2,x3, 24,25, x6) denoted
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an arbitrary vector in R® which is a solution to the system, and let us call
this 6-tuple the gemeral solution vector. Replacing the corner variables by
their expressions in terms of the free variables gives a new expression for the
general solution vector involving just the free variables. Namely

T
x = (z1, —2x3 — 3x5 + 6, T3, — 2x5, T5, Tg) -

The general solution vector now depends only on the free variables, and
there is a solution for any choice of these variables.

Using a little algebra, we can compute the vector coefficients of each
one of the free variables in x. These vectors are called the fundamental
solutions. In this example, the general solution vector x gives the following
set of fundamental solutions:

f = (1,0,0,0,0,0)T, £, = (0,0,—-2, 1, 0, 0)T, £3=(0,-3, 0, —2, 1, 0)7T,

and
f,=(0,—1, 0, 0, 0,1).

Hence the general solution vector has the form
x = x1f1 + w3fo + 2413 + z554.

In other words, the fundamental solutions span the solution space, i.e. every
solution is a linear combination of the fundamental solutions.

This example suggest the following

Proposition 3.3. In an arbitrary homogeneous linear system with coef-
ficient matrix A, any solution is a linear combination of the fundamental
solutions, and the number of fundamental solutions is the number of free
variables. Moreover,

#corner variables 4+ #free variables = #variables. (3.4)

Proof. The proof that every solution is a linear combination of the funda-
mental solutions goes exactly like the above example, so we will omit it.
Equation (3.4) is an obvious consequence of the fact that every variable is
either a free variable or a corner variable, but not both. O

There is something strange in Example 3.2. The variable 1 never ac-
tually appears in the system, but it does give a free variable and a corre-
sponding fundamental solution (1,0,0,0,0,0)”. Suppose instead of A the

coefficient matrix is
p_ (1203 -1
“\00 12 0)
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Now (1,0,0,0,0, O)T is no longer a fundamental solution. In fact the solution
set is now a subset of R, The corner variables are z; and x3, and there are
now only three fundamental solutions corresponding to the free variables
To, T4, and x5.

Even though (3.4) is completely obvious, it gives some very useful infor-
mation. Here is a typical application.

Example 3.3. Consider a system involving 25 variables and assume there
are 10 free variables. Then there are 15 corner variables, so the system
has to have at least 15 equations, that is, there must be at least 15 linear
constraints on the 25 variables.

We can also use (3.4) to say when a homogeneous system with coefficient
matrix A has a unique solution (that is, exactly one solution). Now 0 is
always a solution. This is the so called trivial solution. Hence if the solution
is to unique, then the only possibility is that A/(A) = {0}. But this happens
exactly when there are no free variables, since if there is a free variable there
will be non trivial solutions. Thus a homogeneous system has a unique
solution if and only if every variable is a corner variable, which is the case
exactly when the number of corner variables is the number of columns of A.
It follows that if a homogeneous system has more variables than equations,
there have to be non trivial solutions, since there has to be at least one free
variable.

3.2.3 The Non-homogeneous Case

Next, consider the system with augmented coefficient matrix (A|b). If b #
0, the system is called non-homogeneous. To resolve the non-homogeneous
case, we need to observe a result sometimes called the Super-Position Prin-
ciple.

Proposition 3.4. If a system with augmented coefficient matrix (A|b) has
a particular solution p, then any other solution has the form p + x, where
x varies over all solutions of the associated homogeneous equation. That is,
x varies over N (A).

Proof. Let us sketch the proof. (It is quite easy.) Suppose p = (p1,...,Pn)
and let x = (x1,...,2,) be an element of N'(A). Then substituting p; + z;
into the system also gives a solution. Conversely, if q is another particular
solution, then p—q is a solution to the homogeneous system, i.e. an element
of N(A). Therefore q = p + x, where x = q — p € N(A). This completes
the proof. O
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Example 3.4. Consider the system involving the counting matrix C of
FExample 3.1:

1l + 2294+ 323 = a
4x1 4+ D529 + 623 = b
Tr1 +8x9+923 = ¢

where a,b and c are fixed arbitrary constants. This system has augmented
coefficient matrix

1 2 3 a
Cb)y=[4 5 6 b
7 8 9 ¢
We can use the same sequence of row operations as in Example 3.1 to put

(C|b) into reduced form (Cegqlc) but to minimize the arithmetic with de-
nominators, we will actually use a different sequence.

123 a 1 2 3 a
Cpy="=13 3 3 pb—a| ™23 33 b-q |
7 8 9 c 1 2 3 ¢—2b+2a
123 Cuwme (L2 3 a
333 b- L%l 1 —1 —1 (1/3)a—(1/3)b | 28
0 00 c—2b+a 0 0 0 c—2b+a
123 a oo (10 1 (=5/3)a+(2/3)b
01 2 (4/3)a—1/3)b| =10 1 2 (4/3)a— (1/3)b
0 00 c—2b+a 00 O c—2b+a

The reduced system turns out to be the same one we obtained by using the
sequence in Example 11.2. We get

1z + 0z — 1lzs = (—=5/3)a+ (2/3)b
Ox1 + lxg + 223 = (4/3)a— (1/3)b
0x1 +0x0+0x3 = a—2b+c

Clearly the above system may in fact have no solutions. In fact, from
the last equation, we see that whenever a — 2b + ¢ # 0, there cannot be a
solution. Such a system is called inconsistent. For a simpler, example, think
of three lines in R? which don’t pass through a common point. This is an
example where the system has three equations but only two variables.
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Example 3.5. Let’s solve the system of Example 3.4 for a =1, b =1 and
c = 1. In that case, the original system is equivalent to

lzy +0x9 — 13 = -1
Ox1 4+ 1lzo + 223 =
0zy +0x24+0x3 = 0

It follows that 27 = —1 + 23 and z2 = 1 — 2x3. This represents a line in R3.

The line if the previous example is parallel to the line of intersection of
the three planes

lzy 4 229 + 323 =
4x1 4 dxo 4+ 63 =
Tx1 4+ 8x2 + 923 = 0,

These planes meet in a line since their normals are contained in a plane
through the origin. On the other hand, when a — 2b + ¢ # 0, what happens
is that the line of intersection of any two of the planes is parallel to the third
plane (and not contained in it).

that slightly perturbing the lines will

3.2.4 Criteria for Consistency and Uniqueness

To finish our treatment of systems (for now), we derive two criteria, one for
consistency and the other for uniqueness. Consider the m x n linear system
(3.1) with coefficient matrix A and augmented coefficient matrix (A|b).

Proposition 3.5. Suppose the coefficient matrix A has rank k, that is A,cq
has k corners. Then N(A) = {0} if and only if k = n. The (possibly non-
homogeneous) linear system (A|b) is consistent if and only if the rank of A
and of (A|b) coincide. If (A|b) is consistent and k = n, then the solution is
unique. Finally, if A is n X n, the system (3.1) is consistent for all b if and
only if the rank of A equals n.

Proof. The first statement is a repetition of a result we already proved. The
second follows as in the previous example, because if the rank of (A|b) is
greater than k, then the last equation amounts to saying 0 = 1. If Aisnxn
of rank n, then it is clear that (A|b) and A have the same rank, namely n.
It remains to show that if A and (A|b) have the same rank for all b, then
A has rank n. But if the rank of A is less than n, one can (exactly as in
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Example 3.4) produce a b for which (A|b) has rank greater than the rank
of A. O

Systems where m = n are an important special case as they are neither
under determined (fewer equations than unknowns) nor over determined
(more equations than unknowns). When A is n x n of rank n, the system
(3.1) is called nonsingular. Thus the nonsingular systems are the square
systems which are always consistent and always have unique solutions. We
also say that an n x n matrix nonsingular if it has maximal rank n. If the
rank of A is less than n, we say that A is singular.

Example 3.6. An amusing geometric criterion for a 3 x 3 matrix
al

A= ag
as

to be nonsingular is that
a - (az x ag) # 0.

Indeed, we know that a;, as, and ag are not in a plane through the origin
if and only if a; - (ag X ag) # 0. But the above Proposition also says that
the rank of A is three precisely when there is no non-zero vector orthogonal
to each of ay, ag, and ag.

The expression aj - (ag X ag) is called the determinant of A and abbre-

viated det(A). In algebraic terms, we have

ai;p a2 ais
det | as1 a9g aoz | = (35)

azyp asz as3

011022033 + 12023031 + A13021A32 — 413022031 — G11G23032 — (12021A33.

Determinants will be taken up in a later chapter.
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Exercises
Exercise 3.1. Consider the linear system

T1 + 229 + dx3 + 4dx4
T+ T3 +2r4 =
x1 + 0x9 + 223+ 02y =

(a) Let A be the coefficient matrix of the associated homogeneous system.
Find the reduced form of A.

(b) Determine whether the system is consistent and, if so, find the general
solution.

(c) Find the fundamental solutions of Ax = 0 and show that the funda-
mental solutions span N (A).

(d) Is the system Ax = b consistent for all b € R3? If not, find an
equation which the components of b must satisfy.

Exercise 3.2. If A is 9 x 27, explain why the system Ax = 0 must have at
least 18 fundamental solutions.

Exercise 3.3. Consider the system Ax = 0 where A = (_12 _21 % :% (1)) Find
the fundamental solutions and show they span N (A).

Exercise 3.4. Let A be the 2 x 5 matrix of Problem 3.3. Solve the com-
pounded linear system
(Al % 5"

Exercise 3.5. Set up a linear system to determine whether (1,0,—1,1)
is a linear combination of (—1,1,2,0), (2,1,0,1) and (0,1,0, —1) with real
coefficients. What about when the coefficients are in Z3? Note that in Zg,
—1=2.

Exercise 3.6. A baseball team has won 3 mores games at home than on
the road, and lost 5 more at home than on the road. If the team has played
a total of 42 games, and if the number of home wins plus the number of road
losses is 20, determine the number of home wins, road wins, home losses and
road losses.

Exercise 3.7. For what real values of a and b does the system
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T+ ay + az = 1
r4+ay+abz = a
be + a’y + a’bz = a’b

have a unique solution?

Exercise 3.8. True or False: If the normals of three planes in R? through
the origin lie in a plane through the origin, then then the planes meet in a
line.

Exercise 3.9. Suppose A is a 12 x 15 matrix of rank 12. How many fun-
damental solutions are there in N'(A)?

Exercise 3.10. . How many 2 x 2 matrices of rank 2 are there if we impose
the condition that thhe entries are either 0 or 17 What about 3 x 3 matrices
of rank 3 with the same condition?

Exercise 3.11. Find the ranks of each of the following matrices:
3
9

1 2 12 2
1 4 14 4
1 8 27 1 8 8

Can you formulate a general result from your results?

Exercise 3.12. If a chicken and a half lay and egg and a half in a day and
a half, how many eggs does a single chicken lay in one day? Bonus marks
for relating this to linear equations.

3.3 Matrix Algebra

Our goal in this section is to introduce matrix algebra and to show how it
it is closely related to the theory of linear systems.

3.3.1 Matrix Addition and Multiplication

Let R™*™ denote the set of all m X n matrices with real entries. There
are three basic algebraic operations on matrices. These are addition, scalar
multiplication and matrix multiplication. There are conditions which govern
when two matrices can be added and when they can be multiplied. In
particular, one cannot add or multiply any pair of matrices. First of all,
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suppose A = (a;;) € R™*™ and r is a scalar. Then the scalar multiple r A of
A is the matrix rA = (ra;;) € R™*"™ in which every element of A has been
multiplied by r. For example, if A is 2 x 3, then

o 3(111 3&12 3&13
34 = (3@21 3CL22 3CL23>'

Matrix addition can only be carried out on matrices of the same dimen-
sion. When A and B have the same dimension, say m X n, we take their sum
in the obvious manner. If A = (a;;) and B = (b;;), then A+ B is defined to
be the m x n matrix A+ B := (a;; + b;;). In other words, the (7, j) entry of
A+ B is a;j + b;j. For example,

<a11 a12> n <b11 b12> _ (au +b11 a2+ 512>
ar a2 ba1 b2z azr + b1 ag + b
Addition and scalar multiplication can be combined in the usual way to

give linear combinations of matrices (of the same dimension). Here is an
example.

Example 3.7. Let

Then

3 3 06 2 2 1 2
sa= (3 5,08 wma oars=(3 %1 3)

The m x n matrix such that every entry is 0 is called the m x n zero
matriz. Clearly, the m X n zero matrix is an additive identity for addition of
m X n matrices. Now that the additive identity is defined, we can also note
that any m x n matrix A has as an additive inverse —A, since A+(—A) = O.

3.3.2 Matrices Over Fy: Lorenz Codes and Scanners

So far we have only considered matrices over the real numbers. After we
define fields, in the next Chapter, we will be able to compute with matrices
over other fields, such as the complex numbers C. Briefly, a field is a set with
addition and multiplication which satisfies the basic algebraic properties of
the integers, but where we can also divide.

The smallest field is Fo, the integers mod 2, which consists of 0 and
1 with the usual rules of addition and multiplication, except that 1 + 1 is
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defined to be 0: 14+ 1 = 0. The integers mod 2 are most used in computer
science since. (Just look at the on-off switch on a PC.) Adding 1 represents
a change of state while adding 0 represents status quo.

Matrices over F? are themselves quite interesting. For example, since
has only two elements, there are precisely 2™" such matrices. Addition on
such matrices also has some interesting properties, as the following example
shows.

Example 3.8. For example,
1 01 n 111y (010
011 111/ \1 0 0)°
1 01 n 101y (0 0O
011 0 11) \0 0 0/

In the first sum, the parity of every element in the first matrix is reversed.
In the second, we see every matrix over o is its own additive inverse.

and

Example 3.9. Random Key Crypts. Suppose Rocky wants to send a
message to Bullwinkle, and he wants to make sure that Boris and Natasha
won’t be able to learn what it says. Here is what the ever resourceful flying
squirrel can do. First he encodes the message as a sequence of zeros and ones.
For example, he can use the binary expansions of 1 through 26, thinking of
1 as a, 2 as b etc. Note that 1 =1,2=10,3 =11,4 =100...,26 = 11010.
Now he represents each letter as a five digit string: a = 00001, b = 00010,
¢ = 00011, and so on, and encodes the message. Rocky now has a long string
zeros and ones, which is usually called the plaintexrt. Finally, to make things
more compact, he arranges the plaintext into a 01 matrix by adding line
breaks at appropriate places. Let’s denote this matrix by P, and suppose
P is m x n. Now the fun starts. Rocky and Bullwinkle have a list of m x n
matrices of zeros and ones that only they know. The flying squirrel selects
one of these matrices, say number 47, and tells Bullwinkle. Let £ be matrix
number 47. Cryptographers call E the key. Now he sends the ciphertext
encg(P) = P + E to Bullwinkle. If only Rocky and Bullwinkle know F,
then the matrix P containing the plaintext is secure. Even if Boris and
Natasha succeed in overhearing the ciphertext P + E, they will still have
to know E to find out what P is. The trick is that the key E has to be
sufficiently random so that neither Boris nor Natasha can guess it. For
example, if ' is the all ones matrix, then P isn’t very secure since Boris
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and Natasha will surely try it. Notice that once Bullwinkle receives the
ciphertext, all he has to do is add E and he gets P. For

encg(P)+FE=(P+E)+E=P+(E4+E)=P+0=P.

This is something even a mathematically challenged moose can do. Our
hero’s encryption scheme is extremely secure if the key FE is sufficiently
random and it is only used once. (Such a crypt is called a one time pad.)
However, if he uses E to encrypt another plaintext message @), and Boris
and Natasha pick up both encg(P) = P + E and encg(Q) = Q + E, then
they can likely find out what both P and @ say. The reason for this is that

(P+EY+(Q+E)=(P+Q)+(E+E)=P+Q+0=P+Q.

The point is that knowing P + Q may be enough for a cryptographer to
deduce both P and ). However, as a one time pad, the random key is very
secure (in fact, apparently secure enough for communications on the hot line
between Washington and Moscow).

Example 3.10. (Scanners) We can also interpret matrices over g in an-
other natural way. Consider a black and white photograph as being a rect-
angular array consisting of many black and white dots. By giving the white
dots the value 0 and the black dots the value 1, our black and white photo
is therefore transformed into a matrix over Fy. Now suppose we want to
compare two black and white photographs whose matrices A and B have
the same dimensions, that is, both are m x n. It turns out to be inefficient
for a computer to scan the two matrices to see in how many positions they
agree. However, suppose we consider the sum A + B. When A 4+ B has a
1 in the (7, j)-component, then a;; # b;;, and when it has 0, then a;; = b;;.
Hence the sum two identical photographs will be the zero matrix, and the
sum of two complementary photographs will sum to the all ones matrix. An
obvious and convenient measure of how similar the two matrices A and B
are is the number of non zero entries of A+ B. This number. which is easily
tabulated, is known as the Hamming distance between A and B.

3.3.3 Matrix Multiplication

The third algebraic operation, matrix multiplication, is the most important
and the least obvious to define. For one thing, the product of two matrices of
the same dimension is only defined if the matrices are square. The product
AB of two matrices A and B exists only when the number of columns of A
equals the number of rows of B.
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Definition 3.6. Let A be m xn and B n X p. Then the product AB of A
and B is the m X p matrix C whose entry in the ith row and kth column is

n
Cik = E aijbjk.
Jj=1

Thus n
AB = (Z aijbjk).
j=1
Put another way, if the columns of A are a1, ..., a,, then the rth column
of AB is

biray + boyas + ... byray,.

Hence the rth column of AB is the linear combination of the columns of A
using the entries of the rth column of B as the scalars. One can also express
AB as a linear comination of the rows of B. This turns out to be connected
with row operations. The reader is invited to work this out explicitly.

Example 3.11. Here are two examples.

1 3 6 0\ (1:6+3-(-2) 1-04+3-7\ [0 21

2 4)\-2 7) \2:6+4-(-2) 2-0+4-7) \4 28)°
Note how the columns of the product are linear combinations. Computing
the product in the opposite order gives a different result:

6 0\/1 3y (6-1+0-2 6-3+0-4\ (6 18
-2 7)\2 4) \-2-14+7-2 —-2.3+7-4) \12 22)°
From this example, we have a pair of 2 x 2 matrices A and B such
that AB # BA. More generally, multiplication of n X m matrices is not

commutative, although there is a notable exception: if A and B are 1 x 1,
then AB = BA.

3.3.4 The Transpose of a Matrix

Another operation on matrices is transposition, or taking the transpose. If
A'is m x n, the transpose AT of A is the n x m matrix AT := (c,s), where
¢rs = agp. This is easy to remember: the ith row of A” is just the ith column
of A. Here are two obvious facts. First,

(AT = A.
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Second, a matrix and its transpose have the same diagonal. A matrix A
which is equal to its transpose (that is, A = A7) is called symmetric. Clearly,
every symmetric matrix is square. The symmetric matrices over R turn out
to be especially important, as we will see later.

1 2
=)
r (1 3
oo (D),

An example of a 2 X 2 symmetric matrix is

1 3
3 5)°
Notice that the dot product v - w of any two vectors v,w € R™ can be
expressed as a matrix product, provided we use the transpose. In fact,

V'W:VTW: E V;Wy .

Example 3.12. If

then

The transpose of a product has an amusing property:
(AB)" = BT AT,

This transpose identity can be seen as follows. The (i, ) entry of BT AT is
the dot product of the ith row of BT and the jth column of A”. Since this
is the same thing as the dot product of the jth row of A and the ith column
of B, which is the (j,i) entry of AB, and hence the (i, j) entry of (AB)T,
we see that (AB)”T = BT AT, Suggestion: try this out on an example.

3.3.5 The Algebraic Laws

Except for the commutativity of multiplication, the expected algebraic prop-
erties of addition and multiplication all hold for matrices. Assuming all the
sums and products below are defined, matrix algebra obeys following laws:

(1) Associative Law: Matrix addition and multiplication are associa-
tive:

(A+B)+C=A+(B+C) and (AB)C=A(BC).
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(2) Distributive Law: Matrix addition and multiplication are distribu-
tive:

A(B+C)=AB+AC and (A+B)C = AC + BC.

(3) Scalar Multiplication Law: For any scalar r,

(TA)B = A(TB) = T(AB).

(4) Commutative Law for Addition: Matrix addition is commuta-
tive: A+ B= DB+ A.

Verifying these properties is a routine exercise. I suggest working a
couple of examples to convince yourself, if necessary. Though seemingly
uninteresting, the associative law for multiplication will often turn to be a
very important property.

Recall that the n x n identity matriz I, is the matrix having one in each
diagonal entry and zero in each entry off the diagonal. For example,

1 0 0
12:<(1) (1)> and I3=|0 1 0
0 01

Note that it makes sense to refer to the identity matrix over Fo, since ! is
the multiplicative identity of F2.

The identity matrix I, is a multiplicative identity for matrix multiplica-
tion. More precisely, we have

Proposition 3.6. If A is an m x n matrix, then Al, = A and I,,A = A.

Proof. This is an exercise. U
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Exercises

Exercise 3.13. Make up three matrices A, B, C so that AB and BC are
defined. Then compute AB and (AB)C. Next compute BC and A(BC).
Compare your results.

Exercise 3.14. Suppose A and B are symmetric n X n matrices. (You can
even assume n = 2.)

(a) Decide whether or not AB is always symmetric. That is, whether
(AB)T = AB for all symmetric A and B?

(b) If the answer to (a) is no, what condition ensures AB is symmetric?

Exercise 3.15. Suppose B has a column of zeros. How does this affect any
product of the form AB? What if A has a row or a column of zeros?

Exercise 3.16. Let A be the 2 x 2 matrix over Fy such that a;; = 1 for each
1,7. Compute A™ for any integer m > 0. Does this question make sense if
m < 0?7 (Note A7 is the product AA--- A of A with itself j times.)

Exercise 3.17. Generalize this question to 2 x 2 matrices over Fap.

Exercise 3.18. Let A be the n x n matrix over R such that a;; = 2 for all
1,j. Find a formula for A’ for any positive integer j.

Exercise 3.19. Verify Proposition 3.6 for all m x n matrices A over R.

Exercise 3.20. Give an example of a 2 x 2 matrix A such that every entry
of A is either 0 or 1 and A? = I, as a matrix over Fy, but A% # I, as a
matrix over the reals.
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3.4 Elementary Matrices and Row Operations

The purpose of this section is make an unexpected connection between ma-
trix multiplication and row operations. We will see that in fact row opera-
tions can be done by matrix multiplication. For example, in the 2 X n case,
we use the following three types of 2 x 2 matrices:

0 1 r o0 10 1 s 10
VR R O K U E e O K B

These matrices enable us to do row operations of types I, IT and III respec-
tively via left or pre-multiplication, so they are called elementary matrices.

For example,
0 1\ [fa b\ (c d
1 0/\c d/ \a b))’
r 0\ [fa b\ (ra rb
0 1)\e d) \c d)’
1 s\ (a b\ [(a+sc b+sd
0 1) \c d) c d ’

Suitably modified, the same procedure works in general. An m x m
matrix obtained from I,,, by performing a single row operation is called an
elementary m x m matriz. Here is the main point.

Proposition 3.7. Let A be an mxm matrix, and assume F is an elementary
m X m matrix. Then EA is the matrix obtained by performing the row
operation corresponding to E on A.

Proof. This follows from the fact that
EA = (EI,)A,

and E1,, is the result of applying the row operation corresponding to E to
I,,. Thus left multiplication by E will do the same thing to A that it does
to I,,. O

Since any matrix can be put into reduced form by a sequence of row
operations, and since row operations can be performed by left multiplication
by elementary matrices, we have

Proposition 3.8. An arbitrary m X n matrix A can be put into reduced
form by a performing sequence of left multiplications on A using only m xm
elementary matrices.
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Proof. This follows from the above comments. O

This procedure can be expressed as follows: starting with A and replac-
ing it by Ay = E1A, Ay = E»(E1A)) and so forth, we get the sequence

A— A = F1A— Ay = E3y(EGA) — -+ — Ep(Bg—1(--- (E1A)--+)),
the last matrix being A,.q. What we obtain by this process is a matrix
B = (Ep(Epr - (B1A) )

with the property that BA = A,.q. We want to emphasize that although B
is expressed as a certain product of elementary matrices, the way we have
chosen these matrices is never unique. However, it will turn out that B is
unique in certain cases, one of which is the case where A is a nonsingular
n X n matrix.

Note that we could have expressed B without parentheses writing it
simply as B = EpFEy_1--- Fq, due to the fact that, by the associative law,
the parens can be rearranged at will.

When we are reducing a matrix A with entries in R, Q, C or even Fs,
then the elementary matrices we need to use also have entries in R, Q, C or
F3, hence the matrix B which brings A into reduced form also has entries
in the corresponding place. Hence we may state

Proposition 3.9. For any m x n matrix A (with entries in R, Q, C or Fy),
there is an m X m matrix B (with entries in R, Q, C or Fy), which is a
product of elementary matrices, such that BA = A,.q.

Example 3.13. Let’s compute the matrix B produced by the sequence of
row operations in Example 3.1 which puts the counting matrix C' in reduced
form. Examining the sequence of row operations, we see that B is the
product

1 -2 0 1 0 0 1 0 0 1 00 1 00
0 1 0 -1/3 0 1 0 0 1 0 -4 1 0
0 0 1 0 0 1 0 -2 1 -7 0 1 0 01
Thus
-5/3 2/3 0
B=1|4/3 -1/3 0
1 -2 1

Be careful to express the product in the correct order. The first row opera-
tion is the made by the matrix on the right and the last by the matrix on
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the left. Thus

—5/3 2/3 0\ /1 2 3 10 -1
BC=|4/3 -1/3 o] (4 5 6|=]0 1 2
1 -2 1) \7 89 00 0

That is, BC' = Cjq.

In the above computation, you should not be explicitly multiplying the
elementary matrices out. Start at the right and apply the sequence of row
operations working to the left. A convenient way of doing this is to begin
with the 3 x 6 matrix (A|l3) and carry out the sequence of row operations.
The final result will be (A,¢q|B). Thus if we start with

(All3) =

S QTN
o Ot N

3100
6 01 0],
9 0 01

we end with

1 0 -1 =5/3 2/3 0
AealB)=[0 1 2 4/3 -1/3 0
00 0 1 -2 1

3.4.1 Application to Linear Systems

How does this method apply to solving linear systems? Note that the linear
system (3.1 can be expressed in the compact matrix form

Ax = b,
where A is the coefficient matrix, x = (z1,22,...,2,)’ is the column of
variables, and b = (b, ba, ..., by)T is the column of constants.

Starting with a system Ax = b, where A is m X n, multiplying this
equation by any elementary matrix F gives a new linear system FAx = Eb,
which we know is equivalent to the original system. Therefore, applying
Proposition 3.9, we obtain

Proposition 3.10. Given the linear system Ax = b, there exists a square
matrix B which is a product of elementary matrices, such that the original
system is equivalent to A,.qx = Bb.

What'’s useful is that given F, there exists an elementary matrix F' such
that FE = I,,. It follows (after a little thought) that there exists a square
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matrix C such that CB = I,,. We will expand on this in the following
section.

The advantage of knowing the matrix B which brings A into reduced
form is that at least symbolically one can handle an arbitrary number of
systems as easily as one. In other words, one can just as easily solve a
matrix linear equation AX = D, where X = (z;;) is a matrix of variables
and D = (Djy,) is a matrix of constants. If A is m xn and D has p columns,
then X is n x p and D is m x p. This matrix equation is equivalent to
AreqX = BD.
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Exercises

Exercise 3.21. Find the reduced row echelon form for each of the following
matrices, which are assumed to be over R:

— = O
S = = O
OO = =
= o O O

Exercise 3.22. Repeat Exercise 3.21 for the following matrices, except
assume that each matrix is defined over Zs:

110 1011 (1)(1)}8

Ci=(0 1 1|, Ce={0 11 0], C3=
10 1 010 1 Lo
100 1

Exercise 3.23. Find matrices By, By and B3 which are products of elemen-
tary matrices such that B;A; is reduced, where Aq, Ay, A3 are the matrices
of Exercise 1.

Exercise 3.24. Find matrices D1, Do and D3 defined over Zo which are
products of elementary matrices such that D;C; is reduced, where C1, Cy, C3
are the matrices of Exercise 2.

Exercise 3.25. Prove carefully the if F is an elementary matrix and F
is the elementary matrix that performs the inverse operation, then F'EE =
EF =1,.

Exercise 3.26. Write down all the 3 x 3 elementary matrices E over Zs.
For each F, find the matrix F' defined in the previous exercise such that
FE =FEF = Is.

Exercise 3.27. Repeat Exercise 3.26 for the elementary matrices over Zs.

Exercise 3.28. List all the row reduced 2 x 3 matrices over Zs.
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3.5 Matrix Inverses

Given an elementary matrix F, we noted in the last section that there exists
another elementary matrix £’ such that FFE = [,,. A little thought will
convince you that not only is FFE = I,,,, but EF = I, as well. Doing a row
operation then undoing it produces the same result as first undoing it and
then doing it. Either way you are back to where you started. The essential
property is pointed out in the next

Definition 3.7. Suppose two m x m matrices A and B have the property
that AB = BA = I,;,. Then we say A is an inverse of B (and B is an inverse
of A).

We will use A~! to denote an inverse of A. In the 2 x 2 examples above,

/01 (01
El_(l o)jEl _<1 0)’
Fy — r 0 :>E_1_ ’f'_l 0
27\0 1 2~ o 1)

. 1 s -1 1 —s
E3_<0 1>jE3 _<0 1>'

3.5.1 A Necessary and Sufficient for Existence

and

Recall that an n x n matrix A is called invertible if A has rank n. We
therefore have the

Proposition 3.11. If an n x n matrix A is invertible, there exists an n X n
matrix B such that BA = I,,.

Proof. This follows from Proposition 3.9 since A,.q = Ip,. O

This relates the notion of invertibilty say for real numbers with that of
invertibilty for matrices. Thus we would like to know when A has a two
sided inverse, not just an inverse on the left.

Theorem 3.12. An n x n matrix A has an inverse B if and only if A has
rank n. Moreover, there can only be one inverse. Finally, if an n X n matrix
A has some left inverse, then A is invertible and the left inverse is the unique
inverse A71.
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Proof. Suppose first that A has two inverses B and C. Then
B = BI, = B(AC) = (BA)C =1,C =C.

Thus tB = C, so the inverse is unique. Next, suppose A has a left inverse
B. We will show that the rank of A is n. For this, we have to show that if
Ax = 0, then x = 0. But if Ax = 0, then

B(Ax) = (BA)x = I,x = 0. (3.6)

Thus indeed, A does have rank n. Now suppose A has rank n. Then we
know the system Ax = b has a solution for all b. It follows that there exists
an n X n matrix X so that AX = I,,. This follows from knowing the system
Ax = e; has a solution for each ¢, where e; is the i¢th column of I,,. Thus
there exist n X n matrices B and X so that BA = AX = I,,. We now show
that B = X. Repeating the above argument, we have

B = BI, = B(AX) = (BA)X = I,X = X.

Thus A has an inverse if and only if it has rank n. To finish the proof,
suppose A has a left inverse B: that is B isn xn and BA = I,,. But we just
showed in (3.6) that A has rank n, so (as we concluded above), A~! exists
and equals B. O

This theorem explains why we call square matrices of maximal rank
invertible.

Corollary 3.13. If A invertible, then the system
Ax=Db
has the unique solution x = A~ 'b.

Proof. We leave this as an exercise. O

The product of any two invertible n x n matrices A and B is also invert-
ible. Indeed, (AB)~! = B7'A~!. For

(B'AWAB=B YA 'AB=B"'I,B=B"'B=1,.

This is used in the proof of the following useful Proposition.

Proposition 3.14. Every invertible matrix is a product of elementary ma-
trices.

The proof is left as an exercise. Of course, by the previous Proposition,
the converse is also true: any product of elementary matrices is invertible.
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3.5.2 Methods for Finding Inverses

We have two ways of finding the matrix B so that BA = A,.qy. The first is
simply to multiply out the sequence of elementary matrices which reduces
A. This is not as bad as it sounds since multiplying elementary matrices
is very easy. The second method is to form the augmented matrix (A|I,)
and row reduce. The final result will be in the form (I,,|A~!). This is the
method used in most textbooks. Let’s begin with an example.

Example 3.14. Suppose we want to find an inverse for
1 2 0
A=1(1 3 1
01 2

Since we only need to solve the matrix equation XA = I3, we can use our
previous strategy of row reducing (A|I3).

1 2 01 00 1 20 1 00
(AIs)=11 3101 0|—-]011-110]|—
01 2 001 01 2 0 01
1 20 1 0 O 120 1 0 O
011 -1 1 O)J—1010 -2 2 -—-1]|—
o 01 1 -11 oo01 1 -1 1
1 00 5 —4 2
010 -2 2 -1
oo01 1 -1 1
Hence
5 —4 2
At=B=[-2 2 -1/|,
1 -1 1

since, by construction, BA = I3.

Example 3.15. To take a slightly more interesting example, let

— O =
_ == O
—_—_ 0 O
— O
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The catch is that we will assume that the entries of A are elements of
Fy = {0,1}. Imitating the above procedure, we obtain that

0 011
01 10

-1 _
A_llll
1 011

Note that the correctness of this result should be checked by computing
directly that

0 011 1 0 01
I = 0111 1 100
1110 01 11
1 011 1 1 11

There is somewhat less obvious third technique which is sometimes also
useful. If we form the augmented coefficient matriz (A | b), where b repre-
sents the column vector with components b1, bs, ... by, and perform the row
reduction of this augmented matrix, the result will be in the form (I,| c),
where the components of ¢ are certain linear combinations of the compo-
nents of b. The coefficients in these linear combinations give us the entries
of A~!. Here is an example.

Example 3.16. Again let

1 20
A=1|1 3 1
1 2
Now form
1 2 0 a
1 3 1%
1 c

and row reduce. The result is

1 0 0 5a—4b+ 2c
01 0 —2a+2b—c
0 01 a—b+ec
Thus we see the inverse is
5 —4 2
-2 2 -1
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3.5.3 Matrix Groups

In this section, we will give some examples of what are called matrix groups.
The basic example of a matrix group is the set GL(n,R) of all invertible
elements of R™*™. Thus,

GL(n,R) = {A e R™" | A7 exists}. (3.7)

Notice that, by definition, every element in GL(n,R) has an inverse. More-
over, I, is an element of GL(n,R), and if A and B are elements of GL(n,R),
then so is their product AB. These three properties define what we mean
by a matrix group.

Definition 3.8. A subset G of R"*" is called a matriz group if the following
three conditions hold:

(i) if A, B € G, then AB € G,
(ii) I, € G, and
(iii) if A € G, then A71 € G.

It turns out that these three axioms are broad enough to give each ma-
trix group an extremely rich structure. Of course, as already noted above,
GL(n,R) is a matrix group. In fact, if G C R™*" is any matrix group, then
G C GL(n,R) (why?). A subset of GL(n,R) which is also a matrix group
is called a subgroup of GL(n,R). Thus we want to consider subgroups of
GL(n,R). The simplest example of a subgroup of GL(n,R) is {I,}: this is
the so called trivial subgroup.

To get some simple yet interesting examples, let us consider permutation
matrices.

Example 3.17 (Permutation Matrices). A matrix P obtained from I,,
by a finite sequence of row swaps is called a permutation matriz. In other
words, a permutation matrix is a matrix P € R™*" such that there are row
swap matrices S1,...,S; € R™™" for which P = S - - - Sk. (Recall that a row
swap matrix is by definition an elementary matrix obtained by interchanging
two rows of I,,.) Clearly, I,, is a permutation matrix (why?), and any product
of permutation matrices is also a permutation matrix. Thus we only need to
see that the inverse of a permutation matrix is also a permutation matrix.
Let P = S;---S; be a permutation matrix. Then S~! = Sk_l---Sfl, SO
P~ is indeed a permutation matrix since S L' — G, for each index i.
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Let P(n) denote the set of n x n permutation matrices. One can also
describe P(n) as the set of all matrices obtained form I,, by permuting the
rows of I,. Thus P(n) is the set of all n x n matrices whose only entries are
0 or 1 such that every row and every column has exactly one non-zero entry.
It follows from elementary combinatorics that P(n) has exactly n elements.

The inverse of a permutation matrix has a beautiful expression.

Proposition 3.15. If P is a permutation matrix, then P~' = PT.

Proof. This follows from the above discussion. We leave the details for the
exercises. U

To give an explicit example, let us compute P(3).

Example 3.18. P(3) consists of the following six 3 x 3 permutation matri-
ces; namely I3 and

1 00 010 010 0 01 0 01
00 179, 10 0}, 00 1], 10 0], 010
010 0 01 1 00 010 1 00

Definition 3.9 (The orthogonal group). Let @ € R™*". Then we say
that Q is orthogonal if and only if QQT = I,,. The set of all n x n orthogonal
matrices is denoted by O(n,R). We call O(n,R) the orthogonal group.

Proposition 3.16. O(n,R) is a subgroup of GL(n,R).

Proof. 1t follows immediately from the definition and Theorem 3.12 that
if @ is orthogonal, then QT = Q~!. Consequently, since QQT = I,, im-
plies QTQ = I,,, whenever Q is orthogonal, so is Q~'. The identity I, is
clearly orthogonal, so it remains to show that the product of two orthogonal
matrices is orthogonal. Let () and R be orthogonal. Then

QR(QR)" = QR(R"Q") = Q(RR")Q" = QQ" = I,.
O

By Proposition 3.15, we have P(n) C O(n,R). That is, every permuta-
tion matrix is orthogonal. Hence P(n) is a subgroup of O(n,R).

The condition Q7 Q = I,, which defines an orthogonal matrix @ is equiv-
alent to the property that as a transformation of R™ to itself, () preserves
inner products. That is, for all x,y € R",

Qx-Qy =x"y. (3.8)
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Indeed, since QTQ = I,,
x-y=x"y =x"Q"Qy = (Qx)"Qy = Qx- Qy. (3.9)

Conversely, if Qx-Qy = x-y, then QTQ = I,,. (Just let x =e; and y = e;.)
In particular, we can now conclude

Proposition 3.17. Every element of the orthogonal group O(n,R) pre-
serves lengths of vectors and also distances and angles between vectors.

Proof. This follows from the identity x -y = |x||y|cos#@, for all x,y € R",
where 6 is the angle between x and y. O

The preceding Proposition tells us that the orthogonal group O(n,R)
is intimately related to the geometry of R™. If ) is orthogonal, then the
columns of ) are mutually orthogonal unit vectors, which is a fact we will
frequently use.

The orthogonal group for O(2,R) is especially interesting. It has an
important subgroup SO(2) called the rotation group which consists of the

rotation matrices
Ro_ cosf —sinf
= \sinf® cosd |-

Note that Ry = Io. The fact that SO(2) is a subgroup of O(2, R) follows from
trigonometry. For example, the sum formulas for cos(f + p) and sin(6 + p),
are equivalent to the geometrically obvious formulas

RoR, = R,Rg = Ry, (3.10)

for all 8 and . We will discuss this later that in more detail.

Example 3.19. There are three subgroups of GL(n,R) which we encoun-
tered in Chapter 4: the group D, of all invertible diagonal matrices (those
diagonal matrices with no zeros on the diagonal), the group £,, of all lower
triangular matrices with only ones on the diagonal, and the group U, of
all upper triangular matrices with ones on the diagonal. In the proof of
Theorem 3.19, we actually used the fact that £, and U,, are matrix groups.
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Exercises

Exercise 3.29. Find the inverse of each of the following real matrices or
show that the inverse does not exist.

12 Lol LU (1)(1)(1)—01

(a) o1 1) w@lo1 1]
4 1 11 0 11 0 1 0 -1 0
01 0 1

Exercise 3.30. If the field is Zs, which of the matrices in Exercise 1 are
invertible?

Exercise 3.31. Suppose A = (‘; 2), and assume that A = ad — be # 0.
Show that A~! = % ( _dc _ab). What does the condition A # 0 mean in terms
of the rows of A?

Exercise 3.32. Suppose A has an inverse. Find a formula for the inverse
of AT?

Exercise 3.33. Prove Proposition 3.14.

Exercise 3.34. Suppose A is n x n and there exists a right inverse B, i.e.
AB = I,,. Show A invertible.

Exercise 3.35. Let C = (é ¢ b). Find a general formula for C 1.

C
01
Exercise 3.36. Show that if A and B are n x n and have inverses, then
(AB)™! = B~'A~!. What is (ABCD)~! if all four matrices are invertible?

Exercise 3.37. Suppose A is invertible m x m and B is m X n. Solve the
equation AX = B.

Exercise 3.38. Suppose A and B are both n x n and AB is invertible.
Show that both A and B are invertible. (See what happens if Bx = 0.)

Exercise 3.39. Let A and B be two n X n matrices over R. Suppose
A3 = B3, and A’B = B?A. Show that if A2 + B? is invertible, then A = B.
(Hint: Consider (A% + B?)A.)

Exercise 3.40. Without computing, try to guess the inverse of the matrix

10 1 O
01 0 -1
A= 10 -1 0
01 0 1

(Hint: are the columns orthogonal?)
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Exercise 3.41. Is it TRUE or FALSE that if an n x n matrix with integer
entries has an inverse, then the inverse also has integer entries?

Exercise 3.42. Consider the matrix
1 01
B=|0 11
1 2 1

Find B~', if it exists, when B is considered to be a real matrix. Is B
invertible when it is considered as a matrix over Zs?

Exercise 3.43. A real n x n matrix Q such that QTQ = I,, is called or-
thogonal. Find a formula for the inverse of an arbitrary orthogonal matrix
Q. Also show that the inverse of an orthogonal matrix is also orthogonal.

Exercise 3.44. Show that the product of two orthogonal matrices is or-
thogonal.

Exercise 3.45. A matrix which can be expressed as a product of row swap
matrices is called a permutation matriz. These are the matrices obtained by
rearranging the rows of I,,. Show that every permutation matrix is orthog-
onal. Deduce that if P is a permutation matrix, then P~ = PT.

Exercise 3.46. Show that the following two matrices are permutation ma-
trices and find their inverses:

000 01 00100
00010 00001
0010 01, 10 000
01000 01000
100 00 00010

Exercise 3.47. You are a code-breaker (more accurately, a cryptographer)
assigned to crack a secret cipher constructed as follows. The sequence 01
represents A, 02 represents B and so forth up to 26, which represents Z. A
space between words is indicated by inserting 00. A text can thus be encoded
as a sequence. For example, 1908040002090700041507 stands for ”the big
dog”. We can think of this as a vector in R?2. Suppose a certain text has
been encoded as a sequence of length 14,212=44x 323, and the sequence has
been broken into 323 consecutive intervals of length 44. Next, suppose each
sub-interval is multiplied by a single 44 x 44 matrix C. The new sequence
obtained by laying the products end to end is called the cipher text, because
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it has now been enciphered, and it is your job to decipher it. Discuss the
following questions.

(i) How does one produce an invertible 44 x 44 matrix in an efficient way,
and how does one find its inverse?

(ii) How many of the sub-intervals will you need to decipher to break
the whole cipher by deducing the matrix C?

Exercise 3.48. Prove Proposition3.15.

Exercise 3.49. Show that if @) is orthogonal, then the columns of () are
mutually orthogonal unit vectors. Prove that this is also true for the rows

of Q.

Exercise 3.50. * Show that every element H of O(2,R) that isn’t a rotation
satisfies HT = H and H? = I,. (Note Iy is the only rotation that satisfies
these conditions.)
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3.6 The LPDU Decomposition

In this section, we will show that every n x n invertible matrix A has an
interesting factorization A = LPDU, where each of the matrices L, P, D,U
has a particular form. This factorization is frequently used in solving large
systems of linear equations by a process known as back substitution. We
will not go into back substitution here, but the reader can consult a text
on applied linear algebra, e.g. Linear Algebra and its Applications by G.
Strang. In addition to its usefulness in applied linear algebra, the LPDU
decomposition is also of theoretical interest, since each P gives a class of
matrices called a Schubert cell, which has many interesting properties.

In order to describe the necessary ingredients L, D, P, and U, we need
column operations, pivots and permutation matrices. Of these, the permu-
tation matrices are especially interesting, as we will encounter them in a
number of other contexts later.

3.6.1 The Basic Ingredients: L, P, D and U

In the LPDU decomposition, L is lower triangular and has only 1’s on its
diagonal, P is a permutation matrix, D is a diagonal matrix without any
zeros on its diagonal, and U is upper triangular and has only 1’s on its
diagonal. The notable feature of these types of matrices is that each one
can be constructed from just one kind of elementary matrix.

Let’s introduce the cast of characters starting with lower triangular ma-
trices. An n x n matrix L = (l;;) is called lower triangular if all entries
of L strictly above its diagonal are zero. In other words, I;; = 0 if 7 < j.
Similarly, a matrix is called upper triangular if all entries strictly below its
diagonal are zero. Clearly, the transpose of a lower triangular matrix is
upper triangular and vice versa. We will only be dealing with the upper or
lower triangular matrices all of whose diagonal entries are 1’s. These matri-
ces are called, respectively, upper triangular unipotent and lower triangular
unipotent matrices.

Example 3.20. Every lower triangular 3 x 3 unipotent matrix has the form
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The transpose U = L7 is

O~ Q
—_ o o

We've already used lower triangular unipotent matrices for row reduc-
tion, namely, the elementary matrices of Type III which are also lower tri-
angular. For these matrices, exactly one of a, b, ¢ is different from zero. Left
multiplication on A by such a matrix replaces a row of A by itself plus a
certain multiple of one the rows above it. You can check without any dif-
ficulty the basic property that the product of two or more lower triangular
elementary matrices of Type III is again lower triangular. Moreover, all the
diagonal entries of the product will be ones (why?). More generally, the
product of two or more lower triangular matrices is again lower triangular,
and the product of two or more lower triangular unipotent matrices is again
lower triangular unipotent.

Notice also that if L is lower triangular unipotent, then we can find
lower triangular elementary matrices of Type 111, say F1, F», ..., Ey so that
Ey--- EsFE1L = I,,. Since the inverse of each F; is another lower triangular
elementary matrix of type III, we therefore see that L = El_lEz_1 e Ek_l.
Thus both L and L™! can be expressed as a product of lower triangular ele-
mentary matrices of Type III. In particular, the inverse of a lower triangular
unipotent matrix is also lower triangular unipotent.

We summarize this discussion in the following proposition:

Proposition 3.18. The product of two lower triangular unipotent matrices
is also lower triangular unipotent, and the inverse of a lower triangular
unipotent matrix is a lower triangular unipotent matrix. The corresponding
statements in the upper triangular unipotent case also hold.

What this Proposition says is that the lower (resp. upper) triangular
unipotent matrices is closed under the operations of taking products and
inverses. Hence they form a pair of matrix groups.

Recall that an n x n matrix which can be expressed as a product of
elementary matrices of Type II (row swaps for short) is called a permutation
matriz. The n X n permutation matrices are exactly those matrices which
can be obtained by rearranging the rows of I,,. We have already seen that
they form a subgroup of O(n,R). In particular, inverse of a permutation
matrix P is PT.
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3.6.2 The Main Result

We now come to the main theorem.

Theorem 3.19. Let A = (a;j) be an invertible matrix over R. Then A
can be expressed in the form A = LPDU, where L is lower triangular
unipotent, U is upper triangular unipotent, P is a permutation matrix, and
D is a diagonal matrix with all its diagonal entries non zero. Furthermore,
the matrices P and D are unique.

This result gives the invertible matrices an interesting structure. Each of
L, P,D,U is constructed from just one kind of elementary matrix. Note that
we need to add that every invertible diagonal matrix is a product of Type
I elementary matrices. Because of our assertion that the diagonal matrix
D is unique, its diagonal entries have quite a bit of significance. The ith
diagonal entry d;; of D is usually called the ith pivot of A.

Example 3.21. Let A = (CC” g) be invertible. If a # 0, then the LPDU
decomposition of A is

(D o) (70

However, if a = 0, then bc # 0 and A can be expressed either

o=y ) (3 8) (5 0)
o= (3 ) (50 (5 )

This example tells us that L and U are not necessarily unique.

Proof of Theorem 3.19. This proof has the desirable feature that it is algo-
rithmic. That is, it gives a clear procedure for finding the LPDU factoriza-
tion. The first step in the proof is to scan down the first column of A until
we find the first non zero entry. Such an entry exists since A is invertible.
Let o(1) denote the row this entry is in, and let d, (1) = ay(1),1 denote the
entry itself. Now perform a sequence of row operations to make the entries
below a, (1)1 equal to zero. This transforms the first column of A into

(0,...,0,dy(1),0,...,0)". (3.11)

This reduction is performed by pre-multiplying A by a sequence of lower
triangular elementary matrices of the third kind. We therefore obtain a lower
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triangular unipotent matrix Ly so that the first column of LA has the form
(3.11). The next step is to use the non zero entry d,(;y in the first column
to annihilate all the entries in the o(1)-st row to the right of dy(1)- Since
post multiplying by elementary matrices performs column operations, we
can multiply LA on the right by a sequence of upper triangular elementary
matrices of the third kind to produce a matrix of the form (L A)U; whose
first column has the form (3.11) and whose o(1)-st row is

(dy(1),0,- ..., 0). (3.12)

Moreover, Proposition 3.18 guarantees that U; will be upper triangular
unipotent. We now have the first column and o(1)-st row of A in the desired
form and from now on, they will be unchanged.

To continue, we repeat this procedure on the second column of L AU;.
Suppose the first non zero entry of the second column sits in the k-th row.
Since we already cleared out all non zero entries of the o(1)st row, k # o(1).
Now set 0(2) = k and repeat the same procedure we carried out for the first
column and o(1)st row. Continuing, we eventually obtain lower triangular
unipotent matrices L; and upper triangular unipotent matrices U; and a
rearrangement o(1),0(2),...,0(n) of 1,2,...,n so that

(LnLn—l t Ll)A(U1U2 R Un)_l =Q,

where @) is the matrix whose ith column has d,@; as its o(i)th entry and
zeros in every other entry, where d, ;) is the first non zero entry in the ith
column of (L;—1---Lj)A. We can clearly factor Q as PD where D is the
diagonal matrix whose ith diagonal entry is d,(;) and P is the permutation
matrix with ones exactly where () had non zero entries. This gives us the
expression

A= (L,Lp_1--- L) *PD(ULU,---U,)~ L.

But this is the desired factorization A = LPDU. Indeed, L' = L,,L,,_1--- L1
is lower triangular unipotent since it is a product of lower triangular ele-
mentary matrices of type 111, and hence its inverse L is also lower triangular
unipotent. The same remarks hold when we put U = (U Us---U,)™!, so
we have established the existence of the LPDU factorization. We will leave
the proof of the uniqueness of P and D as an exercise. O

Example 3.22. To illustrate the proof, let
0o 2 =2

A= 0 4 -5
-1 -2 -1
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Since the first non zero entry in the first column of A is a13 = —1, the
first two steps are to subtract the first column twice from the second and to
subtract it once from the third. The result is

0 2 -2
AUWU; = 0 4 -5
-1 0 0

Next we subtract twice the first row from the second, which gives

0o 2 -2
LAUWU;=( 0 0 -1
-1 0 0

Finally, we add the second column to the third and then factor, getting

0 2 0
Q = L1 AU UUs = 0O 0 -1
-1 0 0
Now write
010 -1 0 0

Q=10 0 1 0 2 0
1 00 0 0 -1

Thus we obtain the LPDU factorization

1 00 010 -1 0 0 1 2 1
A=12 1 0 0 01 0 2 0 01 -1
0 01 1 00 0 0 -1 00 1

3.6.3 The Case P=1,

In the case where P = I,, A can be row reduced without using row in-
terchanges. In fact, in a sense that can be made precise, general invertible
matrices do not require a row interchange. This is because a row interchange
is only necessary when a zero shows up on a diagonal position during row
reduction.

Proposition 3.20. If an invertible matrix A admits an LDU decomposi-
tion, then the matrices L, D and U are all unique.

Proof. If A has two LDU decompositions, say A = L1D1U; = LaDsUs,
then we can write L1_1L2D2U2 = D,U;. Hence L1_1L2D2 = D1U1U2_1. But
in this equation, the matrix on the left hand side is lower triangular and
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the matrix on the right hand side is upper triangular. This tells us that
immediately that D; = Dy, and also that L1_1L2 = U1U2_1 = I, (why?).
Hence L1 = Ly and U; = U, so the proof is completed. O

Going back to the 2 x 2 case considered in Example 3.21, the LDU
decomposition for A is therefore unique when a # 0 . We also pointed out
in the same example that if @ = 0, then L and U are not unique.

If one were only interested in solving a square system Ax = b, then
finding the LPDU factorization of A isn’t necessary. In fact, it turns out
that one can post multiply A by a permutation matrix ) which is concocted
to move zero pivots out of the way. That is, if ) is chosen carefully, there
exists a factorization AQ = LDU. The only affect on the system is to
renumber the variables, replacing x by Q 'x. The L,D,U and Q are no
longer unique.

3.6.4 The symmetric LDU decomposition

Suppose A is an invertible symmetric matrix which has an LDU decompo-
sition. Then it turns out that L and U are not only unique, but they are
related. In fact, U = L”. This makes finding the LDU decomposition very
simple. The reasoning for this goes as follows. If A = AT and A = LDU,
then

LDU = (LDU)T =uTDTLT =uTDLT

since D = DT'. Therefore the uniqueness of L, D and U implies that U = L”.
The upshot is that to factor A = LDU, all one needs is to do row operations
of Type III on A such that higher rows act on lower rows to bring A into
upper triangular form B. This means all we need to do is to find a lower
triangular unipotent matrix L’ so that L’ A is upper triangular, i.e. L'A = B.
Then the matrices D and U can be found by inspection. In fact, D is
diagonal so di; = b;; for all 4, and since all the b;; are all nonzero, we can
write B = DU, where U is an upper triangular unipotent matrix. This
means L'A = DU, so we have found both U and D. Hence L is also known
since, by the uniqueness result just proved,

L = UT. Of course, it’s also the case that L = (L/)~!, but this is the
hard way to go.

Example 3.23. Consider the symmetric matrix

11 1
A={(1 3 -1
11 2
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The strategy is to apply Type III row operations, only allowing higher rows
to operate on lower rows, to bring A into upper triangular form, which is
our DU. Doing so, we find that A reduces to

11 1
DU=|0 2 -2
0 0 1
Hence
1 00
D=0 2 ,
0 01
and
11 1
U=|0 1 -1
00 1

Thus A = LDU where U is as above, L = U” and D = diag(1,2,1).

Summarizing, we state

Proposition 3.21. If A is an (invertible) n X n symmetric matrix without
zero pivots, then the LPDU decomposition of A has the form A = LDLT.

When A is invertible and symmetric but has zero pivots, then a permu-
tation matrix P # I, is needed. Expressing A = LPDU, it turns out that
we may construct L and U so that U = LT still holds. This says that PD
is also symmetric (why?). Since PT = P~!, we see that

pD = (PD)T = DTPT = DP,

so PDP = D. I claim two conditions must be fulfilled in order to have this.
The first is that since P is a permutation matrix and hence PD is D with its
rows permuted, PDP cannot be a diagonal matrix unless P = P~!. Since P
is a permutation matrix, P = P! if and only if P = PT. We can therefore
conclude that P is a symmetric permutation matrix. Moreover, this tells
us that PD = DP, so P and D commute. Now look at PDP~!. It can
be shown that PDP~! is always a diagonal matrix with the same diagonal
entries as D, except in a different order. In fact, let the ith diagonal entry
of PDP~! be dg(;)- Then o is the permutation which is determined by P.
This gives the second condition; since PDP~! = D, the diagonal of D must
be left unchanged by the permutation ¢. Thus D and P cannot be arbitrary
when A is symmetric. We therefore have
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Proposition 3.22. Let A be a symmetric invertible matrix. Then there
exists an expression A = LPDU with L, P, D,U as usual and furthermore :

(i) U=1LT,
(i) P=PT = P~  and
(iii) PD = DP.

Conversely, if L, P, D,U satisfy the above three conditions, then LPDU is
symmetric.

The next example shows how the disussion preceeding the last Proposi-
ton works.

Example 3.24. Let

0 2 4 —4
2 4 2 -2
A=14 9 5 7
4 -2 7 _8

The first step is to make the (3,1) an (4,1) entries of A zero while keeping
A symmetric. This is done by using symmetric row and column operations.
That is, we replace A by A; = E1AEY, Ay = ETA1ET etc. Begin with
E, which differs from I only in the (3,2)-entry, which is —2 instead of 0.
Computing E1AET gives

1 0 0 0o 2 4 -4 10 0 O
0 1 00 2 4 2 =2 01 -2 0] _
0 -2 1 0 4 2 -8 7 00 1 of
0 0 01 -4 -2 7 =8 00 0 1

0o 2 0 -4
2 4 -6 -2
0 -6 0 11
-4 -2 7 =8

Notice A; is symmetric (why?). Next let Ay = EgAlEg , where Fs is ob-
tained from I, by adding twice the second row to the fourth row. The result
is

As =

S O NN O
|
D
o
|
—_
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The next step is to remove the 4 in the (2,2)-position of Ay. This is done
by symmetric elimination. We subtract the first row from the second row
and the first column from the second column. This gives

0 2 0 0
2 0 -6 6
=19 6 o -1
0 6 -1 0

02 0 O
20 0 O
PD = 00 0 -1
00 -1 0
Hence we get
0100
1 0 00
P= 00 0 1}’
0010
and
20 0 0
02 0 O
b= 00 —1 0
00 0 -1

We leave it as an exercise to find L and hence U.
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Exercises

Exercise 3.51. Find the LPDU decompositions of the following matrices:

011 0 0 3 1 0 1
2 0 1], 0o 2 1}, 0o 2 -1
1 1 0 1 11 1 -1 0
Exercise 3.52. Find the inverse of

1 a b ¢

01 d e

0 01 f

0 0 01

Exercise 3.53. Show directly that an invertible upper triangular matrix
B can be expressed B = DU, where D is a diagonal matrix with non zero
diagonal entries and U is upper an triangular matrix all of whose diagonal
entries are ones. Is this still true if B is singular?

Exercise 3.54. Show that the product of any two lower triangular matrices
is lower triangular. Also show that the inverse of a lower triangular invertible
matrix is lower triangular. What are the diagonal entries of the inverse?

Exercise 3.55. Let A be a 3 x 3 lower triangular unipotent matrix. Find a
formula expressing A as a product of lower triangular elementary matrices
of type III.

Exercise 3.56. Find the LPDU decomposition of

— N RO
N O ==
o o N
O = N =

Exercise 3.57. Find the LDU decomposition of

1 1 2 1
1 -1 0 2
2 0 0 1
1 2 1 -1

Exercise 3.58. Prove that in any LPDU decomposition, P and D are
unique. (Let LPDU = L'P'D'U’ and consider L~'L'P'D' = PDUU ~'.)
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Exercise 3.59. Find a 3 x 3 matrix A such that the matrix L in the A =
LPDU decomposition isn’t unique.

Exercise 3.60. Let A be the matrix of Example 3.24. Find the matrices L
and U. Also, show that PD = DP.
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3.7 Summary

This chapter was an introduction to linear systems and matrices. We be-
gan by introducing the general linear system of m equations in n unknowns
with real coefficients. There are two types of systems called homogeneous
and non-homogeneous according to whether the constants on the right hand
sides of the equations are all zeros or not. The solutions make up the so-
lution set. If the system is homogeneous, the solution set is a subspace of
R™. In order to write the system in a compact form, we introduced the
coefficient matrix for homogeneous systems and the augmented coefficient
matrix for non-homogeneous systems. We then wrote down the three row
operations of Gaussian reduction. The row operations give a specific set of
rules for bringing the coefficient matrix and augmented coefficient matrix
into a normal form known as reducued form. The point is that performing
a row operation on the coefficient matrix (or augmented coefficient matrix)
gives a new coefficient matrix (or augmented coefficient matrix) whose as-
sociated linear system has exactly the same solution space (or set in the
non-homogeneous case).

After a matrix is put into reducued form, we can read off its rank (the
number of non-zero rows). We then obtained criteria which are neces-
sary and sufficient for the existence and uniqueness of solutions. A non-
homogeneous system has a solution if and only if its augmented coefficient
matrix and coefficient matrix have the same rank. A unique solution exists
if and only if the augmented coefficient matrix and coefficient matrix have
the same rank and the rank is the number of unknowns.

We next introduced matrix algebra, addition and multiplication. Ma-
trices of the same size can always be added but to form AB, the number
of rows of B must be the same as the number of columns of A. We saw
how elementary matrices perform row opertions, so that matrices can be
row reduced by multiplication. This lead to the notion of the inverse of an
n X n matrix A, a matrix B such that AB = BA = I,,. We saw BA = I,
is enough to guarantee AB = I, and also, the invertible n x n matrices are
exactly those of rank n. A key fact is that a square linear system Ax = b
with A invertible has unique solution x = A~ b.

We then introduced matrix groups and gave several examples. After
that, we discussed a way of factoring an invertible matrix as LPDU. This is
an often used method both in applied mathematics in solving large systems
and in pure mathematics in the study of matrix groups.
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Chapter 4

Fields and vector spaces

4.1 Elementary Properties of Fields

4.1.1 The Definition of a Field

In the previous chapter, we noted unecessarily that one of the main concerns
of algebra is the business of solving equations. Beginning with the simplest,
most trivial equation, the equation ax = b, we see that there is a subtle point.
We are used to considering equations which involve integers. To divide
three apples among 4 persons, we have to consider the equation 4x = 3.
This doesn’t have an integer solution. More generally, we obviously cannot
function without all quotients p/q, where p, g are integers and ¢ # 0. The
set of all such quotients is called the the set of rational numbers. We will
denote them by Q. Recall that addition and multiplication in Q is defined
by:

a ¢ ad-+be
bTdT T bd (4.1)
and a ¢ ac

Clearly the sum and product of two rational numbers is another rational
number.

Next suppose we have been given the less trivial job of solving two linear
equations in two unknowns, say x an y. These equations might be written
out as

ar +by =
cx+dy = n.
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Assuming ad — be # 0, there is a unique solution which is expressed as

v dm — bn
 ad—Vbe
—cm —+an
y = —F
ad — be

(In fact we derived this in the previous chapter.) The main point of this
is that to express the solutions of such a linear system, one needs all the
available algebraic operations: addition, subtraction, multiplication and di-
vision. A set, such as the rationals or reals, where all these operations exist
is called a field.

Before defining the notion of a field, we need to define the notion of a
binary operation on a set. Addition and multiplication on the set of integers,
Z, are two basic examples of binary operations. Let S be any set, finite or
infinite. Recall that the Cartesian product of S with itself is the set S x S of
all ordered pairs (z,y) of elements z,y € S. Note, we call (x,y) an ordered
pair since (z,y) # (y,x) unless z = y. Thus,

SxS=A{(z,y) | z,y € S}.

Definition 4.1. A binary operation on S is a function F' : § x § — S, that
is, a function ' whose domain is S x S which takes its values F'(z,y) in S.

Note: when A and B are sets, we will write F': A — B to indicate that
I is a function with domain A and values in B. Also, we often express a
binary operation by writing something like = -y or x % y for F(x,y). So,
for example, the operation of addition on Z may be thought of as being a
binary operation + on Z such that +(z,y) =z + y.

We now define the notion of a field.

Definition 4.2. Assume given a set F with two binary operations called
addition and multiplication. The sum and product of two elements a,b € F
will be denoted by a + b and ab respectively. Suppose addition and multi-
plication satisfy the following properties:

(i) a+b=0b+ a (addition is commutative);
(i) (a+0b)+c=a+ (b+c) (addition is associative);
(iii) ab = ba (multiplication is commutative);

)

(iv) a(be) = (ab)c (multiplication is associative);
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(v) a(b+ ¢) = ab + ac (multiplication is distributive);

(vi) F contains an additive identity 0 and a multiplicative identity 1 distinct
from 0; the additive and multiplicative identities have the property
that a + 0 = a and 1a = a for every a € F;

(vii) for every a € F, there is an element —a called the additive inverse of
a such that a + (—a) = 0; and

(viii) for every a # 0 in F, there is an element a~!, called the multiplicative
inverse of a such that aa=! = 1.

Then F is called a field.

Note that we will often express a+ (—b) as a—b. In particular, a—a = 0.
In any field F, a0 = 0 for all a. For

a0 = a(0 4 0) = a0 + a0,
so adding —a0 to both sides and using the associativity of addition, we get
0=a0— a0 = (a0 + a0) — a0 = a0 + (a0 — a0) = a0 + 0 = a0.

Hence a0 = 0 for all a € F.
Using this fact, we next show

Proposition 4.1. In any field F, whenever ab = 0, either a or b is zero.
Put another way, if neither a nor b is zero, then ab # 0.

Proof. Suppose a # 0 and b #£ 0. If ab = 0, it follows that
0=a"'0=a"Yab) = (ata)b=1b=0b.

This is a contradiction, so ab # 0. O

The conclusion that ab = 0 implies either a or b is zero is one of the field
properties that is used repeatedly. We also have

Proposition 4.2. In any field F, the additive and multiplicative identi-
ties are unique. Moreover, the additive and multiplicative inverses are also
unique.
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Proof. We will show 0 is unique. The proof that 1 is unique is similar. Let
0 and 0’ be two additive identities. Then

0=0+0=0

so 0 is indeed unique. We next show additive inverses are unique. Let a € F
have two additive inverses b and c¢. Using associativity, we see that

b=b+0=b+(a+c)=(b+a)+c=0+c=c

Thus b = ¢. The rest of the proof is similar. O

4.1.2 Examples

We now give some examples.

First of all, it’s easy to see that the rational numbers satisfy all the field
axioms, so QQ is a field. In fact, verifying the field axioms for Q simply
boils down to the basic arithmetic properties of the integers: associativity,
commutativity and distributivity and the existence of 0 and 1. Indeed, all
one needs to do is to use (4.1) and (4.2) to prove the field axioms for Q from
these properties of the integers.

The integers Z are not a field, since field axiom (viii) isn’t satisfied by
Z. Indeed, the only integers which have multiplicative inverses are +1.

The second example of a field is the set of real numbers R. The con-
struction of the real numbers is actually somewhat technical, so we will skip
it. For most purposes, it suffices to think of R as being the set of all decimal
expansions

a1a2 “ e ar‘b1b2 BN

where all a; and b; are integers between 0 and 9. Note that there can be
infinitely many b; to the right of the decimal point. We also have to make
appropriate identifications for repeating decimals such as 1 = .999999. ...
A very useful fact is that R is ordered; that is, any real number x is either
positive , negative or 0, and the product of two numbers with the same sign
is positive. This makes it possible to solve systems of linear inequalities such
as a1x1 + asxo + - -+ + anxy > c. In addition, the reals have what is called
the Archimedian property: if a,b > 0, then there exists an z > 0 so that
ax > b.

The third basic field is C, the field of complex numbers. This is a very
important field. We will discuss it in the next section.
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4.1.3 An Algebraic Number Field

Many examples of fields arise by extending an already given field. We will
now give an example of a field called an algebraic number field which is
obtained by adjoining the square root of an integer to the rationals Q. Let
us first recall the

Theorem 4.3 (Fundamental Theorem of Arithmetic). Let m be an
integer greater than 1. Then m can be factored m = pips---pg, where
P1,P2, ..., P are primes. Moreover, this factorization is unique up to the
order of the factors.

Recall that a positive integer p is called prime if p > 1 and its only
positive factors are 1 and itself. For a proof of the Fundamental Theorem
of Arithmetic, the reader is referred to a text on elementary number theory.
We say that a positive integer m is square free if its prime factorization has
no repeated factors. For example, 10 = 2 - 5 is square free while 12 =4 -3
isn’t.

Let m € Z be positive and square free, and let Q(y/m) denote the set of
all real numbers of the form a + by/m, where a and b are arbitrary rational
numbers. It is easy to see that sums and products of elements of Q(y/m)
give elements of Q(y/m). Clearly 0 and 1 are elements of Q(y/m). Hence,
assuming the field axioms for R allows us to conclude without any effort
that all but one of the field axioms are satisfied in Q(y/m). We still have to
prove that any non zero element of Q(y/m) has a multiplicative inverse.

So assume a + by/m # 0. Thus at least one of a or b is non zero. By
clearing away the denominators, we can assume the a and b are integers
(why?). Furthermore, we can assume they don’t have any common prime
factors; that is, a and b are relatively prime. (This will also mean that both
a and b are non zero.) The trick is to notice that

(a + bv/m)(a — by/m) = a® — mb>.

Hence
1 _a—bym
a+bym a2 —mb?

Thus, if a? — mb? # 0, then (a + by/m) ™! exists in R and is an element of

Q(v/m).

To see that indeed a? — mb? # 0, suppose to the contrary. Then

a’® = mb.
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But this implies that m divides a?, hence any prime factor p; of m has to
divide a itself. In other words, m divides a. Given that, we may cancel m
on both sides and get an equation

em = b2,

where c is an integer. Repeating the argument, any prime factor of m has to
divide b%, hence b. The upshot of this is that the original assumption that
a and b had no common factor has been violated, so the equation a? = mb?
is impossible. Therefore we have proven

Proposition 4.4. If m is a square free positive integer, then Q(y/m) is a
field.

The field Q(y/m) is in fact the smallest field containing both the rationals
Q and /m.

4.1.4 The Integers Modulo p

The integers modulo p form a class of fields which you may find surprising.
Start with any prime number p > 1, and let

F,={0,1,2,...p—1}.

Using modular arithmetic, we will make I, into a field in a natural way.
Modular arithmetic can succinctly be described as adding and multiplying
using only remainders.

Before that, however, let’s look at he most important and simple ex-
ample, the case p = 2. Recall that we already considered this field in the
previous chapter. The field Fy = {0,1} consists simply of the additive and
multiplicative identities. Addition and multiplication for Fo are determined
for us by the field axioms. I claim we have to have the following:

04+0=0, 0+1=140=1, 1+41=0, 0-1=1-0=0, 1-1=1.

Indeed, since 0 # 1, 1+1#1,s01+1=0.
Proposition 4.5. Fy is a field.

Proof. One would have to check by going through all possible cases, that the
8 field axioms are true. But we can also obtain Fy via arithmetic modulo 2,
as we will see below. O

The reason Fy is so useful is that 0 and 1 represent the states on and off
and adding 1 causes a change of the state. It also plays an important role
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in coding theory and information theory, two disciplines that have arisen
because of the electronic revolution. We will study linear coding theory in
some detail later.

Now suppose p is any prime number greater than one. Let us see how
to make F, = {0,1,2,...,p — 1} into a field. We have to define addition
and multiplication so that all eight field axioms are satisfied. To add two
elements a and b in F,, first take their sum in the usual way to get the
integer a +b. If a + b < p, then we define their sum in F, to be a + b.
However, if a + b > p, we need to use division with remainder. This is the
principle which says that if ¢ and p are non-negative integers with p # 0,
then one can uniquely express a as a = qp + r, where ¢ is a non-negative
integer and 0 < r < p. (For division with remainder, we don’t need that p
is prime.)

Thus, if a + b > p, write

a+b=gqgp+r,

where ¢ is a nonnegative integer and r is an integer such that 0 < r < p.

Then the sum of a and b in F,, is defined to be r. This operation is called

modular addition. To multiply a and b in F,, we use, in an entirely similar

fashion, the remainder upon dividing ab by p. You should check that the

construction of Fy forced upon us above agrees with our definition here.
The next example we look at is F3, which has three elements.

Example 4.1. Let us construct Fz. Of course, 0 and 1 are always the
identities. Now F3 = {0, 1,2}, so to completely determine the addition, we
only have to define 1 +1, 1 + 2 and 2+ 2. First of all, 1 +1 = 2. To find
24 2, first take the ordinary sum 4, then divide 4 by 3. Since the remainder
is1,242=11in F3. Similarly, 1 +2 =0 in F3. Thus —2 =1 and —1 = 2.
To find all products, it is actually sufficient to just find 2 - 2 (why?). But
2.2 =4 in usual arithmetic, so 2-2 =1 in F3. Thus 27! = 2. A good way
to describe addition and multiplication in F3 (or more generally any IF)) is
to construct addition and multiplication tables. The addition table for Fg
will be

+]0 1 2
0jo 1 2
1|1 2 0
2|2 0 1

We will skip the proofs that addition and multiplication defined on I,
using modular arithmetic satisfy the field axioms (i) through (v).
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For arbitrary primes, the existence of additive inverses is easy to see (the
inverse of a is p — a), but it is not so obvious that multiplicative inverses
always exist. To prove that they do, let us first prove that F, satisfies the
property of Proposition 4.1:

Proposition 4.6. Let p be a prime number. If ab = 0 in F,, then either
a=0orb=0 (or both).

Proof. Since ab = 0 in [, is the same thing as saying that p divides the usual
product ab, the Propositionfollows from the following fact about prime num-
bers: if the prime number p divides ab, then it divides a or it divides b. (This
latter fact follows easily from the Fundamental Theorem of Arithmetic.) O

Put another way, we can say that a fixed non-zero element a € F,, induces
a one-to-one map

¢a : Fp \ {0} — Fp\ {0}

Tr —— ax

by multiplication. Here F),\{0} is the set I, without 0. To see that ¢, is one-

to-one, note that ¢, (z) = ¢4(y) implies ax = ay, which implies a(z—y) = 0,

which implies z —y = 0 (by Proposition 4.6) and hence z = y. Since F),\ {0}

is a finite set, this one-to-one map has to be onto. In particular, there exists

an = € F), \ {0}, such that ax = 1, which is the required inverse of a.
Putting the above facts together, we get

Proposition 4.7. If p is a prime, then F,, as defined above, is a field.

If the requirement of having multiplicative inverses is taken out of the
definition of a field, the resulting system is called a ring. For example, Z4
is a ring, but not a field since 2 -2 = 0. In fact, if ¢ is a composite number,
then Z, (defined exactly as above) is a ring but not a field. Note that the
integers Z also form a ring.

We now make some definitions from elementary number theory. For any
integers a and b which are not both 0, let d > 0 be the largest integer which
divides both a and b. We call d the greatest common divisor of a and b. The
greatest common divisor, or simply, gcd of a and b is traditionally denoted
(a,b). For example, (4,10) = 2.

Definition 4.3. Let a,b,c be integers. Then we say a is congruent to b
modulo ¢ if a — b is divisible by c. If a is congruent to b modulo ¢, we write
a = b mod c.

Proposition 4.8. Let a,b,q be positive integers. Then the congruence
equation ax = 1 mod q has a solution if and only if (a,q) = 1.
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This proposition again implies that non-zero elements of IF, have multi-
plicative inverses. It can also me used to prove that IF), is not a field, unless
p is prime.

The following amusing result of Fermat gives a formula for finding the
inverse of any element in [Fy,.

Fermat’s Little Theorem: Suppose p is a prime greater than 1. Then for
any integer a # 0 mod p, a?~1) =1 mod p.

We will give a group theoretic proof of Fermat’s Little Theorem later.

From this, we get

Proposition 4.9. Ifp is a prime and a # 0 in [F},, then the reduction modulo
p of a?=2) s the inverse of a in Fp.

For example, suppose we want to compute the inverse of 5 in Fo3. Since
521 = 476837158203125, we simply reduce 476837158203125 modulo 23,
which gives 14. If you weren’t able to do this calculation in your head, it is
useful to have a math package such as Maple or Mathematica. Of course,
5-14 =70 = 3 - 23 + 1, which is easier to see than the above value of 52.

Note that Fermat’s Little Theorem is not Fermat’s Last Theorem that
Fermat is famous for having stated (without proof): namely, there are no
integer solutions m > 2 of a™ + b™ = ¢™ where a,b,c € Z are all non zero.

Amusingly, Fermat’s Last Theorem is false in F,. Indeed, the Binomial
Theorem implies that the following identity holds for all a,b € [Fy;:

(a+b)P = aP + P (4.3)

Hence the sum of two pth powers is a pth power.

4.1.5 The characteristic of a field

If F is a finite field, then some multiple r of the identity 1 € F has to be
0. The reason for this is that since F is finite, the multiples r1 of 1 can’t
all be different. Hence there have to be m > n such that m1 = nl in F.
But this implies (m —n)1 = 0. Now I claim that the least positive integer r
such that r1 = 0 is a prime. For if r can be expressed as a product r = st,
where s,t are positive integers, then, r1 = (st)1 = (s1)(¢1) = 0. But, by the
minimality of r, s1 # 0 and t1 # 0, so a factorization r = st is impossible
unless either s or ¢ is 1. Therefore r is prime. One calls this prime p the
characteristic of F. In general, we make the following definition:

Definition 4.4. Let F be an arbitrary field. If some multiple ¢1 of 1 equals 0,
we say that I has positive characteristic, and, in that case, the characteristic
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of F is defined to be the least positive integer ¢ such that ¢q1 = 0. If all
multiples ¢q1 are nonzero, we say [F has characteristic 0.

Proposition 4.10. If a field F has positive characteristic, then its charac-
teristic is a prime. Otherwise, its characteristic is 0.

Clearly the characteristics of Q and R are both 0.

4.1.6 Polynomials

Let F be a field and suppose = denotes a variable. We will assume it makes
sense to talk about the powers x’, where ¢ is any positive integer. Define
Flx] to be the set of all polynomials

p(z) = apz™ + 12" 4 a4 ag

with coefficients a; € F for each i, where n is an arbitrary non-negative
integer. If a, # 0, we say that f has degree n. Of course, if a; = 0, we
interpret a;z’ as being zero also. Addition of polynomials is defined by
adding the coefficients of each z'. We may also multiply two polynomials in
the natural way using ’z7 = 2'*7 and the distributive law.

Note that by definition, two polynomials p(z) = ap,z™ +a, 12"+ -+
a1z + ag and q(z) = bpa® + bp_12F "1 + .-+ + byx + by are equal if and only
if a; = b; for each index 1.
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Exercises

Exercise 4.1. Prove that in any field (—1)a = —a.

Exercise 4.2. Prove Fermat’s Little Theorem. (Note: it is alright to consult
an elementary number theory book.

Exercise 4.3. Verify the identity (4.3), and use it to conclude that if a? = bP
in [F,, then a = b.

Exercise 4.4. Prove that the characteristic of the field ).

Exercise 4.5. Show that [, is perfect. That is, every element in F,, is a pth
power.

Exercise 4.6. Show directly that F = {a 4+ bv/2 | a,b € Q} is a field
under the usual operations of addition and multiplication in R. Also, find

(1—+2)"!and (3 —4v2)7".

Exercise 4.7. Describe addition and multiplication for the field F,, having p
elements for p = 5. That is, construct addition and multiplication tables for
F5 as in Example 1.1. Check that every element a # 0 has a multiplicative
inverse.

Exercise 4.8. Use Fermat’s Theorem to find 97! in F;5. Use this to solve
the equation 9z = 15 mod 13.

Exercise 4.9. Find at least one primitive element [ for F137 (Calculators
should be used here.) Also, express 97! using this primitive element instead
of Fermat’s Theorem.

Exercise 4.10. Let Z denote the integers. Consider the set Q of all pairs
(a,b) where a,b € Z and b # 0. Consider two pairs (a,b) and (c,d) to be
the same if ad = be. Now define operations of addition and multiplication
on Q as follows:

(a,b) + (¢,d) = (ad 4 be,bd) and (a,b)(c,d) = (ac, bd).

Show that Q is a field. Can you identify Q7.

Exercise 4.11. Write out the addition and multiplication tables for Fg. Is
Fg is a field? If not, why not?

Exercise 4.12. Find both —(6 + 6) and (6 +6)~! in F7.
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Exercise 4.13. Let F be a field and suppose that F’ C F is a subfield, that
is, F" is a field for the operations of F. Show that F and F’ have the same
characteristic.
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4.2 The Field of Complex Numbers

We will now introduce the field C of complex numbers. The complex num-
bers are incredibly rich. Without them, mathematics would be a far less
interesting discipline. From our standpoint, the most notable fact about the
complex numbers is that they form an algebraically closed field. That is, C
contains all roots of any polynomial

" +ax" 4. ap1r+a, =0

with complex coefficients. This statement, which is due to C. F. Gauss, is
called the Fundamental Theorem of Algebra.

4.2.1 The Definition

The starting point for considering complex numbers is the problem that if a
is a positive real number, then 22+ a = 0 apparently doesn’t have any roots.
In order to give it roots, we have to make sense of an expression such as /—a.
The solution turns turns out to be extremely natural. The real zy-plane R?
with its usual component-wise addition also has a multiplication such that
certain points (namely points on the y-axis), when squared, give points on
the negative x-axis. If we interpret the points on the x-axis as real numbers,
this solves our problem. It also turns out that under this multiplication on
R?, every nonzero pair (a,b)” has a multiplicative inverse. The upshot is
that we obtain the field C of complex numbers. The marvelous and deep
consequence of this definition is that C contains not only numbers such as
\/—a, it contains the roots of all polynomial equations with real coefficients.

Let us now give the details. The definition of multiplication on R? is
easy to state and has a natural geometric meaning discussed below. First
of all, we will call the z-axis the real axis, and identify a point of the form
(a,0)” with the real number a. That is, (a,0)” = a. Hence multiplication
on R can be reformulated as ab = (a,0)7 - (b,0)” = (ab,0)”. We extend this
multiplication to all of R? by putting

(a,0)T - (¢,d)T = (ac — bd, ad + be)™. (4.4)

(Note: do not confuse this with the dot product on R2.)
We now make the following definition.

Definition 4.5. Define C to be R? with the usual component-wise addition
(vector addition) and with the multiplication defined by (4.4).
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Addition and multiplication are clearly binary operations. Notice that
0,a)” - (0,a)T = (—a?,0)7, so that (0,a)” is a square root of —a?. It is
customary to denote (0,1)7 by i so

i=v-1
Since any point of R? can be uniquely represented
(a,0)" = a(1,00" +b(0,1)", (4.5)

we can therefore write
(a,b)T = a +ib.

In other words, by identifying the real number a with the vector a(1,0)” on
the real axis, we can express any element of C as a sum of a real number, its
real part, and a multiple of i, its imaginary part. Thus multiplication takes
the form

(a +1ib)(c + id) = (ac — bd) + i(ad + bc).

Of course, R is explicitly given as a subset of C, namely the real axis.
The Fundamental Theorem of Algebra is formally stated as follows:

Theorem 4.11. A polynomial equation
p(z) =2"+ an_12" V4 darz+ap=0

with complex (but possibly real) coefficients has n complex roots.

There are many proofs of this theorem, but unfortunately, none of them
are elementary enough to repeat here. Every known proof draws on some
deep result from another field, such as complex analysis or topology.

An easy consequence is that given any polynomial p(z) with complex
coefficients, there exist r1,...,r, € C which are not necessarily all distinct
such that

p(z)=(z—r)(z—r2)...(2 —1p).
We now prove
Theorem 4.12. C is a field containing R as a subfield.

Proof. By saying R is a subfield, we mean that addition and multiplication
in C extend the addition and multiplication in R (after identifying R and
the real axis). The verification of this theorem is simply a computation.
The real number 1 is the identity for multiplication in C, and 0 = (0,0)”
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is the identity for addition. If a + ib # 0, then a 4 ib has a multiplicative
inverse, namely

_a—1b
T
The other properties of a field follow easily from the fact that R is a field. [

(a+ib)~! (4.6)

4.2.2 The Geometry of C

We now make some more definitions which lead to some beautiful geometric
properties of C. First of all, the conjugate Z of z = a + ib is defined by
Z = a —ib. It is easy to check the following identities:

+7%z and (4.7)
Z. (4.8)

gl

w4z =

gl

wz =

The real numbers are obviously the numbers which are equal to their con-
jugates. Complex conjugation is the transformation from R? to itself which
sends a point to its reflection through the real axis.

Formula (4.6) for (a + ib) ™! above can now be expressed in a new way.
Let z = a+ib # 0. Since 2Z = a? + b?, we get

-1 _ z
a2+ b2
Notice that the denominator of the above formula is the square of the length

of z. The length of a complex number z = a + ib is called its modulus and
is denoted by |z|. Thus

12| = (22)% = (a® + b?)V/2.

z

Since Wz = W Z, we obtain the nice formula for the modulus of a product,
namely
lwz] = [w]|z]. (4.9)

In particular, the product of two unit length complex numbers also has
length one. Now the complex numbers of unit length are just those on the
unit circle C={z2 + y* = 1}. Every point of C' can be represented in the
form (cos @, sin #) for a unique angle 6 such that 0 < § < 27. It is convenient
to use a complex valued function of # € R to express this. We define the
complex exponential to be the function

" := cosf + isin . (4.10)

The following proposition is geometrically clear.
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Proposition 4.13. Any z € C can be represented as z = |z|e? for some
0 € R. # is unique up to a multiple of 2.

The value of 6 in [0,2n) such that z = |z|e? is called the argument of z.
The key property of the complex exponential is the identity

e!0+m) — ¢ilein (4.11)

which follows from the standard trigonometric formulas for the sine and
cosine of the sum of two angles. (We will give a simple proof of this when we
study rotations in the plane.) This gives complex multiplication a geometric
interpretation. Writing w = |w|e®, we see that

wz = (lwle™)(|2]e”) = (jw]|2])(e"e”) = Jwz|e" ).

In other words, the product wz is obtained by multiplying the lengths of w
and z and adding their arguments.
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Exercises

Exercise 4.14. Find all solutions of the equation 23 + 1 = 0 and interpret
them as complex numbers. Do the same for z* — 1 = 0.

Exercise 4.15. Find all solutions of the linear system

ir1 4+ 2x9 + (1 — i)x3
—x1 + 1T — (2 + i),fcg =

Exercise 4.16. Suppose p(z) € R[z]. Show that the roots of p(z) = 0 occur
in conjugate pairs, that is A\, u € C where A = p.
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4.3 Vector spaces

4.3.1 The notion of a vector space

In mathematics, there many situations in which one deals with sets of objects
which can be added and multiplied by scalars, so that these two operations
behave like vector addition and scalar multiplication in R™. A fundamental
example of this is the set of all real valued functions whose domain is a
closed interval [a,b] in R, which one frequently denotes as R%!. Addition
and scalar multiplication of functions is defined pointwise, as in calculus.
That is, if f and g are functions on [a, b], then f + g is the function whose
value at = € [a, b] is

(f +9)() = f(z) + 9(x),

and if 7 is any real number, then 7 f is the function whose value at x € [a, b]
is
(rf)(z) = rf(z).

The key point is that we have defined sums and scalar multiples so
that the sum of f,g € RI%! and all scalar multiples of a single f € Rl
are also elements of RI*!. When a set S admits an addition (resp. scalar
multiplication) with this property, we will say that S is closed under addition
(resp. scalar multiplication).

A more familiar example is the set C(a,b) of all continuous real valued
functions on [a, b]. Since C(a,b) C RI%! we will of course use the definitions
of addition and scalar multiplication already given for Rt In order to
know that C(a,b) is closed under addition and scalar multiplication, we
need to know that sums and scalar multiples of continuous functions are
continuous. But this is guaranteed by a basic theorem usually discussed in
calculus: the sum of two continuous functions is continuous and any scalar
multiple of a continuous function is continuous. Hence

f + g and rf belong to C(a,b) for all f and g in C(a,b) and any real
scalar r.

We now give the definition of a vector space over a field F. It will be
clear that, under the definitions of addition and scalar multiplication given
above, R*Y is a vector space over R.

Definition 4.6. Let F be a field and V' a set. Assume that there is an op-
eration on V called addition which assigns to each pair of elements elements
a and b of V' a unique sum a+ b € V. Assume also that there is a second
operation, called scalar multiplication, which assigns to any r € F and any
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a € V a unique scalar multiple ra € V. Suppose that addition and scalar
multiplication satisfy the following axioms.

(1) Vector addition is commutative. That is, a+b = b+aforalla,b e V.

(2) Vector addition is also associative. That is, (a+b)+c=a+ (b+c)
for all a,b,c € V.

(3) There is an additive identity 0 € V so that 0 +a =a for alla € V.

(4) Every element of V' has an additive inverse. That is, given a € V,
there is an element denoted —a € V so that a+ (—a) = 0.

(5) la=a, forallae V.

(6) Scalar multiplication is associative. If 7, s € F and a € V, then (rs)a =

r(s(a)).

(7) Scalar multiplication is distributive. If r;s € F and a,b € V, then
r(a+b)=ra+rb, and (r 4+ s)a = ra+ sa.

Then V is called a wvector space over F.

You will eventually come to realize that all of the above conditions are
needed. Just as for fields, the additive identity 0 and additive inverses
unique: each vector has exactly one negative. We usually call 0 the zero
vector.

Let’s look at some more examples.

Example 4.2. The first example is the obvious one: if n > 1, then R™ with
the usual component-wise addition and scalar multiplication is a real vector
space, that is a vector space over R. We usually call R" real n-space.

Example 4.3. More generally, for any field F and 4 > 1, the set F" of all
n-tuples (a1, as,...,a,)" of elements of F can be made into a vector space
over [F in exactly the same way. That is,

(a1, a2, ... an)" + (b1, ba, ..., by)T = (a1 + b, a9 + ba, ... ay +b,)T

and, for all r € FF,

T— (rai,rag,... ,ran)T.

r(ay,az,...,ay)
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Example 4.4. When F = F5, the elements of F" are called n-bit strings.
For example, if n = 4, we have 4-bit strings such as 0000, 1000, 0100, 1100
and so forth. Since there are 4 places to put either a 0 or a 1, there are
24 = 16 4-bit strings. Binary strings have the nice property that each string
is its own additive inverse. Also, the string 1111 changes the parity of each
component. That is, 0101 + 1111 = 1010. The space of n-bit strings are the
fundamental objects of coding theory.

Example 4.5. Similarly, if F = Z,, we can consider the space of all p-ary
strings ajag...a, of elements of F,. Note that when we consider strings,
we often, for simplicity, drop the commas. However, you have to remember
that a string ajas . .. a, can also be confused with a product in F. The space
(Fp)™ is frequently denoted as V' (n, p).

Example 4.6. This example generalizes Rl%!. Let S be any set and define
R® to be the set of all real valued functions whose domain is S. We define
addition and scalar multiplication pointwise, exactly as for R!. Then RS
is a vector space over R. Notice that R” is nothing but RS, where S =
{1,2,...,n}. This is because specifying the n-tuple a = (a1, as,...a,)’ €
R™ is the same as defining a function f, : S — R by setting fa(i) = a;.

Example 4.7. The set P,, of all polynomials

p(z) = apz™ + an12" M4 a4 ag

with real coefficients having degree at most n is a real vector space under
pointwise addition and scalar multiplication defined as above. Pointwise
addition of two polynomials amounts to adding the coefficients of z* in each
polynomial, for every i. Scalar multiplication by r is multiplying each term
a;z* by r. Notice the similarity between these operations on polynomials
and component-wise addition and scalar multiplication on R™*1.

1 1

(anx™ + ap—12" " 4 -+ a1z +ag) + (bpx" + byp_12" 4 - F bz 4 bg) =

(an + b))z + (an_1 + bp_1)x™ L 4 - + (a1 + by)x + (ag + bo),

while
a+b= (GO,al,CL2, L. an)T + (bo,bl,bg, c bn)T

= (ag + bo,a1 + b1, ag + by, ...an +by)".

In this sense, P,, and R"*! are indistinguishable as vector spaces.



107

Example 4.8. Consider the differential equation
y' +ay +by =0, (4.12)

where a and b are real constants. This is an example of a homogeneous
linear second order differential equation with constant coefficients. The set
of twice differentiable functions on R which satisfy (4.12) is a real vector
space.

4.3.2 Inner product spaces

The set C(a,b) of continuous real valued functions on the interval [a,b]
defined in the previous subsection is one of the most basic vector spaces in
mathematics. Although C(a,b) is much more complicated than R”, it has
an important structure in common with R™ which lets us partially extend
our intuition about R™ to C(a,b). Namely, we can define an inner product

(f.g) of f,g € Ca,b) by

b
(fig9) = / f(t)g(t)dt.

The first three axioms for the Euclidean inner product (dot product) on
R™ are verified by applying standard facts about integration proved (or at
least stated) in any calculus book. Recall that the last axiom requires that
(f,f) > 0 and (f,f) = 0 only if f = 0. The verification of this requires
some argument, and we leave it as an exercise in elementary real analysis.

If a real vector space admits an inner product, then the notions of length
and distance can be introduced by just copying the definitions used for R"”
in Chapter 1. The length ||f|| of any f € C(a,b) is defined to be

b
17l = (. )2 = ( / F()%de)'7?,

and the distance between f,g € C(a,b) is defined to be

b
A(7.9) =17 = all = ( [ (50 - g(0)a0) ">
a
Just as for the Euclidean inner product on R™, we can say two functions
f.g € C(a,b) are orthogonal if (f,g) = fff(t)g(t)dt = 0. Then the tools
we developed from the Euclidean inner product on R™ such as projections
and orthogonal decompositions extend word by word to C(a,b). For ex-
ample, cost and sint are orthogonal on [0, 27] because fozﬂ cos tsintdt = 0.
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Although the notion of orthogonality for C(a,b) doesn’t have any obvious
geometric meaning, it nevertheless enables us to extend our intuitive concept
of orthogonality into a new situation. In fact, this extension turns out to
be extremely important since it leads to the idea of expanding a function in
terms of possibly infinitely many mutually orthogonal functions. These in-
finite series expansions are called Fourier series. For example, the functions
cosmz, m = 0,1,2,... are orthogonal on [0,27], and the Fourier cosine
series for f € C(0,2m) has the form

oo
flx) = Z A, COSMT,
m=0

where
27

A, = f(t) cosmtdt/ / cos? mtdt.
0 0

We call a,, the Fourier coefficient of f with respect to cosmt. Notice that
am cos mex is the projection of f on cosma. This series is an infinite version
of the formula in Proposition 2.3.

If we only take finitely many terms of the above Fourier series, we obtain
a least squares approrimation to f.

Example 4.9. Suppose [a,b] = [—1,1]. Then the functions 1 and = are
orthogonal. In fact, z* and 2™ are orthogonal if k is even and m is odd, or
vice versa. Indeed,

1 1
(zF, 2™ = / b amde = / 2*mde =0,
-1 -1
since k +m is odd. On the other hand, the projection of 22 on the constant
function 1 is 71, where r = % f_ll 1-22dz = % Thus, 22 —1/3 is orthogonal to
the constant function 1 on [~1,1], and 22 = (22 —1/3)+1/3 is an orthogonal

decomposition of z? on [~1,1].

Similarly, by arguing exactly as in §2, we immediately obtain a Cauchy-
Schwartz inequality on C(a,b).
Cauchy-Schwartz Inequality for C(a,b). For any f,g € C(a,b), the
inequality

b b b
| / F(Hg(t)di] < ( / F(t)2dt) 3 / g(t)2dt) "2

holds. Equality holds if and only if one of the functions is a constant multiple
of the other.
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4.3.3 Subspaces and Spanning Sets
We next consider the extremely important notion of a subspace.

Definition 4.7. Let V be vector space over a field F. A non-empty subset
W of V is called a linear subspace of V, or simply a subspace, provided
a+ b e W and ra are in W whenever a,b € W and r € F.

The following Proposition is immediate.

Proposition 4.14. Every subspace W of V is a vector space over F in its
own right.

Proof. This is left as an exercise. O

Notice that every subspace of a vector space contains the zero vector 0
(why?). In fact, {0} is itself a subspace, called the trivial subspace. Hence, if
the constant term of a homogeneous linear equation ax + by 4+ cz = d above
is nonzero, then the solution set cannot be a subspace.

Here is a fundamental example of a subspace of R3.

Example 4.10. The solutions (z, y, z)T € R3 of a homogeneous linear equa-
tion ax + by + cz = 0, with a,b,c € R make up the plane consisting of all
vectors orthogonal to (a,b, c)T. By the properties of the dot product, the
sum of any two solutions is another solution, and any scalar multiple of a
solution is a solution. Hence the solution set of a homogeneous linear equa-
tion in three variables is a subspace of R3. More generally, the solution set
of a homogeneous linear equation in n variables with real coefficients is a
subspace of R™. If the coefficients are in the field [, then the solutions in
F™ make up a subspace of F".

The subspaces of R? and R? can be easily described. For R?, they are
{0}, any line through 0 and R? itself. We will consider the subspaces of R?
below. Try to guess what they are before reading further.

A basic method for constructing subspaces of a given vector space is to
take linear combinations.

Definition 4.8. Let vi,...,vy be vectors in V, and let r1,...,7r; be any
elements of F. Then the vector

k
w = E TiV;
=1

is called a linear combination of vi,...,vE. A subspace W which consists
of all linear combinations of a collection of vectors in V', say vy,...,vg, is
said to be spanned by vi,...,Vv.
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Proposition 4.14 says that subspaces are closed under taking linear com-
binations. It also asserts the converse. The set of all linear combinations of
a collection of vectors in V is a subspace of V. We will denote the subspace
spanned by vi,...,vg by span{vy,...,vi}.

As previously noted, lines L and planes P in R? containing O are sub-
spaces of R3. Every line L is by definition span{a} for some (in fact, any)
nonzero a € L. Is every plane P the span of a set of vectors? Well, if a and b
are two non-collinear vectors in P, then W := span{a, b} is contained in P.
The question remains as to whether W = P. To see why the answer is yes,
as expected, you can argue as follows. Let n denote any non-zero normal to
P, and take any ¢ € P. The line through a and 0 and the line through b
and 0 both lie on P. Now any vector of the form ¢ + tb is orthogonal to n,
so the line through c parallel to b also lies on P. This line meets the line
through a and 0 at some ra (why?). Next construct sb in the same way by
interchanging the roles of a and b. Then clearly, ¢ = ra + sb, because c is
the intersection of the line through ra parallel to b and the line through sb
parallel to a. Hence ¢ € span{a, b}, so P = span{a, b}.

On the other hand, if a and b are two non-collinear vectors in R3, then
n = a x b is orthogonal to any linear combination of a and b. Thus we
obtain a homogeneous equation satisfied by exactly those vectors in P =
span{a,b}. (We just showed above that every vector orthogonal to n is on
P.) If n = (r,s,t)T, then an equation is rx + sy + tz = 0.

Example 4.11. Let P be the plane spanned by (1,1,2)” and (—1,0,1)7.
Then (1,1,2)7 x (—=1,0,1)T = (1,-3,1)T is a normal to P, so an equation
for Pisx —3y+2z=0.

4.3.4 Linear Systems and Matrices Over an Arbitrary Field

Although we developed the theory of linear systems over the reals, the only
reason we didn’t use an arbitrary field is that the definition hadn’t yet
been made. In fact, the material covered in Chapter 3 pertaining to linear
systems and matrices goes through word for word when we use an arbitrary
field F. Thus we have m x n matrices over F, which will be denoted by
F™*" and linear systems Ax = b, where A € F"™*" x € F” and b € F™.
Row reduction, matrix inversion etc. all go through as for R. We will not
bother to restate all the results, but we will use them when needed. The
matrix group GL(n,R) is replaced by its counterpart GL(n,F), which is
also a matrix group. One thing to be careful of, however, is that in R", if

xT'x = 0, then x = 0. This is false for most other fields such as Fp. It is
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even false for C since (1 1) <1> =1+i2=0.
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Exercises

Exercise 4.17. Let V be a vector space. Show that 0a = 0.

Exercise 4.18. Let V be a vector space. Show that for any a € V, the
vector (—1)a is an additive inverse of V. In other words, prove the formula
(-1)a= —a.

Exercise 4.19. Describe all subspaces of R3.

Exercise 4.20. Which of the following subsets of R? is not a subspace?
(a) The line z = y;

(b) The unit circle;

(c) The line 2z +y = 1;

s(d) The first octant =,y > 0.

Exercise 4.21. Prove that every line through the origin and plane through
the origin in R? are subspaces.

Exercise 4.22. Find all the subspaces of the vector space V(n,p) = (F),)"
in the following cases:

Hn=p=2

(i) n =2, p=3; and

(iii) n =3, p= 2.

Exercise 4.23. How many points lie on a line in V(n,p)? On a plane?

Exercise 4.24. Let F = F,. Find all solutions in F* of the equation w+z +

y + z = 0. Compare the number of solutions with the number of elements
F* itself has?

Exercise 4.25. Consider the real vector space V' = C(0, 27) with the inner
product defined in §4.3.2.

(a) Find the length of sin®¢ in V.
(b) Compute the inner product (cost,sin?t).

(¢) Find the projection of sin?¢ on each of the functions 1,cost, and sint in

=

(d) Are 1, cost and sint mutually orthogonal as elements of V7
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(e) How would you define the orthogonal projection of sin?¢ onto the sub-
space W of V spanned by 1, cost, and sint?

(f) Describe the subspace W of part (e).
Exercise 4.26. Assume f € C(a,b). Recall that the average value of f over

[a, b] is defined to be
1 b
— / F(t)dt.

Show that the average value of f over [a, b] is the projection of f on 1. Does
this suggest an interpretation of the average value?

Exercise 4.27. Let f,g € C(a,b). Give a formula for the scalar ¢ which
minimizes ,
17 = tall* = [ (#(o) ~tg(w)Pda.
a
Exercise 4.28. Find a spanning set for the plane 3z — y 4+ 2z = 0 in R3.

Exercise 4.29. Find an equation for the plane in R? through the origin
containing both (1,2, —1)T and (3,0, 1)7.

Exercise 4.30. Let L be the line obtained by intersecting the two planes
in the previous two exercises. Express L as span{a} for some a.

Exercise 4.31. Describe all subspaces of R* and R®.
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4.4 Summary

The purpose of this chapter was to introduce two fundamental notions: fields
and vector spaces. Fields are the number systems where we can add, sub-
tract, multiply and divide in the usual sense. The basic examples were the
rationals @, which form the smallest field containing the integers, the reals
(which are hard to define, so we didn’t), the prime fields F,, which are the
systems which support modular arithmetic, and the queen of all fields, the
complex numbers C. The basic property of C is that it contains R and is
algebraically closed. A vector space is what happens when a field is cloned.
That is, we get the space F" of n-tuples of elements in F. In a vector space,
we can add elements and operate on them by scalars. General vector spaces
do not have a multiplication, although some specific examples do. Vector
spaces V have subspaces, the most common example of a subspace being the
set of all linear combinations of a subcollection of the vectors in V. We men-
tioned a special class of vector spaces over R, namely inner product spaces.
These spaces are just like R™ except for the fact that they are frequently
not spanned by finite sets as R™ is. However, some of the properties we
developed for R™, such as orthogonal projection and the Cauchy-Schwartz
Inequalty, go through in the general case just as they did in R™.

For example, C(a,b) is an inner product space that doesn’t have this
property. We also pointed out that the theory of linear systems and matrix
theory, two themes that were carried out over R in Chapter 3, have identical
versions over an arbitrary field.
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Chapter 5

The Theory of Finite
Dimensional Vector Spaces

5.1 Some Basic concepts

Vector spaces which are spanned by a finite number of vectors are said to
be finite dimensional. The purpose of this chapter is explain the elementary
theory of such vector spaces, including linear independence and notion of
the dimension. Indeed, the development of a workable definition for this
notion was one of the first important achievements in basic algebra. We will
also explain the construction of a number basic vector spaces such as direct
sums, duals and quotients.

5.1.1 The Intuitive Notion of Dimension

Roughly speaking, the dimension of a vector space should describe the num-
ber of degrees of freedom an inhabitant of the space has. It is clear what
this means for for subsets of R™ provided n = 1,2 or 3. For example, the
path traced out by a point moving smoothly through R? is intuitively one
dimensional. A smooth surface without any thickness is a two dimensional
object. (On the other hand, the notion of the dimension of non-smooth
paths and surfaces can be very hard to formulate. In fact, such dimensions
may turn out to real, that is non-integral.) The objects we will be treating
here, however, are linear, and we will see that their dimensions are defined
in a natural way.

In particular, we will see that any subspace of F” is finite dimensional.
Since our intuition tells us that R!, R? and R? should have dimensions one,
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two and three respectively, we should expect that our final definition will
have the property that the dimension of R™ is n. Thus, the dimension of F"
should also be n.

5.1.2 Linear Independence

Let V' denote a vector space over a field F. Before defining the notion of
the dimension of V', we need to discuss the concept of linear independence.
One way of putting the definition is to say that a set of vectors is linearly
independent if no one of them can be expressed as a linear combination
of the others. This means that if you have two vectors, they are linearly
independent when they don’t lie on the same line through the origin (i.e.
they aren’t collinear), and three vectors are linearly independent when they
don’t all lie on a plane through the origin. (Of course, any three vectors lie
on a plane, but the plane will not necessarily contain the origin.) Thus the
situation of two, three or any finite number of vectors failing to be linearly
independent will involve a constraint. Let us now formulate a definition.

Definition 5.1. Let wq,...,wy in V. Then we say that wy,...,w; are
linearly independent (or, simply, independent) if and only if the vector equa-
tion

T1W] + ToWg + -+ + W, =0 (5.1)

has only the trivial solution z1 = z9 = --- = x = 0. If a non trivial solution
exists, we will call the vectors linearly dependent (or, simply, dependent).

One of the first things to notice is any set of vectors in V' that includes
0 is dependent (why?). We begin with a reformulation of the concept of
indepedence.

Proposition 5.1. A set of vectors is linearly dependent if and only if one
of them can be expressed as a linear combination of the others.

Proof. Suppose first that one of the vectors, say w1, is a linear combination
of the others. That is

W1 = aaWg + -+ + apWg.

Thus
Wl—a2W2—"'—aka:0,

o (5.1) has a solution with xy = 1, thus a non trivial solution. Therefore
w1, ..., W are dependent. Conversely, suppose wq, ..., w; are dependent.
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This means that there is a solution z1, za, . ..,z of (5.1), where some x; # 0.
We can assume (just by reordering the vectors) that the nonzero coefficient
is 1. Then we can write

W1 = G2W2 + ... AW,
where a; = —x;/x1, so the proof is done. O

FIGURE
(LINEARLY DEPENDENT, INDEPENDENT)

The following fact gives one of the important properties of linearly inde-
pendent sets.

Proposition 5.2. Assume that wi,...,wy are linearly independent vec-
tors in V and suppose v is in their span. Then there is exactly one linear
combination of wy, ..., w which gives v.

Proof. Suppose v can be expressed in two ways, say
V=riwi+7rowa + - + rpwg

and
V = 81W] + S9W9 + -+ + SpWg

where the r; and s; are all elements of F. By subtracting and doing a bit of
algebraic manipulation, we get that

0=v—v=_(r;—s1)wy+ (rg — s2)Wo + - + (rp — si)Wg.

Since the w; are independent, every coefficient r; — s; = 0, which proves the
Proposition. [l

When V' = F”, the definition of linear independence involves considering
a linear system. Recalling that vectors in F" are viewed as column vectors,
consider the n x k matrix A = (w; ... wg). By the theory of linear systems
(Chapter 2), we have

Proposition 5.3. The vectors wi,...,wy in F" are linearly independent
exactly when the system Ax = 0 has no non trivial solution which is the
case exactly when the rank of A is k. In particular, more than n vectors in
F™ are linearly dependent.
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5.1.3 The Definition of a Basis

As usual let V' be a vector space over a field F.

Definition 5.2. A collection of vectors in V' which is both linearly inde-
pendent and spans V is called a basis of V.

Notice that we have not required that a basis be a finite set. Usually,
however, we will deal with vector spaces that have a finite basis. One of the
questions we will investigate is whether a finite dimensional vector space has
a basis. Of course, F™ has a basis, namely the standard basis vectors, or,
in other words, the columns of the identity matrix I,, over F. A non zero
vector in R™ spans a line, and clearly a single non zero vector is linearly
independent. Hence a line has a basis consisting of a single element. A
plane P through the origin is spanned by any two non collinear vectors
on P, and two any two non collinear vectors on P are linearly independent.
Thus P has a basis consisting of two vectors. It should noted that the trivial
vector space {0} does not have a basis, since in order to contain a linearly
independent subset it has to contain a nonzero vector.

Proposition 5.2 allow us to deduce an elementary property of bases.

Proposition 5.4. The vectors vi,...,v, in V form a basis of W if and only
if every vector v in V' admits a unique expression

V =a1Vy +agva + -+ apvp,
where a1, aq,...a, are elements of .

Proof. We leave this as an exercise. O

Example 5.1. Suppose A is an m X n matrix over F. The column space
col(A) of A is a subspace of F™ which we have already considered. Using
our new terminology, if A has rank n, then its columns are independent
and hence form a basis of the column space. This gives a useful criterion
for determining whether or not a given set of vectors in F™ is a basis of
the subspace they span. If the rank of A is less than n, the columns are
dependent, so there is still the problem of finding a basis. More generally,
this is the problem of extracting a basis from a spanning set that may be
dependent. We will solve this for F™ below.

Example 5.2. Let A be an m x n matrix over F. As pointed out in Chapter
3, the theory of linear systems, which was developed in Chapter 3 for the
case F = R, extends over word for word to a linear equation (or system)
Ax = b over any field F and any A € F™*". For example, the fundamental



119

solutions of Ax = 0 are a basis of the null space N'(A), which is a subspace
of F™, and we still have the identity

dim N (A) = n — rank(A),

which was originally stated in (3.4).
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Exercises
Exercise 5.1. Are the vectors (0,2,1,0)”, (1,0,0,1)” and (1,0,1,1)” in
R* are independent? Can they form a basis of R4?

Exercise 5.2. Are (0,0,1,0)”, (1,0,0,1)7 and (1,0,1,1)” independent in
F3?

2
Exercise 5.3. Show that any subset of a linearly independent set is linearly

independent.

Exercise 5.4. Suppose uj, us,...,u; are mutually orthogonal unit vectors
in R™. Show uj,ug,...,u; are independent.

Exercise 5.5. Show that m independent vectors in F™ are a basis.

Exercise 5.6. Find a basis for the space R[x] of all polynomials with real
coefficients.

Exercise 5.7. True or False: Four vectors in R? are dependent. (Supply
reasoning.)

Exercise 5.8. Prove the assertions made in Example 5.2 that the funda-
mental solutions are a basis of N'(A) and dim N (A) = n — rank(A).

Exercise 5.9. Use the theory of linear systems to show the following;:
(i) More than m vectors in F™ are dependent.

(ii) Fewer than m vectors in F™ cannot span F.

Exercise 5.10. Let u, v and w be a basis of R3.

(a) Determine whether or not 3u+2v+w, u+ v+ 0w, and —u+ 2v — 3w
are independent.

(b) Find a general necessary and sufficient condition for the vectors aju +
asV + azw, byu + bov + bsw and ciu + cov + csw to be independent, where
ai,as,...,c3 are arbitrary scalars.

Exercise 5.11. Find a basis for the set of invertible 3 x 3 real matrices.
(Be careful.)
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5.2 Bases and Dimension

We will now (finally) define the notion of dimension and prove the basic
results about bases. As we already noted above (see Exercise 5.9) F" can’t
contain more than n independent vectors. Our definition of dimension will
in fact amount to saying that the dimension of an F-vector space V is the
maximal number of independent vectors. This definition gives the right
answer for the dimension of a line (one), a plane (two) and more generally

5.2.1 The Definition of Dimension

We start with the following definition.

Definition 5.3. Let V be a vector space over an arbitrary field F. Then
we say that V' is finite dimensional if it is spanned by a finite set of vectors.

For the remainder of this section, we will only consider finite dimensional
vector spaces.

Definition 5.4. The dimension of a finite dimensional vector space V is
the number of elements in a basis of V. For convenience, we will define the
dimension of the trivial vector space {0} to be 0, even though {0} doesn’t
have a basis. The dimension of V will be denoted by dim V' or by dimy V'
in case there is a chance of confusion about which field is being considered.

This definition obviously assumes that a finite dimensional vector space
(different from {0}) has a basis. Less obviously, it also assumes that any
two bases have the same number of elements. Hence, we have to prove these
two facts before we can use the definition. Thses assertions will be part of
the Dimension Theorem, which will be proved below.

In order to get some feeling for the definition, let’s consider F™ as a
special case. I claim that if n > 0, any basis of F” has n elements. In
fact, this is just the result of Exercise 5.9, since it says that a basis, being
independent, cannot have more than n elements and, being a spanning set,
has to have at least n elements. In fact, we can even say more.

Proposition 5.5. Every basis of F™ contains exactly n vectors. Moreover, n
linearly independent vectors in F™ span F" and hence are a basis. Similarly
n vectors in F" that span F" are also linearly independent and hence are
also a basis.
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Proof. We already verified the first statement. Now if wq,...,w, are inde-
pendent and A = (wy ... wy,), then N(A4) = {0}, so A has rank n. Since
Ais n x n, we know A has an inverse, so the system Ax = b is solvable for
any b € F”. Thus wy,...,w, span F". Similarly, if wy,...,w, span F",
they have to be independent for the same reason: A is n x n of rank n. [

There is a slight sublety, however, which is illustrated by what happens
when F = C. Since C = R?, C" is in some sense the same as R?". Thus, if we
ask what is the dimension of C", we see that the answer could be either n or
2n and still be consistent with having the dimension of F" be n. Hence when
we speak of the dimension of C" = R?", we need to differentiate between
whether we are speaking of the real dimension (which is 2n) or the complex
dimension (which is n). In other words, dimg C" = 2n while dim¢ C" = n.

5.2.2 Some Examples
We now consider some examples.

Example 5.3. Let e; denote the ith column of I,,. As mentioned above, the
vectors eq,...,e, are the so called standard basis of R". In fact, e1,...,e,
make sense for any field F and, by the same reasoning, are a basis of F".

Example 5.4. The dimension of a line is 1 and that of a plane is 2. The
dimension of the hyperplane ajx1 + - - -+ apz, = 0 in R™ is n — 1, provided
some a; # 0. Note that the n — 1 fundamental solutions form a basis of the
hyperplane.

Example 5.5. Let A = (wy wy ... w,,) be n x n over F, and suppose A
has rank n. Then the columns of A are a basis of F”. Indeed, the columns
span F” since we can express an arbitrary b € F"™ as a linear combinations of
the columns due to the fact that the system Ax = b is consistent for all b.
We are also guaranteed that O is the unique solution of the system Ax = 0.
Hence the columns of A are independent. Thus, the columns of an n X n
matrix over F™ of rank n are a basis of F". (Note that we have essentially
just repeated part of the proof of Proposition5.5.)

Example 5.6. For any positive integer n, let P, denote the space of poly-
nomials with real coefficients of degree at most n (cf. Example 4.7). Let’s
determine a basis of P3. Consider the polynomials 1, z, 22, z3. I claim they
are linearly independent. To see this, we have to show that if
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for every x, then each a; = 0. Now if y = 0, then

y(0) =ag =0, y/(0) =a; =0, y"(0) =ay =0, y"(0) = a3z = 0.

Hence we have the asserted linear independence. It is obvious that 1, z, 22, 23

span Ps, so our job is done.

Example 5.7. Let aq,...,a,, be real constants. Then the solution space of
the homogeneous linear differential equation

y(m) + aly(m_l) + ot ama1y Fany =0

is a vector space over R. It turns out, by a theorem on differential equations,
that the dimension of this space is m. For example, when m =4 and a; =0
for 1 < ¢ < 4, then we are dealing with the vector space P3 of the last
example. The solution space of the equation y” + vy = 0 consists of all linear
combinations of the functions sinx and cos z.

5.2.3 The Dimension Theorem

We will next establish the basic result needed to show that the definition of
dimension makes sense.

Theorem 5.6 (The Dimension Theorem). Assume V is a finite dimen-
sional vector space over a field F containing a non zero vector. Then V has
a basis. In fact, any spanning set for V contains a basis, and any linearly
independent subset of V' is contained in a basis. Moreover, any two bases of
V' have the same number of elements.

Proof. We first show every spanning set contains a basis. Let wq,...,wy
span V. Of course, we may certainly assume that every w; # 0. Now
consider the set of all subsets of {wy,...,wx} which also span V, and let
{v1,...,v,} be any such subset where r is minimal. There is no problem
showing this subset exists, since {w1, ..., wy} has only 2% subsets.

I claim that vq,...,v, are independent. For, if

a1vy + - +apvy =0,

and some a; # 0, then

so if v; is deleted from {vi,...,v,.}, we still have a spanning set, which
contradicts the minimality of r. Thus vq,...,Vv, are independent, so every
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spanning set contains a basis. In particular, since V has a finite spanning
set, it has a basis.
We next show that any linearly independent set in V' can be extended to

a basis. Let wy,...,w,, be independent, and put W = span{wq,...,w,,}.
I claim that if v ¢ W, then wy,...,w,,,v are independent. To see this,
suppose

A1W1 + -+ apWy, +bv = 0.

If b # 0, it follows (as in the last argument) that v € W, contrary to the
choice of v. Thus b = 0. But then each a; = 0 also since the wy are
independent. This proves the claim.

Now suppose W # V. We will use the basis vi,...,v, obtained above.
If each v; € W, then W = V and we are done. Otherwise, let ¢ be the
first index such that v; ¢ W. By the previous claim, wy,...,W;,,Vv; are
independent. Hence they form a basis for Wi = span{wi,..., wy,, v;}.
Clearly we may continue, at each step adding one of the v, if necessary,
always maintaining an independent subset of V. Eventually we have to
obtain a subspace containing v, ..., Vv,, so our original independent vectors
W1, ..., Wy, are contained in a basis.

It remains to show that two bases of V' have the same number of ele-
ments. This is proved by the so called the replacement principle. Suppose
ui,..., U, and vy, ..., Vv, are two bases of V with m # n. Without any loss
of generality, suppose m < n. We can then write

Vi =7iu] +7roug -+ rpUpy,.

Since vy # 0, some r; # 0, so we may suppose, by renumbering indices if
necessary, that 71 # 0. I claim that this implies that vi,us,...,u,, is also
a basis of V. To see this, we must show v, uo,...,u,, are independent and
span. Suppose that

T1V] + Toug - - + Ty, = 0.

If 21 # 0, then
Vi =You + -+ YUy,

where y; = —x;/x1. Since r1 # 0, this gives two distinct ways of expanding
v in terms of the first basis, which contradicts Proposition 5.4. Hence
x1 = 0. It follows immediately that all z; = 0 (why?), so vi,ug,...,u,, are
independent. I leave the proof that vi,us,...,u,, span V as an exercise,
hence we have produced a new basis of V' where v replaces uy. I claim that
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U, ..., U, can be renumbered so that us can be replaced by vo, giving a
new basis vi,vo,us...,u,, of V. To be explicit, we can write

Vo =T1V] +1rou2 -+ Uy,

Then there exists an ¢ > 1 such that r; # 0 (why?). Renumbering so that
1 = 2 and applying the same reasoning as in the previous argument, we get
the claim. Continuing this process, we will eventually replace all the u;’s,
which implies that vi,...,v,, must be a basis of V. But if m < n, it then
follows that v,,+1 is a linear combination of vq,...,v,,, which contradicts
the linear independence of v, ..., v,. Thisis a contradiction, so we conclude
m = n, and the Dimension Theorem is proven. [l

5.2.4 Some Applications and Further Properties

Let’s begin with an application. Let p be a prime and consider a finite di-
mensional vector space V' over F = IF),. Then the dimension of V' determines
the number of elements of V.

Proposition 5.7. The number of elements of V is exactly p&™» V.

The proof goes as follows. Let kK = dim V' and choose a basis w,...,wyg
of V', which we know is possible. Then every v € W has a unique expression

V =0a1W1 + aaWg + -+ - + QWi

where ag,as,...,a; are scalars, that is, elements of F,. Now it is simply
a matter of counting such expressions. In fact, since F, has p elements,
there are p choices for each a;, and, since different choices of the a; give
different elements of V' (Proposition5.2), it follows that V' contains exactly
p-p---p=pF elements. [l

Thus, for example, a line in F™ has p elements, a plane has p? and so
forth.

Example 5.8. Consider for example a matrix over s, for example

N

I
O = O =
= =0 O
S = ==
— =

Let V denote the row space of A, that is the subspace of F4 spanned by A’s
rows. Using row operations, A row reduces to the 4 x 4 identity matrix 4.
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We will see below that row operations leave the row space of A unchanged.
Hence we conclude that the row space of A is F4. The original rows are a
basis as are the rows of A,.q = I4.

We next establish some more properties of finite dimensional vector
spaces. First of all, we prove a fact that is obvious for F¥.

Proposition 5.8. Let V be a finite dimensional vector space, say dimV =
n. Then any subset of V' containing more that n elements is dependent.

Proof. It suffices to show that any subset of n + 1 elements of V' is depen-
dent. Let vi,...,vy,y1 be independent and suppose uy,...,u, give a basis
of V. Applying the replacement principle as in the proof of the Dimension
Theorem (Theorem 5.6), we get that vq,...,v, give a basis, so vi,..., V41
can’t be independent. O

We also need to show the not surprising fact that every subspace of a
finite dimensional vector space is also finite dimensional.

Proposition 5.9. Every subspace W of a finite dimensional vector space
V' is finite dimensional. In particular, for any subspace W of V, dim W is
defined and dim W < dim V.

Proof. We have to show that W is finite dimensional. Consider any set of

independent vectors in W, say wq,...,W,,. If these vectors don’t span W,
then wy, ..., w,,, W11 are independent for any choice of w,, 11 € W not in
the span of wy,...,w,,. If dimV = n, then by Proposition 5.8, more than

n elements of V' are dependent, so it follows that W has to have a finite
spanning set with at most n elements. The assertion that dimW < dimV
also follows immediately from Proposition 5.8. O

5.2.5 Extracting a Basis Constructively

Theorem 5.6 guarantees that any spanning set of a finite dimensional vector
space contains a basis. In fact, the subsets which give bases are exactly the
minimal spanning subsets. Frequently, however, we need an explicit method
for actually extracting one of these subsets. There is an explicit method for

subspaces of F" which is based on row reduction. Suppose wq, ..., w; € F",
and let W be the subspace they span. Let us construct a subset of these
vectors which spans W. Consider the n x k matrix A = (w1 ... wg). We

must find columns of A which are a basis of the column space W = col(4).
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Proposition 5.10. The columns of A that correspond to a corner entry in
Ayeq are a basis of the column space col(A) of A. Therefore, the dimension
of col(A) of A is the rank of A.

Proof. The key observation is that Ax = 0 if and only if A,.4x = 0 (why?).
This says any expression of linear dependence among the columns of A,..q
is also an expression of linear dependence among the columns of A. The
converse statement is also true. For example, if column five of A,.q4 is the
sum of the first four columns of A,..4, this also holds for the first five columns
of A. But it is obvious that the columns of A,.4 containing a corner entry are
a basis of the column space of A,.q (of course, this says nothing about the
column space of A). Hence the corner columns are also linearly independent
in W. But we just saw that every non corner column in A,.q is a linear
combination of the corner columns of A,.q4, so the same is true for A from
what we said above. Therefore, the corner columns in A span W, and the
proof is complete. O

This result may seem a little surprising since it involves row reducing A
which of course changes col(A).

Example 5.9. To consider a simple example, let

1 2 2
A=1|4 5 8
7 8 14
Then
1 01
Area=1(10 1 0
0 00

Proposition 5.10 implies the first two columns are a basis of col(A). Notice
that the first and third columns are dependent in both A and A,.q as the
Proposition guarantees. The Proposition says that the first two columns are
a basis of the column space, but makes no assertion about the second and
third columns, which in fact are also a basis.

5.2.6 The Row Space of A and the Rank of A"

We now consider the row space of a matrix. The goal of this subsection is
to relate the row space to row operations and then to derive a somewhat
surprising result: namely that A and AT have the same rank.



128

Definition 5.5. The row space of an m x n matrix A over F is the subspace
row(A) C F™ of A spanned by the rows of A.

The first fact about the row space of a matrix is about how row opera-
tions affect the row space (not!). Actually, we already let the cat out of the
bag in Example 5.8.

Proposition 5.11. Elementary row operations leave the row space of A
unchanged. Consequently A and A,.q always have the same row space.
Moreover, the non-zero rows of A,.q are a basis of row(A). Hence the di-
mension of the row space of A is the rank of A, that is

dimrow(A) = rank(A).

Proof. The first assertion is equivalent to the statement that for any m x m
elementary matrix F, row(EFA) = row(A). If F is a row swap or a row
dilation, this is clear. So we only have to worry about what happens if £
is an elementary row operation of the type III. Suppose E replaces the ith
row r; by r’; = r; + kr;, where k # 0 and j # 4. Since the rows of EA and A
are the same except that r; is replaced by r’;, and since r’; is itself a linear
combination of two rows of A, every row of FA is a linear combination of
some rows of A. Hence row(EA) C row(A). But since E~! is also of type
111,
row(A) = row((E~'E)A) = row(E~'(EA)) C row(EA),

so row(EA) = row(A). Therefore row operations do not change the row
space, and the first claim of the proposition is proved.

It follows that the non zero rows of A,.q span row(A). We will be done
if the non zero rows of A,.q are independent. But this holds for the same
reason the rows of I, are independent. Every non zero row of A,.q4 has a
1 in the component corresponding to its corner entry, and in this column,
all the other rows have a zero. Therefore the only linear combination of
the non zero rows which can give the zero vector is the one where every
coefficient is zero. Hence the non zero rows of A,.q are also independent,
so they form a basis of row(A). Thus dimrow(A) is the number of non
zero rows of A,.q, which is also the number of corners in A,.4. Therefore,
dimrow(A) = rank(A), and this completes the proof. O

Here is a surprising corollary.

Corollary 5.12. For any m X n matrix A over a field FF,
dimrow(A) = dimcol(A).

Put another way, the ranks of A and AT are the same.



129

Proof. We just saw that dimrow(A) equals rank(A). But in Proposition
5.10, we also saw that dim col(A) also equals rank(A). Finally, rank(AT) =
dim col(AT) = dimrow(A), so we are done. O

This result is unexpected. There would seem to be no connection what-
soever between row(A) and col(A). But now we see they have the same
dimensions. Let us cap off the discussion with some examples.

Example 5.10. The 3 x 3 counting matrix C of Example 3.1 has reduced
form

10 -1
Crea= 10 1 2
00 0

The first two rows are a basis of row(C') since they span row(C) and are
clearly independent (why?).

Example 5.11. Suppose F = Fs and
100111
A=10 1 0 1 0 1
001011

A is already reduced so its rows are a basis of row(A), which is thus a three
dimensional subspace of F®. A little combinatorial reasoning will allow us to
compute the number of elements in row(A). In fact, the answer was already
given by Proposition 5.7. Repeating the argument, there are 3 basis vectors
and each has 2 possible coefficients, 0 and 1. Thus there are 2-2 -2 = 23
vectors in all. The 7 non zero vectors are

(100111), (010101), (001011), (110010), (101100), (011110), (1111001).

Note that all combinations of 0’s and 1’s occur in the first three components,
since the corners are in these columns. In fact, the first three components
tell you which linear combination is involved. Examples of this type will
come up again in linear coding theory.
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Exercises
Exercise 5.12. Find a basis for the subspace of R* spanned by
(1,0,—-2,1), (2,-1,2,1), (1,1,1,1), (0,1,0,1), (0,1,1,0)

containing the first and fifth vectors.

Exercise 5.13. Consider the matrix A = as an ele-

— N
= O N
—
|
—_
[\

ment of R3*3.
(i) Show that the fundamental solutions are a basis of N'(A).
(ii) Find a basis of col(A).
(iii) Repeat (i) and (ii) when A is considered as a matrix over F3.

Exercise 5.14. Suppose V is a finite dimensional vector space over a field
I, and let W be a subspace of V.

(i) Show that if dim W = dimV, then W = V.

(ii) Show that if wi,ws,...,wg is a basis of W and v € V but v ¢ W,
then wq,wo, ..., wg, v are independent.

Exercise 5.15. Let F be any field, and suppose V and W are subspaces of
F™.

(i) Show that V N is a subspace of F™.

(ii) Let V4+W ={ueF" |u=v+wIv e V,we W}. Show that V +W
is a subspace of F".

Exercise 5.16. Consider the subspace W of IF% spanned by 1011, 0110, and
1001.

(i) Find a basis of W and compute |W|.

(ii) Extend your basis to a basis of Fj.

Exercise 5.17. Find a basis of the vector space R™*" of real n x n matrices.
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Exercise 5.18. A square matrix A over R is called symmetric if AT = A
and called skew symmetric if AT = —A.

(a) Show that the n x n symmetric matrices form a subspace of R™*" and
compute its dimension.

(b) Show that the n x n skew symmetric matrices form a subspace of R™*™
and compute its dimension.

(c) Find a basis of R3*3 using only symmetric and skew symmetric matrices.

Exercise 5.19. Show that the set of n X n upper triangular real matrices
is a subspace of R™ ", Find a basis and its dimension.

Exercise 5.20. If A and B are n x n matrices so that B is invertible (but
not necessarily A), show that the ranks of A, AB and BA are all the same.

Exercise 5.21. True or False: rank(A) > rank(A?). Explain your answer.

Exercise 5.22. Let W and X be subspaces of a finite dimensional vector
space V of dimension n. What are the minimum and maximum dimensions
that W N X can have? Discuss the case where W is a hyperplane (i.e.
dimW =n —1) and X is a plane (i.e. dim X = 2).

Exercise 5.23. Let uj,us,...,u, be mutually orthogonal unit vectors in

R™. Are uj,ug,...,u, a basis of R"?

Exercise 5.24. Given a subspace W of R", define W+ to be the set of
vectors in R™ orthogonal to every vector in . Show that W= is a subspace
of R and describe a method for constructing a basis of W .

Exercise 5.25. Let W is a subspace of R™. Show that
dim(W) 4 dim(W+) = n.

Exercise 5.26. Suppose W is a subspace of F” of dimension k. Show the
following:

(i) Any k linearly independent vectors in W span W, hence are a basis
of W.

(ii) Any k vectors in W that span W are linearly independent, hence are
a basis of V.

Exercise 5.27. Show that the functions

2 .3 n
1z, 2%, 2°,...,z",...

are linearly independent on any open interval (a,b).

Exercise 5.28. Is R a vector space over Q7 If so, is dimg R finite or infinite?
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5.3 Some General Constructions of Vector Spaces

In this section, we consider some of the standard ways of producing new
vector spaces: intersections, internal and external sums and quotients. We
also will derive an interesting formula (the Hausdorff Intersection Formula)
relating the dimensions of some of these spaces.

5.3.1 Intersections

Let V be a vector space over a field F with subspaces W and Y.

The most obvious way of building a new subspace is by taking the in-
tersection W NY.
Proposition 5.13. The intersection W NY of the subspaces W and Y of

V' is also a subspace of V.. More generally, the intersection of any number
of subspaces of V is also a subspace.

Proof. This is a simple exercise. U

Proposition 5.13 is simply a generalization of the fact that the solution
space of a homogeneous linear system is a subspace of F™, the solution
space is the intersection of a finite number of hyperplanes in F", where each
hyperplane is given by a homogeneous linear equation.

5.3.2 External and Internal Sums
First of all, let V and W be arbitrary vector spaces over the same field F.

Definition 5.6. The external direct sum of V and W is the vector space
denoted by V' x W consisting of all pairs (v,w), where v V and w € W.
Addition is defined by

(vi, W) + (v, w2) = (V1 + v2, w1 + Wa),
and scalar multiplicatyion is defined by
r(v,w) = (rv,rw).

Of course, the wide awake reader will note that F x F is nothing else than
F2. Thus the external direct sum is a generalization of the construction of
F™. Hence, it can immediately be extended (inductively) to any number
of vector spaces over F. Once this is understood, F™ becomes the n-fold
external direct sum of F. It is also frequently called the n-fold Cartesian
product of F.
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Note also that V' and W can both be considered (in a natural way) as
subspaces of V' x W (why?).

Proposition 5.14. If V and W are finite dimensional vector spaces over [F,
then so is their external direct sum, and dim(V x W) = dim V' + dim W.

Proof. We leave this as an exercise. O
Now suppose W and Y are subspaces of the same vector space V. Then
we can form the internal sum of W and Y.

Definition 5.7. The internal sum or simply sum of W and Y is the set
W+Y={w+y|lweWyeY}

More generally, we can in the same way form the sum of an arbitrary
(finite) number of subspaces Vi, Vs, -+, Vi of V. The sum Vi + -+ + V} is
usually abbreviated as Zle V; or more simply as > V;.

Proposition 5.15. The sum W = Zle V; of the subspaces V1, Vo, -,V
of V' is also a subspace of V. In fact, W is the smallest subspace of V
containing each Vj.

Proof. We leave the proof as an exercise. O

5.3.3 The Hausdorff Interesction Formula

We now ask a more interesting question: what are the dimensions of the
sum W 4+ Y and the intersection W N'Y of two subspaces W and Y of V'?
It turns out that each depends on the other. The relation between them is
called the Hausdoff Intersection Formula.

Theorem 5.16. If W and Y are subspaces of a finite dimensional vector
space V', then

dim(W+Y)=dimW +dimY — dim(W NY). (5.2)

Proof. We know W NY is a subspace of V, so, since V is finite dimensional,
Proposition 5.8 and the Dimension Theorem tells us that WNY has a basis,
say Xi,...,Xg. We also know, by the Dimension Theorem again, that we
can extend this basis to a basis of W, say x1,...,Xg, Wit1, ..., Wi, and
we can do likewise for Y, getting say x1,..., Xk, Yit1,---,Ykts. 1 claim

B = {Xla"-7xkawk+17"' 7Wk+7“7yk+17"'7yk+s}
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is a basis of W + Y. It is not hard to see that B spans, so we leave this to
the reader. To see B is independent, suppose

k k+r k+s
Z X + Z Bjw; + Z YnYm = 0. (5.3)
i=1 j=k+1 m=k-+1

Thus

Z’VmYm = _(Zaixi‘FZﬁjW]‘) eV.

Y Amym €Y OW.

Z Ym¥Ym = Z 0iX;
for some §; € F. Substituting this into (5.3) gives the expression
> oixi+ ) Bv; =0,

where o, = a; + 0;. From this we infer that all the o and 3; are 0 since the
x; and w; are independent. Referring back to (5.3), and applying the same

reasoning, we see that
Z aiX; + Z Ym¥Ym = 0,

hence all «; and ~,, are 0 too. This proves B is independent. It’s clear that
B spans W +Y, so it forms a basis of W 4+ Y. Consequently dim(W +Y) =
k + r 4 s. To finish the proof, we need to count dimensions. Now

dm(W+Y)=k+r+s=(k+r)+ (k+s)—k,
which is exactly dim W + dimY — dim(W NY). O
This leads to a deeper understanding of how subspaces intersect.
Corollary 5.17. If W and Y are subspaces of V', then

In other words,

Thus

dim(WNY)>dimW +dimY —dim V. (5.4)
Proof. Since W and Y are both subspaces of V', dim(W +Y) < dim V. Now
substitute this into the Hausdorff Formula (5.2). O

Example 5.12. Let us illustrate a typical application of (5.4). I claim
that the intersection P; N P, of two planes in R? has to contain a line. For
dim(P; + P,) > 2+ 2 —3 = 1. More generally, the intersection Hy N Hy
of two hyperplanes in R™ has dimension at least 2(n — 1) —n = n — 2,
hence it contains an (n — 2)-dimensional subspace. On the other hand,
the intersection of two planes in R* does not have to contain a line since
24+2—-4=0.
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5.3.4 Internal Direct Sums

The final concept in this section is the notion of an internal direct sum. As
usual, let V' be a vector space over F with subspaces W and Y.

Definition 5.8. We say that V is the internal direct sum (or simply the
direct sum) of W and Y if V.= W 4+ Y and for any v € V, the expression
v=w+ywithw € W and y € Y is unique. If V is the internal direct
sum of W and Y, we write V = W @ Y. More generally, we say V is the
direct sum of a collection of subspaces Vi,...,V; if V = > V; and for any

v € V, the expression v = ) v;, where each v; € V;, is unique. In this case,
we write V = @le Vi.

Proposition 5.18. Suppose V is finite dimensional. Then a necessary and
sufficient condition that V=W @Y is that V =W +Y and WNY = {0}.
Equivalently, V. = W @ Y if and only if dimV = dimW + dimY and
dim(WnNY)=0.

Proof. First, assume V=W +Y and WNY = {0}. Tosee V=W @Y, let
v have two expressions v=w+y =w'+y. Then w—w' =y’ —yisan
element of WNY = {0}, sow =w' andy' =y. Hence V=W @Y. On the
other hand, if V=W &Y and WNY # {0}, then any non-zerow € WNY
has two expressions w = w + 0 = 0 + w. This violates the definition of a
direct sum, so WNY = {0}.

Next, suppose dimV = dim W + dimY and dim(WW NY’) = 0. Then, by
the Hausdorff Intersection Formula, dim(W +Y) = dimW + dim Y. Thus
W +Y is a subspace of V having the same dimension as V. Therefore
V=W+4Y. Since dim(W NY) =0, we have V=W @Y. The converse is
proved by reversing this argument. O

We can extend Proposition5.18 to any number of subspaces as follows.

Proposition 5.19. Suppose V is finite dimensional and V1, ...,V are sub-
spaces. Then V = @le V; if and only if V = > V; and for every index

Z

vin(_V;) = {o}.
J#i

IfYV;=V and Y%  dimV; = dim V, then V = @F_, V;.

Proof. We leave this as an exercise. O
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Example 5.13. In the last section, we defined the orthogonal complement
VL of a subspace V of R™. Recall,

Vi={weR"|w-v=0 forallve V}.

Orthogonal complements in R™ provide examples of direct sums, since as
we saw in Exercise 5.24, dimV + dimV+ = n and VN V+ = {0} (why?).
Thus, for any V,

R =V oV (5.5)
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5.4 Vector Space Quotients

The final topic in this chapter is the construction of the quotient of a vector
space V by a subspace W. This is a new vector space denoted as V/W. In a
certain sense (despite the notation), V/W can be thought of as subtracting
W from V. Not too much should be read into this claim. The meaning
become clearer later.

5.4.1 Equivalence Relations

The notion of a quotient occurs in many different contexts in algebra. It
is surely one of the most fundamental ideas in the area. The basis for this
notion is the idea of an equivalence relation on a set. First, recall that if S
and T are sets, the product S x T (as defined in the previous section) is the
set of all pairs (s,t), where s € S and t € T.

Definition 5.9. Let S be a non-empty set. A subset E¥ of S x S is called
a relation on S. If E is a relation on S, and a and b are elements of S, we
will say a and b are related by E and write aEb if and only if (a,b) € E.
A relation E on S is called an equivalence relation on S when the following
three conditions hold for all a,b,c € S:

(i) (reflexivity) aFEa,
(ii) (symmetry) if aEb, then bEa, and

(iii) (transitivity) if aEb and bEc, then aEc.

If F is an equivalence relation on S and a € S, then the equivalence class of
a is defined to be the set of all elements b € S such that bFEa.

Proposition 5.20. If F is an equivalence relation on S, every element a € S
is in an equivalence class, and two equivalence classes are either disjoint or
equal. Therefore S is the disjoint union of the equivalence classes of E.

Proof. Every element is equivalent to itself, so S is the union of its equiv-
alence classes. We have to show that if two equivalence classes C' and C’
contain a common element a, then C' = C’. Let C and C’ be two equivalence
classes. If a € C N (', then for any ¢ € C and ¢ € C’, we have aEc and
aEd. By (ii) and (iii), it follows that cE¢’. Hence every element equivalent
to ¢ is equivalent ¢/, and conversely. Thus C' = C’. O
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5.4.2 Cosets

Now let V' be a vector space over F and let W be a subspace. We are going to
use W to define an equivalence relation on V. The elements of V/W will be
the equivalence classes. The definition is given in the following Proposition.

Proposition 5.21. Let V be a vector space over F and let W be a subspace.
Given v and y in V, let us say that vEwy if and only if v—y € W. Then
Ey is an equivalence relation on V.

Proof. Clearly vEwv since v—v =0 € W. If vEyy, then yEwv since
W is closed under scalar multiplication. Finally, if vEwy and yEwz, then
vEwz since v—z = (v—y)+ (y —z) and W is closed under sums. Hence
FEyw is an equivalence relation on V. ]

Definition 5.10. Let v € V be fixed. Then the coset of W containing v is
defined to be the set

v+W={v+w|weW} (5.6)

The notion of a coset is nothing complicated. For example, if V = R3
and W is a plane through 0, then the coset v + W is simply the plane
through v parallel to W.

Proposition 5.22. The equivalence classes of the equivalence relation Ey
on V are precisely the cosets of W. In particular, v+ W =y + W if and
only ifv—-—y e W.

Proof. Let C denote the equivalence class of v and consider the coset v+ W.
IfyEwv,theny —v=wecW. Hencey = v+w,soy € v+ W. Therefore
C C v+ W. Arguing in reverse, we also conclude that v+ W C C. O

We now define the quotient space V/W to be the set of all cosets of .
We want to show that cosets can be added. Given two cosets (v + W) and
(y + W), define their sum by

V+W)+(y+W)=(v+y)+W. (5.7)

In order that this addition be a binary operation on V/W, we have to show
that the rule (5.7) is independent of the way we write each coset. That is,
suppose we have v+ W =v/ + W and y + W =y’ + W. Then we have to
show that (v +y) + W = (v' +y') + W. But this is so if and only if

v4+y) -V +y)ew,
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which indeed holds since
V+y) -V +y)=v-V)+ -y

Therefore, addition is well defined. Scalar multiplication on cosets is defined
by
alv+W)=av+W. (5.8)

A similar argument shows that this scalar multiplication is well defined.
We can now define the quotient vector space V/W and prove one of its
main properties.

Theorem 5.23. Let V' be a vector space over a field F and suppose W is a
subspce of V. Define V/W to be the set of cosets of W in V with addition
and scalar multiplication defined as in (5.7) and (5.8). Then V /W is a vector
space over F. If V is finite dimensional, then

dimV/W =dimV — dim W.

Proof. The fact that V/W satisfies the vector space axioms is straightfor-
ward, so we will omit most of the details. The zero element is 04+ W, and the
additive inverse —(v + W) of v+ W is —v + W. Properties such as associa-
tivity and commutativity of addition follow from corresponding properties
in V.

To check the dimension formula, first choose a basis wi,...,wy of W,
and extend this to a basis

Wi, s WE, VI, oo, Vi k

of V. Then I claim the cosets vi + W,...,v,,_x + W are a basis of V/W.
To see they are independent, put v; + W = «; if 1 < i <n — k, and suppose
there exist aq,...,a,_ € F such that ) a;a; = 0+ W. This means that
E?:_lk a;v; € W. Hence there exist bq,..., b, € F such that

n—k k
E a;V; = E bjo.
i=1 j=1

But the fact that the v; and w; comprise a basis of V implies that all a; and
b; are zero. Therefore we have the independence. We leave the fact that
aq,...,0,_k span V/W as an exercise. [l
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Exercises

Exercise 5.29. Prove that the cosets a7, ..., a,_ defined in the proof of
Theorem 5.23 span V/W.
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5.5 Summary

In the previous chapter, we introduced the notion of a vector space V over
an arbitrary field. The purpose of this chapter was to learn some of the
basic theory of vector spaces. The main topics we considered were the twin
concepts of bases and dimension. A basis of V is a subset B of V such
that every vector in V can be uniquely expressed as a linear combination
of elements of B. That is, B spans and is linearly independent. The main
fact is that if V' is finite dimensional (it is spanned by a finite subset), then
any two bases have the same number of vectors. Thus the dimension of a
finite dimensional V' can be defined as the number of elements in a basis
of V. There are two other ways of thinking about a basis. It is a minimal
spanning set and a maximal linearly independent subset of V.

After we covered dimension theory, we considered several examples such
as the row and column spaces of a matrix. These turned out to have the
same dimension, a very surprising fact. We also constructed some new
vector spaces and computed their dimensions. For example, if U and W
are subspaces of V, we defined the sum U + W which is a new subspace
of V and computed dim(U + W). The answer is given by the Hausdorff
Intersection Formula. We also defined what it means to say V is the direct
sum of subspaces U and W and gave examples.

If W is a subspace of V, we may also form the quotient space V/W
whose elements are called the cosets of W. Its dimension is dim V' — dimW'.
The notion of a quotient vector space uses the important fundamental idea
of an equivalence relation. The idea of constructing a quotient vector space
is a fundamental one, which is under constant use. Finally, we still need
to derive some simple but messy formulas for changing basis. This will be
done with great care in the next chapter.
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Chapter 6

Linear Coding Theory

6.1 Introduction

The purpose of this chapter is to give an introduction to linear coding theory.
This is a topic that is not usually treated in linear algebra, but perhaps it
should be. The point is that coding theory is based on elemnetary linear
algebra, but it uses the finite fields I, instead of the reals R. Coding theory
is an extremely important topic because without it, we wouldn’t have PCs,
modems, compact discs, DVDs and many other of the daily necessities.

Before starting, let’s give a little history one of the contributions coding
theory has made. In the 1960’s and 70’s, NASA launched several of the
Mariner space probes in order to gather information about our planetary
system. Omne of main the problems the NASA engineers faced was how to
send the data which was gathered back to earth. Data which has to be
sent electronically is encoded as binary strings, that is, strings of 0’s and
1’s. Since the space probes carried only a tiny, weak transmitter, there
was a high probability that the transmitted data could be scrampled or
entirely lost, due to the fact that there is a lot of radiation in space capable
of disrupting commumications. Solar flares, for example, routinely make
communications even here on earth an impossibility.

To compensate for the possible damage to the transmitted binary strings,
NASA used what are called error-correcting codes. In an error-correcting
code, only certain of the strings 0’s and 1’s, called codewords, are used, so
that for any received string which isn’t a codeword, there may be a good
choice as to which codeword should be substituted to restore the integrity of
the transmission. For example, the Mariner probe to Venus used an error-
correcting code consisting of 64 codewords. Each codeword was a string of
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32 0’s and 1’s (thus the codewords are elements of (F3)3?). This code had
the remarkably good property that it was able to correct an errant reception
with to 7 errors. In other words, almost 25% of the digits could be off and
the correct codeword would still be deducible.

For the reader who wishes to pursue coding theory more deeply, there
are several elementary texts, such as Introduction to Coding Theory by R.
Hill and Introduction to the Theory of Error-Correcting Codes by V. Pless.
A more advanced book is Applied Abstract Algebra by R. Lidl and G. Pilz.
Though more demanding, this book discusses many interesting applications
of linear algebra besides coding theory. The web is also an excellent source
of information. Just type your search topic into www.google.com.

6.2 Linear Codes

6.2.1 The Notion of a Code

The purpose of this section is to introduce the notion of a code. Recall that
V(n,p) denotes F", where F is the prime field F,,.

Definition 6.1. A p-ary code of length n is defined to be a subset of C' of
V(n,p). The elements of C are called codewords. We will denote the number
of elements of C by |C|.

Since |V (n,p) = p™, every code C C V(n,p) is finite.
Proposition 6.1. The number of codes C C V(n,p) is 2P".

Proof. The number of subsets of a set with & elements is 2¥, while |V (np)| =
p". ]

Definition 6.2. A linear subspace C' C V(n,p) is called a linear code. (or
more precisely, a p-ary linear code of length n).

Thus a code C C V(n,p) with the property that the sum of any two
codewords is a codeword, which also contains the null word (i.e. zero vector)
is a p-ary linear code. (Note that when the field is ), a subset containing
the null word which is closed under addition is a subspace.)

An important advantage of linear codes is that a linear code is deter-
mined by giving a set of codewords which span it.

Definition 6.3. If C' C V(n,p) is linear, then any set of codewords which
gives a basis of C is called a set of basic codewords. If dim C = k, we call C
a p-ary [n, k]-code.
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Proposition 6.2. If C is a p-ary [n, k]-code, then |C| = p*.

Proof. This is a special case of Proposition 5.7, but let’s repeat the proof
anyway. Since dimC = k, C has a basis consisting of & codewords, say
C1,...Cg.

Now every codeword can be expressed in exactly one way as a linear
combination

aicy + asco + - - - apCy,

where a1, aq, ..., ar vary over all elements of F,,. Hence there are at most pF
possible linear combinations. But different linear combinations give different
vectors, so in fact |C] = p*. O

The most frequently used codes are binary codes, that is codes where
F = Fy, so we will concentrate on these. The elements of V(n,2) will be
represented simply as strings of n 0’s and 1’s. We will frequently refer to
these as n-bit strings. For example, the two-bit strings are 00, 01, 10, and
11.

Example 6.1. The equation z1 +x2+x3+x4 = 0 defines a 4-bit linear code
of dimension 3. Hence there are 8 codewords. Rewriting this equation as
r1+x2+x3 = x4, we see that x4 can be viewed as a check digit for z1, 2, x3.
In this code, the codewords are the 4 bit strings with an even number of 1’s.
A particular set of basic codewords is {1001,0101,0011}, although there are
other possibly more natural choices.

Example 6.2. Let
1001 11
A=(0 1 0 1 0 1],
001011

and let C be the binary 6-bit linear code spanned by the rows of A. That
is, C' = row(A). Since A is in row reduced form, its rows are independent,
hence form a set of basic codewords for C'. Thus C' is a three dimensional
subspace of V(6,2), so |C| = 8. The 7 non zero codewords are

(100111), (010101), (001011), (110010), (101100), (011110), (1111001).
Note that all possible combinations of 0’s and 1’s occur in the first three

positions. These three letters tell you which linear combination of the basic
codewords is involved. The last three letters are again check digits.
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6.2.2 The International Standard Book Number

The International Standard Book Number (ISBN) is a reference number
that is issued to books published by the mainstream publishing companies.
Its purpose is to assist bookstores in making orders and to help librarians
in cataloguing. The system has been in place since 1969. Each ISBN is a 10
digit string aq - - - ag a1g. The digits aq,..., a9 are allowed to take any value
between 0 and 9, but the last digit a9 can also take the value X, which is
the Roman numeral denoting 10.

For example, the book Fermat’s Enigma by Simon Singh, published in
1997 by Penguin Books, has ISBN 0-14-026869-3. The first digit 0 indicates
that the book is in English, the digits between the first and second hyphens
give the number assigned to the publisher, and the next set of digits indicates
the title. The last digit is the check digit, which we will explain below.
Major publishing companies like Penguin have small numbers (Penguin’s is
14), while small publishers are given a larger number. Whitecap Books in
Vancouver and Toronto has the 6 digit number 921061. Thus Penguin can
publish 999,999 titles (in English), but Whitecap is restricted to 99.

ISBN’s are based on a linear 11-ary [10,9] code, that is, a 9-dimensional
linear subspace C' of V(10,11). The code C is defined to be the solution
space of the homogeneous linear equation in a1, ..., ao given by

aj + 2as + 3as + -+ + 9ag + 10ag = 0.

Clearly, C' can also be described as the null space of the rank one matrix
(12345678910) over Fy;. Since 10+ 1 = 0 in Fyy, the defining equation

can also be expressed as
9

ajg — E iai.

i=1
The ISBN’s are the codewords

aj ag az a4 ...a9 aio

described above (with hyphens inserted in appropriate places). Of course,
not all 11° possible codewords can be used because of the restriction a; # 10
except for aqg.

Example 6.3. For example, 0-15-551005-3 is an ISBN since 0 + 2 + 15 +
20+ 25+ 6+ 0+ 0+ 453 = 3mod(11), as is 0-14-026869-3 from the above
example.
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Example 6.4. Suppose that an ISBN is entered as 0-19-432323-1. With
a minimum amount of technology, the machine in which the numbers are
being entered will warn the librarian that 0-19-432323-1 is not an ISBN: that
is, (0,1,9,4,3,2,3,2,3) doesn’t satisty Y;°, ia; = 0 in Fy;. Thus an error
has been detected. But the type of error isn’t. For example, there may be
a single incorrect digit, or two digits might have been transposed. In fact,
these two possibilities are the most common types of error. The next result
says something about them.

Proposition 6.3. A vector a = (a1, ...,a10) € V(10,11) that differs from
an element of C in exactly one place cannot belong to C; in particular it can-
not be an ISBN. Similarly, an element of V (10, 11) obtained by transposing
two unequal letters of an ISBN cannot be an ISBN.

Proof. We will prove the first assertion but leave the second as an exercise.
Suppose ¢ = (¢q,...,c10) is a codeword which differs from a € V(10,11) in
one exactly component, say c¢; = a; if ¢ # j, but ¢; # a;. Then

v:i=a—c=(0,...,0,a; —¢;,0,...,0).

If a € C, then v € C too, hence j(a; — ¢;) = 0 in Fy;. But since neither j
nor a; — ¢; is zero in Zp1, this contradicts the fact that Fy; is a field. Hence
v & C,s0 a¢ C also. This proves the first assertion. O

Suppose you know all but the kth digit of an ISBN. Can you find the
missing digit? Try this with an example, say 0-13-832x44-3. This is a sure
way to astound your friends and relatives and maybe win a few bets. But
don’t bet with a librarian.

Exercises

Exercise 6.1. Determine all  such that 0-13-832z4-4 is an ISBN.

Exercise 6.2. Determine all x and y such that both 1-2-3832xy4-4 and
3-33-22y377-6 are ISBNs.

Exercise 6.3. Prove the second assertion of Proposition 6.3.

6.3 Error detecting and correcting codes

6.3.1 Hamming Distance

In R”, the distance between two vectors is the square root of the sum of
the squares of the differences of their components. This could never be used
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to measure the distance between two elements of V(n,p) since a sum of
squares in F,, may well be 0. It turns out however that there is another
way of measuring distances and lengths which works extremely well in the
V(n,p) setting.

Definition 6.4. Suppose v = (vi,...,v,) € V(n,p). Define the weight
w(v) of v to be the number of ¢ such that v; # 0. That is,

wvi,...,vn) = |{i | v; #0}.

The Hamming distance (or simply the distance) d(u, v) between u and v in
V(n,p) is defined by
d(u,v) =w(u—v).

For example, w(1010111) = 5. Note that the only vector of weight zero
is the zero vector. Therefore u = v exactly when w(u — v) = 0. In fact
what makes the Hamming distance function d so useful is that it satisfies
the three properties which are used to characterize (or define) a distance
function in general.

Proposition 6.4. Suppose u,v,w € V(n,p). Then:
(i) d(u,v) > 0, and d(u,v) = 0 if and only if u # v;
(ii) d(u,v) = d(v,u); and
(iii) d(u, w) < d(u,v) + d(v,w).

These properties clearly hold for the usual distance function on R™.
Property (iii) is the triangle inequality, so named because in R™ it says
that the length of any side of a triangle can’t exceed the sum of the lengths

of the other two sides. The first two properties of the Hamming distance
are easy to see, but the triangle inequality requires proof.

Proof. First consider the case where u and v differ in every component.
Thus d(u,v) = n. Let w be any vector in V' (n,p), and suppose d(u, w) = k.
Then u and w agree in n — k components, which tells us that v and w
cannot agree in those n — k components, so d(v,w) > n — k. Thus

du,v)=n=k+(n—k) <d(u,w)+d(v,w).

In the general case, let u,v,w be given. Now let u’, v/ and w’ denote the
vectors obtained by dropping the components where u and v agree. Then
we are in the previous case, so

d(u,v) = d(u',v') <du',w') + d(u,w’).
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But d(u/,w') < d(u,w) and d(v',w’) < d(v,w). Therefore,
d(u,v) < d(w, w) + d(v, w).

and the triangle inequality is established. O

One of the most desirable features for a (not necessarily linear) code C' is
that the minimum distance between two any codewords as large as possible.
Let d(C') denote this minimum distance. For a code which isn’t linear, d(C)
has to be computed in the old fashioned way, that is the distance between
every pair of codewords has to be taken into account. In general, if there
are m codewords, then this means doing

()22

calculations (check this). But if C' is linear, finding d(C) takes much less.

Proposition 6.5. If C C V(n,2) is linear, then d(C) is the minimum of
the weights of all the non zero codewords.

We will leave the proof as an exercise.

6.3.2 The Main Result

An code C C V(n,p) of length n such that |C| = M and d(C) = d is often
called an (n, M, d)-code. If C is also linear, M = p* for some positive integer
k. In that case, we say that C'is a p-ary [n, k, d]-code. In general, one wants
to maximize d(C'). The reason for this is given in the next result.

Proposition 6.6. A (not necessarily linear) (n,M,d)-code C' can detect
up to d — 1 errors, ie. if d(v,c) < d —1 for some ¢ € C, then v ¢ C.
Moreoever, C' corrects up to e = (d — 1)/2 errors. That is, if d(v,c) < e,
for some codeword c, then this c is the unique codeword with this property,
and thus c corrects the errors in the non-codeword v.

The error-correcting assertion can be succinctly phrased by saying that
any v within Hamming distance e = (d — 1)/2 of C' is within e of a unique
codeword. So if you know all but e digits of a codeword, you know them all.

Example 6.5. Suppose C' is a 6-bit code with d = 3. Then e = 1. If
¢ = 100110 is a codeword, then v = 000110 can’t be one, but 100110 is the
unique codeword within Hamming distance 1 of the non-codeword 000110.
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We will leave the first assertion of Proposition6.6 as an exercise and
prove the harder second assertion. Assume d(v,c) < (d—1)/2, and suppose
there exists an ¢’ € C such that d(v,c’) < d(v,c). Thus,

d(v,c') <d(c,v) < (d—1)/2.

The idea is to use the triangle identity to estimate d(c,c’), which we know
is at least d(C') = d if ¢ # ¢’. But by the triangle inequality,

d(c,c") <d(c,v) +d(v,c) < (d—1)/2+ (d—1)/2=d -1,

so indeed we have, we have ¢ = c’. O

For the binary [4,3]-code given by z1 + x9 + x3 + x3 + x4 = 0, one sees
easily that d(C') = 2. Thus C detects a single error, but can’t correct an
error because (d —1)/2 = 1/2 < 1. However, if some additional information
is known, such as the component where the error occurs, it can be corrected
using the linear equation defining the code.

6.3.3 Perfect Codes

We can also interpret Proposition 6.6 geometrically. If » > 0, define the ball
of radius r centred at v € V(n,p) to be

Be(v) ={w € V(n,p) | d(w,v) < e}. (6.1)

Extending Proposition6.6, we show

Proposition 6.7. Let C C V(n,p) satisfy d(C') = d, and let e = (d — 1) /2.
For any c € C,

B.(c)NC = {c}.
Hence, an element v € V(n,p) which lies in one of the balls B.(c) lies in

exactly one of them.

Proof. This follows immediately from Proposition6.6. O

Of course, the Propositiondoesn’t say much unless d(C') > 2. Thus the
union of the balls B.(c) as ¢ varies over C is the set of elements of V'(n,p)
which are within e of a unique codeword. The nicest situation is that these
balls cover V(n,p), that is

V(n,p) = U Be(c). (6.2)

ceC
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Definition 6.5. A code C' C V(n,p) with d(C) = d > 2 is said to be perfect
if (6.2) holds. That is, C' is perfect if and only if every element of V' (n,p) is
within e of a (unique) codeword.

We will consider perfect codes in more detail in §6.14. It turns out that
perfect codes are not so abundant. There are infinitely many perfect binary
linear codes C with d(C) = 3, hence e = 1. These single error correcting
codes are known as Hamming codes. A result of Pless says that there are
only two perfect linear codes with e > 1. One is a binary [23, 12]-code with
d =7 and the other is a ternary [11, 6]-code with d = 5.

6.3.4 A Basic Problem

One of the basic problems in coding theory is to design codes C C V(n,p)
such that both |C| and d(C) are large. More precisely, the problem is to
maximize |C| among all length codes C' for which d(C) > m for some given
integer m. The maximum will then depend on n and m. If we also impose
the condition that C' is linear, then we are actually seeking to maximize
dim(C), since |C| = p3™©). An example which has this property is the
binary (8,16,4) code Cg defined in the next example.

Example 6.6. Consider the following matrix

10001110
A:01001101
00101011
00010111

The row space Cg of A is called the extended Hamming code. Notice that
every row of A has weight 4, so the minimum distance of Cg is at most 4. In
fact, it can be shown that d(Cs) = 4. Hence Cg is an (8,16,4)-linear code.

Proposition 6.8. The code Cs maximizes |C| among all 8-bit binary linear
codes with d(C') > 4.

Proof. Since dimCs = 4, we have to show that there are no 8-bit binary
linear codes C' with d(C) > 4 and |C| > 16. Suppose C is in fact one such
code. Then by taking a spanning set for C' as the rows of a k x 8 matrix
A, we can use row operations to put A into reduced row echelon form A,..4
without changing C. For simplicity, suppose that A,.q has the form (I,.|M).
It follows that |C'| = 2", so since |C| > 16, we see that » > 5. Hence M has
at most three columns. Now the only way d(C) > 4 is if all entries of M
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are 1. But then subtracting the second row of A,.q from the first gives an
element of C' of weight 2, which contradicts d(C) > 4. Thus r < 4. O

In fact, by a similar argument, we can show the singleton bound for d(C').
Proposition 6.9. If C is a linear [n, k]-code, then
dlC)<n—Fk+1.
Put another way, a linear code C of length n satisfies

dimC +d(C) < n + 1.

We leave the proof as an exercise. In the next section, we will consider a
class of non-linear binary where both |C| and d(C) are large. Let us a make
a final definition.

Definition 6.6. A linear [n, k]-code C' with d(C) =n — k + 1 is said to be
mazimal distance separating.
6.3.5 Linear Codes Defined by Generating Matrices

The purpose of this subsection is to consider linear codes C given as the
row space of a so called generating matriz. We already considered some
examples of generating matrices in the last subsection.

Definition 6.7. A generating matrixz for a linear [n,k]-code C' is a k x n
matrix over F, of the form M = (I}, | A) such that C' = row(M).

Example 6.7. Let C be the binary [4,2]-code with generating matrix
1 0 11
M= <O 10 1> '
Taking all the linear combinations of the rows, we find that

C = {0000, 1011,0101,1110}.

A check to make sure that we have found all of C is to note that since
dimC =2 and p = 2, C has 4 = 22 elements.

Example 6.8. Let

100111
M=]101 01 01
0 01 011
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One checks easily that besides the rows of M, the elements of C are
(000000), (110010), (101100), (011110), (111001).

Clearly d(C') = 3, so C' is one error-correcting .

The reader should also recall the code Cg considered in Example 6.6.
Every element of C' = row(M) can be expressed as a matrix product of the

form (z1 ... xp)M. (To see this, transpose the fact that the column space
of MT consists of all vectors of the form M7 (y; ... y,)T.) Now, to any
X = (x1...73) € F¥, there is a unique codeword c(x) = (x1 ... )M € C.

For a generating matrix M as above,

k k
c(x)=z1...21 Z ai1Ti - Z Qi(n—k) Ti-
i=1 i=1

Since x1,...,x; are completely arbitrary, the first k entries xq...x are
called the message digits and the last n — k digits are called the check digits.

Exercises

Exercise 6.4. Prove the second assertion of Proposition 6.3.
Exercise 6.5. Prove the first two parts of Proposition6.5.

Exercise 6.6. Consider the binary code C' C V/(6,2) which consists of
000000 and the following nonzero codewords:

(100111), (010101), (001011), (110010), (101100), (011110), (111001).

(i) Determine whether or not C' is linear.

(ii) Compute d(C).

(iii) How many elements of C' are nearest to (011111)?

(iv) Determine whether or not 111111 is a codeword. If not, is there a
codeword nearest 1111117

Exercise 6.7. Prove the first part of Proposition 6.6.

Exercise 6.8. Compute d(C) for the code C' of Example 6.2.



154

Exercise 6.9. Consider the binary code C'; defined as the row space of the
matrix

o~ OO
_ oo o o
—_ = O

1
1
0
1

OO O
o O = O
O = =

in V(7,2).
(i) Compute d(C') and e.

(ii) Find the unique element of C' that is nearest to 1010010. Do the same
for 1110001.

Exercise 6.10. Let r be a positive integer and consider the ball B, (x) C
V(n,2) about x € V(n,2). Show that

mi=3 (%)

=0
Exercise 6.11. Generalize Exercise 6.10 from V'(n,2) to V(n,p).

Exercise 6.12. * Show that if C' is a linear [2,k]-code and C is e-error-

correcting , then
e
3 (”) < o),
izo \'

In particular, if C' is 1-error-correcting , then |C| < 2("=%) /(1 + n).

Exercise 6.13. Show that if P is a permutation matrix, then P defines
a transformation T : V(n,p) — V(n,p) which preserves the Hamming dis-
tance.

Exercise 6.14. Show that if C' is a linear code, then
d(C) = min{w(x) | x € C,x # 0}.

That is, d(C') is the minimum weight among the non zero vectors in C. Use
the result to find d(C) for the code C used to define ISBN’s? Is this code

error-correcting ?
Exercise 6.15. Prove Proposition6.9. (Note,

Exercise 6.16. Taking F = Fy;, compute the generating matrix for the
ISBN code.
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6.4 Hadamard matrices (optional)

We will next consider an interesting class of binary codes based on Hadamard
matrices, which are named after the French mathematician J. Hadamard.
As mentioned above, these so called Hadamard codes have the property
that both |C| and d(C) have a large values (as opposed to what we saw
in Proposition6.9 for linear codes). Hadamard matrices are themselves of
interest, since their properties are not that well understood. As Hadamard
codes are nonlinear, we consider this topic to be a sightseeing trip.

6.4.1 Hadamard Matrices

A Hadamard matriz is an n x n matrix H such that h;; = £1 for all 1 <
1,7 <n and

HHT =nI,.
Proposition 6.10. If H is an n x n Hadamard matrix, then:
(i) H'H = nlI,,
(ii) any two distinct rows or any two distinct columns are orthogonal;
(iii) n is either 1, 2 or a multiple of 4; and

(iv) if n > 1, then any two rows of H agree in exactly n/2 places.

The only assertion that isn’t clear is (iii), although it isn’t hard to see
that that n is even. It’s still an open problem as to whether there is a 4k x 4k
Hadamard matrix for every k > 0. This is known for k£ < 106, but it doesn’t
seem to be known whether there is a 428 x 428 Hadamard matrix.

Example 6.9. Examples of n x n Hadamard matrices for n = 2,4, 8 are

11 1 1
11 11 -1 -1
H2_<1 —1>’ Hi=1y 1 1 1 |

1 -1 1 -1
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and
1 1 1 1 1 1

1
1 -1 -1 1 1 -1 -1
-1 -1 1 1 -1 -1 1
-1 1 -1 1 -1 1 -1
1 -1 -1 -1 -1 1 1
-1 -1 1 -1 1 1 -1
1 1 1 -1 -1 -1 -1
-1 1 -1 -1 1 -1 1

Hg =

el e e

After this point, it is no longer instructive to write them down. One can
produce other Hadamard matrices from these by the transformation H +—
PHQ, where P and () are permutation matrices.

6.4.2 Hadamard Codes

We will now define a Hadamard code. Let H be any n x n Hadamard
matrix. Consider the n x 2n matrix (H| — H), and let H be the binary
matrix obtained by replacing all —1’s by 0’s.

Definition 6.8. The Hadamard code C' associated to H is by definition the
set of columns of H. It is a binary n-bit code with 2n-codewords.

Proposition 6.11. Let C' be an n-bit Hadamard code. Then d(C) = n/2.
Thus C is a binary (n,2n,n/2)-code.

Proof. Recall that n is a multiple of 4, so n/2 is an even integer. The fact
that the ith and jth columns of H are orthogonal if i # j implies they must
differ in exactly n/2 components since all the components are +1. But the
ith and jth columns of H and —H are also orthogonal if ¢ # j, so they
differ in n/2 places too. Moreover, the ith columns of H and —H differ in
n places. This proves d(C) = n/2, as asserted. O

For example, the Hadamard matrix Hs gives the (2,4, 1)-code

1100

100 1)°
The code that was used in the transmission of data from the Mariner space
probes to Venus in the 1970’s was a binary (32,64,16) Hadamard code.
Since (16 — 1)/2 = 7.5, this code corrects 7 errors. An interesting footnote

is that the Mariner space probes, now billions of miles from earth, are still
transmitting data.
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6.5 The Standard Decoding Table, Cosets and
Syndromes

6.5.1 The Nearest Neighbour Decoding Scheme

Suppose that C' C V(n,p) is a p-ary linear n-bit code used in transmitting
data from a satellite. Assume a codeword ¢ = ¢; ... ¢, has been transmitted
and received as d = dj ... d,. Due to atmospheric interference and a number
of other possible sources of noise, the received word d is not a codeword.
The people manning the communication center therefore have to consider
the error E := d — ¢, which of course is unknown to them. The object is to
make an intelligent guess as to what c is.

One popular scheme is the nearest neighbour decoding scheme, which
uses a standard decoding table for C' (SDT for short). The idea is to organize
the elements of V(n, p), into the cosets of C', which were defined in Definition
5.6. For the convenience of readers who skipped §5.4, we will recall the basic
properties of cosets below. The cosets of C are disjoint subsets of V' (n,p)
whose union is all of V' (n,p), such that any elements of the same coset have
the same error. Cosets will turn out to be analogous to the set of all parallel
planes in R3. This is illustrated in the following example.

Example 6.10. Let C' C V(4,2) be the linear code of Example 6.7. We will
now construct an SDT for C. The SDT is a rectangular array listing all 24
elements of V'(4,2) as follows. The first row consists of the elements of C,
putting 0 = 0000 in the first column. To construct the second row, choose
an element E; not in C, and put E; directly below 0000. Now add E; to
each element c in the first row to the right of 0000 and write the result E;+c
directly below c. Thus the first row is the coset 0 + C' of 0, and the second
row is the coset E; + C of E;. Next, select a Eo € V(4,2) which isn’t in
either of the first two rows, assuming one exists, and repeat the previous step
with Es. Continuing this construction will eventually exhaust V' (4,2), and
the final result is the standard decoding table . This construction, however,
may lead to many different standard decoding tables since there aren’t any
canonical choices for the error vectors that appear in the first column. Below
is an example of a standard decoding table for C.

0000 1011 0101 1110
1000 0011 1101 0110
0100 1111 0001 1010 °
0010 1001 0111 1100



158

Every row of an standard decoding table for a subspace C' C V' (n,p) has
the form E + C for some E € V(n,p). The first row is C = 0 + C, and
the potential errors E; we’ve selected vary through the first column. One
obvious comment is that it makes sense to choose errors of minimal weight.
If a codeword c has been transmitted but a non-codeword such as 0111 is
received, then scan the standard decoding table until 0111 is located. In the
example, 0111 occurs in the last row directly below the codeword 0101. The
nearest neighbour decoding scheme assumes that the error is the leading
element 0010 of the last row, so the correct codeword is 0101 = 0111 — 0010.

Notice that it can happen that a row of a standard decoding table con-
tains more than one element of minimal weight. This happens in the third
row of the above table, where there are two elements of weight one. There
is no reason to prefer decoding 1111 as 1011 rather than 1110. The non zero
elements of least nonzero weight in V(n,2) are standard basis vectors. If
dim C' = k, then at most k of the standard basis vectors can lie in C'. These
vectors are therefore natural candidates for the leading column. In fact, it
seems desirable to seek codes C' so that there is a standard decoding table
such that in each row, there is a unique vector of minimal length. We will
see presently that this objective is achieved by perfect linear codes.

6.5.2 Cosets

From an inspection of the above standard decoding table, three properties
are apparent:

(a) different rows don’t share any common elements;
(b) any two rows have the same number of elements; and
(c) every element of V' (4,2) is in some row.

These properties follow from the fact that the rows of a standard decoding
table are the cosets of C.

Definition 6.9. Let V be a vector space over F, and suppose A and B are
subsets of V. We define A + B to be the subset consisting of all vectors of
the form a + b, where a € A and b € B. If C is a subspace of V, then a
subset of V' of the form {v} + C is called a coset of C.

To simplify the notation, we will denote {v}+C by v+ C'. For example,
each row of a standard decoding table is a coset of the linear code C, since it
has the form E 4+ C. The properties (a), (b) and (c) stated above all follow
from
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Proposition 6.12. Let V' be a vector space over ), of dimension n, and
let C' be a linear subspace of V' of dimension k. Every element of V' lies in a
coset of C, and two cosets are either disjoint or equal. In fact, v+C = w+C
if and only if w — v € C. Finally, there are p("=%) cosets of C, every coset
contains pk elements.

Proof. Certainly v € v 4+ C, so the first claim is true. If w + C and v+ C
contain an element y, then y = w + ¢ = v + d for some c¢,d € C. Thus
w =v+c—d. Since c—d € C, it follows that w+C =v+ (c —d) + C.
But since C'is a subspace, (c —d)+C = C, so w+ C = v+ C. This proves
the second claim. If v+ C =w + C, then w — v € C, and conversely. To
prove the last assertion, recall that |C| = p*. Hence |v + C| = p* too. For
v — v + ¢ is a bijection from C to v + C. It follows that there are p(—*)
cosets, which completes the proof. O

In coding theory, the error elements E in the first column of a particular
standard decoding table are sometimes called coset leaders, although in other
contexts, they are known as coset representatives..

6.5.3 Syndromes

One can modifying the construction of an standard decoding table so that
it isn’t necessary to scan the whole table to find a given entry. This is
important since scanning is an inefficient process in terms of computer time.
The amount of scanning can be greatly reduced by using syndromes. The
simplification come about by introducing the notion of a parity check matrix.

Definition 6.10. Let C' C V(n,p) be a linear code given by a generating
matrix M = (I, | A). A parity check matriz for C is an (n— k) x n matrix H
such that C is the null space of H after identifying row and column vectors.

One of the advantages of using a generating matrix in the form M =
(I | A) is that the parity check matrix H is simple to write down.

Proposition 6.13. Suppose C' C V(n,p) is the code obtained as the row
space of a generating matrix M = (I | A). Then ¢ € C if and only if
(AT | I,_)c” = 0. Thus, H = (—A" | I,_},) is a parity check matrix for
C'. Furthermore, two vectors d; and dg in V(n,p) are in the same coset of
C if and only if HdT = HdT.

We will leave the proof that H is a parity check matrix as an exercise.

When C is a binary code, the parity check matrix H = (AT | I,,_;), since
—AT = AT,



160

We now give the proof of the second assertion. Note that d; and ds are in
the same coset of C if and only if d; —dy € C if and only if H(d; —d2)” =0
if and only if Hd¥ = HdZ. O
Definition 6.11. We call dH” = (HdA")T the syndrome of d € V(n,p)
with respect to C.

To incorporate syndromes in a standard decoding table , we insert an
extra column consisting of the syndromes of the cosets. Thus each row
consists of a coset and the syndrome of that coset. The different syndromes
identify the different cosets, so instead of having to scan the whole decoding
table to find d, it suffices to first scan the column of syndromes to find the
syndrome of d and then scan that row.

Example 6.11. Let M be the generating matrix of Example 6.7. Recall
1 011
M= <0 10 1> '
Thus

HT =

O~ O
—_ O = =

The syndromes are found by taking the matrix product

000 0\ /11 0 0
100001 [11
01 00]ft ol o1
0010/ \o1 10

Thus the standard decoding table with syndromes is

0000 1011 0101 1110 00
1000 0011 1101 0110 11
0100 1111 0001 1010 oO1
0010 10001 0111 1100 10
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Exercises

Exercise 6.17. Prove Proposition 6.12.
Exercise 6.18. Prove Proposition ?7.

Exercise 6.19. Construct the standard decoding table with syndromes for
the binary code C with generating matrix

100111
010010
001101

(Note, this is rather complicated since C' has 8 elements. Thus the standard
decoding table with syndromes is a 8 x 9 table (counting the syndromes
as one column) since V(6,2) has 64 elements. Perhaps you can write a
program.)

Exercise 6.20. Let C be the code of the previous problem.

(a) How many errors does C' detect?

(b) How many errors does it correct?

(c) Use the standard decoding table with syndromes you constructed in
Exercise 6.20 to decode 101111 and 010011.

Exercise 6.21. Show that, indeed, C' = {c € V(n,2) | cHT = 0}. (Sugges-
tion: begin by showing that M H” = O. Hence every row of M lies in the
left null space of H. Now compute the dimension of the left null space of
H, using the fact that H and H” have the same rank.)

Exercise 6.22. Construct the standard decoding table for the binary code
with generating matrix
1010
<0 10 1) '

Exercise 6.23. Let C be a binary linear n-bit code with n > 3 with parity
check matrix H. Show that if no two columns of H are dependent (i.e.
equal), then d(C) > 3.

Exercise 6.24. Generalize Exercise 6.23 by showing that if C C V(n,p) is
a linear code with a parity check matrix H having the property that no m
columns of H are linearly dependent, then d(C') > m + 1.
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Exercise 6.25. Show that any coset of the ISBN contains a unique standard
basis vector. In particular, any 10 digit number differs form an ISBN in one
digit. Can you determine in general when it is possible, for a given C, to
have a standard decoding table where the coset leaders are the standard
basis vectors?

Exercise 6.26. Find an upper bound on the number of operations required
to scan the standard decoding table (with syndromes) associated to an p-ary
[n, k] code to find any d € V(n,2). Compare this result to the number of
operations needed to find d before adding the syndromes.
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6.6 Perfect linear codes

Recall from Definition 6.5 that a code C' C V(n,p) with d(C) = d > 2 such
that the balls B(c) cover V(n,p) as ¢ ranges through C is called perfect.
The first thing we will do in this section is to reformulate this definition
for linear codes. It turns out that each coset of a perfect linear code has a
unique element of weight less than e = (d — 1)/2. As we mentioned in the
previous section, since the coset leaders of the rows of a standard decoding
table represent the common error for its entire coset (i.e. row), one would
like the standard decoding table to have the property that the weight of each
coset leader is strictly less than the weight of all other elements of its row.
This property can’t always be arranged, since there can be several minimal
weight vectors in a coset, as we saw in Example 6.10.

Proposition 6.14. A linear code C' C V(n,p) with d > 2 is perfect if and
only if every coset x + C of C' contains a unique element of B,(0).

Proof. Suppose C' is perfect. Then by definition, every coset x + C' contains
an element of B.(c). We need to show that a coset x + C can’t contain two
elements of B.(0). That is, we have to show that if x,y € B¢(0) and x # y,
then x + C # y + C. But if x,y € B¢(0), the triangle inequality gives

d(x,y) <d(x,0) +d(y,0) < 2e < d.

It follows that x # y, then x + C # y 4+ C. Indeed, if x + C =y + C, then
x—yeC,so
dx,y) = wix —y) > d.

Therefore distinct elements of B.(0) give distinct cosets, so each coset con-
tains a unique element of B.(0). To prove the converse, let x € V(n,p) be
arbitrary, and consider its coset x + C. By assumption, x + C' meets B,(0)
in a unique element, say x + c¢. It follows that x € B.(—c), so since x is
arbitrary, (6.2) holds. Thus C is perfect, and the proof is finished. O

Example 6.12. The binary code C'5 = {000,111} is perfect. Note d = 3 so
e = 1. Thus the perfection is clear since any element of V/(3,2) is one unit
away from a codeword (namley 000 if it has two 0’s and 111 if it has two 1’s.
The generating matrix of C is M = (I1]|11). Thus the parity check matrix

1S
110
H_<1 0 1>'
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The syndromes are given by the product

O O = O
o~ O O
_ o o O
S ==
S = = O
_= O = O

which gives the standard decoding table with syndromes as

000 111 00
100 011 11
010 101 10
011 110 01

We will give a less trivial example in the next subsection. Let’s also make
a couple of useful observations. For example, perfect codes C' C V' (n,p) with
d = 3 or 4 and hence e = 1 have the property that every vector is of distance
one from a unique codeword, which is the minimal possible distance. In
particular, if C'is also linear, there exists an obvious choice for the standard
decoding table , the one for which the coset leaders lie in B.(0). But the
elements of B.(0) of weight 1 are the p — 1 multiples (using ), \ {0}) of the
standard basis vectors of V(n, p). This fact has the consequence that for any
standard decoding table for C' with syndromes, the coset of any v € V(n, p)
can be immediately located by comparing its syndrome with the syndromes
of the standard basis vectors and their multiples.

6.6.1 Testing for perfection

It turns out that there is a simple way of testing when a binary linear code
is perfect.

Proposition 6.15. Suppose C' C V(n,2) is a linear code with dimC = k.
Then C is perfect if and only if |B.(0)] = 2%, Put another way, C' is

perfect if and only if
3 (”) _ k),
i

=0
In particular, if e = 1, then C' is perfect if and only if

(14 mn)2k =2m,

Proof. The first statement follows from the fact that 2("=%) is the number
of cosets of C'. But we already saw that the number of elements in B.(0) is
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given by
e
n
Bwl=3 (7).
i=0
so the second statement follows. Applying this formula to the case e = 1
gives the second assertion. O

Notice that |B(0)| has nothing to do with C'. The problem of finding
a perfect code is to determine n and k so that |B.(0)| = 2("=*) and there
exists a k-dimensional subspace C of V(n,2) with d(C) = 2¢ + 1. If a
perfect linear n-bit code C' with e = 1 exists, then n = 2¥ — 1 for some m
and n —m = dim C. Some possible solutions for these conditions are n = 3,
k=2and n =17k =3 We saw an example of the first case. The next
example shows that a perfect code in the latter case (with n =7 and k = 3)
can be realized.

Example 6.13. Consider the 7-bit code C'7 defined as the row space of the
matrix

o~ OO
—_ o O o
—_ = O =

1
1
0
1

OO O
OO~ O
O = =

By enumerating the 16 elements of C'7, one sees that d(C7) = 3, so e = 1.
Since (7 +1)2* = 27, Cy is perfect.

6.6.2 The hat problem

The hat problem is an example of an instance where the existence of a
particular mathematical structure, in this case, perfect codes with e = 1
has a surprising application. Beginning with a simple case, let us describe
the hat game. Suppose there are three players each wearing either a white
hat or a black hat. Each player can see the hats of the other two players,
but cannot see what color her own hat is. Furthermore the players are
in sound proof booths and cannot communicate with each other. Each
booth has three buttons marked B,W and P (for pass or no guess). At the
sound of the buzzer, each player presses one of her three buttons. If nobody
guesses incorrectly, and at least one player guesses correctly, then they share
a $1,000,000 prize. The problem is this: assuming the players are allowed to
formulate their strategy beforehand, how should they proceed to maximize
their chances of winning?
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Clearly, a pretty good strategy would be to have two players abstain
and to have the third make a random guess. Their probability of winning
with this strategy is a not bad 1/2. But this strategy doesn’t make any
use of fact that each player can see the hats of her two teamates. Suppose
the following strategy is adopted: if a player sees that the other two players
have the same colored hat, she guesses the opposite color. A player who
sees different colored hats passes. With this strategy, the only losing hat
configurations are BBB or WWW, so they win six out of eight times. Hence
the probability of winning is at least a fantastic 3/4.

What does this have to do with perfect codes such that e = 17 If
we represent Black by 0 and White by 1, then the various hat arrays are
represented by the 23 = 8 3-bit strings. Let C be the 3-bit code {000, 111}.
Thus C is a perfect code with e = 1. The above strategy amounts to the
following. The three contestants agree ahead of time to assume that the hat
configuration isn’t in C'. The probabilty of this happening is 3/4 since 6
out of 8 configurations aren’t in C'. Suppose that this assumption is correct.
Then two players will see a 0 and a 1. They should automatically pass since
there is no way of telling what their hat colors are. The third will see either
two 0’s or two 1’s. If she sees two 0’s, then (by assumption) she knows her
hat is white and she hits the button marked W (for white). If she sees two
1’s, then (by assumption) she knows her hat is black, and she hits the button
marked B. This strategy fails only when the configuration lies in C.

Next, let’s suppose there are 7 players imaginatively labelled 1, ..., 7. If
we still represent Black by 0 and White by 1, then the various hat arrays are
represented by the 27 7-bit strings. Let’s see if the strategy for three hats
still works with seven hats. First, all seven players need to memorize the
16 codewords of C;. The players assume before the game starts to assume
that the hat array isn’t in C7. Since |C7| = 2%, the probability that the
hat array is in C7 is 2¢/27 = 1/8. Suppose (as for three hats) that their
assumption is correct. Then the hat array z; ... x7 differs in one place from
a codeword cg ...cy. Suppose this occurs at 1. Then x9 = co,...,x7 = c7.
So player #1 sees co ... c7 and recognizes that her hat color must be ¢; + 1
and guesses accordingly. Player #2 sees xzics...c7. But since d(C7) = 3,
she knows that whatever x4 is, x122c3 ... c7 € C. Therefore, she has to pass,
as do the other five contestants. the chances that they win the million bucks
are pretty good (7/8).

Can you devise a strategy for how to proceed if there are 4,5 or 6 players?
What about 8 or 97 More information about this problem and other related
(and more serious) problems can be found in the article The hat problem
and Hamming codes by M. Bernstein in Focus Magazine, November 2001.
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Exercises

Exercise 6.27. Construct the parity check matrix and syndromes for C’.
Exercise 6.28. Consider the code C' = {00000, 11111} C V(5,2).

(i) Determine e.

(ii) Show that C is perfect.

(iii) Does C' present any possibilities for a five player hat game?
Exercise 6.29. Show that any binary [23, 12]-code with d = 7 is perfect.

Exercise 6.30. Show that any binary [2¥ — 1,2 — 1 — k]-code with d = 3
is perfect. Notice C7 is of this type.
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Chapter 7

Linear Transformations

In this Chapter, we will define the notion of a linear transformation between
two vector spaces V and W which are defined over the same field and prove
the most basic properties about them, such as the fact that in the finite
dimensional case is that the theory of linear transformations is equivalent
to matrix theory. We will also study the geometric properties of linear
transformations.

7.1 Definitions and examples

Let V and W be two vector spaces defined over the same field F. To define
the notion of a linear transformation 7' : V — W, we first of all, need to
define what a transformation is. A transformation F' : V — W is a rule
which assigns to every element v of V' (the domain of F) a unique element
w = F(v) in W. We will call W the target of F. We often call F' a mapping
or a vector valued function. If V. =TF" and W = F™, then a transformation
F : F* — F™ is completely determined by component functions f1,..., fin
which satisfy

F(.%‘l,wg, e ,:cn) = (fl(acl,xg,. .. ,:cn),fg(xl,wg, e ,l‘n), e

v (@, e, xy)).

The same is true if V and W are finite dimensional vector spaces, since
we can choose finite bases of V and W and imitate the above construction
where the bases are the standard ones.

169
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7.1.1 The Definition of a Linear Transformation

From the algebraic viewpoint, the most interesting transformations are those
which preserve linear combinations. These are called linear transformations.
We will also, on occasion, call linear transformations linear maps.

Definition 7.1. Suppose V and W are vector spaces over a field F. Then
a transformation T : V — W is said to be linear if

(1) forallx,y e V, T(x+y) =T(x) + T(y), and

(2) forall r € Fand all x € V, T(rx) = rT(x).

It’s obvious that a linear transformation 1" preserves linear combinations:
ie. forall s € Fand all x,y € V

T(rx+ sy) =1T(x) + sT(y).

Another obvious property is that for any linear transformation T': V. — W,
T(0) = 0. This follows, for example, from the fact that

T(x)=T(x+0)=T(x)+T(0)

for any x € V. This can only happen if 7(0) = 0.

7.1.2 Some Examples

Example 7.1. Let V be any vector space. Then the identity transformation
is the transformation Id : V' — V defined by Id(x) = x. The identity
transformation is obviously linear.

Example 7.2. If a € R", the dot product with a defines a linear trans-
formation T, : R" — R by Ta(x) = a-x. It turns out that any linear
transformation T : R™ — R has the form T, for some a.

Example 7.3. A linear transformation 7" : R? — R? of the form

r(0)-(a)
Yy ny
where A and p are scalars, will be called a diagonal transformation. Since
T(e1) = \ej and T'(e2) = pes, whenever both A and p are nonzero, T maps a

rectangle with sides parallel to e; and e, onto another such rectangle whose
sides have been dilated by A and p and whose area has been changed by
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the factor [Ap|. Such diagonal transformations also map circles to ellipses.
For example, let C' denote the unit circle 22 + 2 = 1, and put w = Az and
z = uy. Then if A # u, the image of T is the ellipse

More generally, we will call a linear transformation T : V' — V diagonalizable
if there exist a basis vy,...,v, of V such that T(v;) = \;v; for each index
i, where \; € F. Diagonalizable linear transformations will also be called
semi-simple. It turns out that one of the main problems in the theory of
linear transformations is how to determine when a linear transformation is
diagonalizable. This question will be taken up when we study eigentheory.

FIGURE
(DIAGONAL TRANSFORMATION)

Example 7.4. The cross product gives a pretty example of a linear trans-
formation on R3. Let a € R?® and define Cy : R? — R3 by

Ca(v) =axv.
Notice that Cy(a) = 0, and that Cy(x) is orthogonal to a for any x. The
transformation C, is used in mechanics to express angular momentum.

Example 7.5. Suppose V = C(a,b), the space of continuous real valued
functions on the closed interval [a,b]. Then the definite integral over [a, b]
defines a linear transformation

b
/ V—-NR

by the rule f — f; f(t)dt. The assertion that f; is a linear transformation
is just the fact that for all ,s € R and f,g € V,

/ab(rf +sg)(t)dt =r /abf(t)dt + s /abg(t)dt-

This example is the analogue for C(a,b) of the linear transformation T, on
R™ defined in Example 7.3, where a is the constant function 1, since, by
definition,

b
/ F(H)dt = (£,1).
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Example 7.6. Let V be a vector space over I, and let W be a subspace of
V. Let 7 : V — V/W be the map defined by

T(v)=v+W.

We call 7 the quotient map. Then m is a linear map. We leave the details
as an exercise.

7.1.3 The Algebra of Linear Transformations

Linear transformations may be added using pointwise addition, and they
can be multiplied by scalars in a similar way. That is, if F,G : V — W are
two linear transformations, we form their sum F' + G by setting

(F 4+ G)(v) = F(v) + G(v).

If a € F, we put
(aF)(v) = aF(v).

Thus, we can take linear combinations of linear transformations, where the
domain and target are two I vector spaces V and W respectively.
Proposition 7.1. Let V and W be vector spaces over F. Then any linear
combination of linear transformations with domain V and target W is also
linear. In fact, the set L(V,W) of all linear transformations T : V. — W is
a vector space over F.

Proposition 7.2. Suppose dimV = n and dim W = m. Then L(V, W) has
finite dimension mn.



173

Exercises

Exercise 7.1. Show that every linear function 7" : R — R has the form
T(z) = ax for some a € R.

Exercise 7.2. Determine whether the following are linear or not:
(i) flx1,22) = 2% — a2,
(ii) g(z1,m2) = 1 — 2.
(iii) f(x) =€,

Exercise 7.3. Prove the following;:

Proposition 7.3. SupposeT : F" — F™ is an arbitrary transformation and
write

T(v) = (f1(v), f2(V), - s fm(¥)).

Then T is linear if and only if each component f; is a linear function. In
particular, T is linear if and only if there exist aj,as, ..., a,, in F" such that
for all v e F",

T(v)=(a;-v,ag-Vv,...,&, V).

Exercise 7.4. Prove Proposition 7.2.

Exercise 7.5. Let V be a vector space over I, and let W be a subspace of
V. Let m: V — V/W be the quotient map defined by m(v) = v + W. Show
that 7 is linear.

Exercise 7.6. Let T : R? — R? be a linear map with matrix <Z Z)

The purpose of this exercise is to determine when 7' is linear over C. That
is, since, by definition, C = R? (with complex multiplication), we may ask
when T'(af) = oT(B) for all o, 8 € C. Show that a necessary and sufficient
condition is that a = d and b = —c.
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7.2 Matrix Transformations and Multiplication

7.2.1 Matrix Linear Transformations

Every m xn matrix A over F defines linear transformation 74 : F" — F™ via
matrix multiplication. We define T4 by the rule T4(x) = Ax. If we express
A in terms of its columns as A = (a; az --- a,), then

Ta(x) = Ax = Z ;4.
i=1

Hence the value of T4 at x is the linear combination of the columns of A
which is the ith component x; of x as the coefficient of the ith column a; of
A. The distributive and scalar multiplication laws for matrix multiplication
imply that T4 is indeed a linear transformation.

In fact, we will now show that every linear transformations from F” to
F™ is a matrix linear transformation.

Proposition 7.4. Every linear transformation T : F" — F™ is of the form
T for a unique m x n matrix A. The ith column of A is T'(e;), where e; is
the ith standard basis vector, i.e. the ith column of I,,.

Proof. The point is that any x € F" has the unique expansion

n
X = E Ti€;,
=1

S0,
n

n
T(x)=1T( Z zi€;) = Z z;T(e;) = Ax,
i=1 i=1
where A is the m x n matrix (T'(e;)...T(ey)). If A and B are m x n and
A # B, then Ae; # Be; for some i, so Ts(e;) # Tr(e;). Hence different
matrices define different linear transformations, so the proof is done. ged

Example 7.7. For example, the matrix of the identity transformation Id :
F™* — F™ is the identity matrix I,,.

A linear transformation 1" : F* — F is called a linear function. If a € I,
then the function Tj,(z) := ax is a linear function 7" : F — F; in fact, every
such linear function has this form. If a € F”, set Th(x) = a-x = a’x. Then
we have
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Proposition 7.5. Every linear function T : F* — F has T, for some a € F™,

That is, there exist a1, as9,...,a, € F such that
T
To n
T . | =a-x= Z ; T;.
: i=1
Tn
Proof. Just set a; = T'(e;). O

Example 7.8. Let a = (1,2,0,1)”. Then the linear function Ty : F* — F
has the explicit form

I
T2
L3
L4

= x1 + 229 + x4.

7.2.2 Composition and Multiplication

So far, matrix multiplication has been a convenient tool, but we have never
given it a natural interpretation. For just such an interpretation, we need to
consider the operation of composing transformations. Suppose S : FP — F”
and T : F™ — F™. Since the target of .S is the domain of T', one can compose
S and T to get a transformation T o S : FP — F™ which is defined by

ToS(x) = T(S(x)).

The following Proposition describes the composition.

Proposition 7.6. Suppose S : FP — F” and T : F* — F™ are linear
transformations with matrices A = Mg and B = Mp respectively. Then the
composition T o S : FP — F™ is also linear, and the matrix of T' o S is BA.
In other words,

ToS=TgoTy=Tpgy4.

Furthermore, letting M7 denote the matrix of T,
M.ros = MrMs.
Proof. To prove T o S is linear, note that
ToS(rx+sy) = T(S(rx+sy))
= T(rS(x)+sS(y))
= rT(S(x)) +sT(S(y)).
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In other words, 7o S(rx + sy) = r1T o S(x) + sT o S(y), so T o S is linear
as claimed. To find the matrix of T o S, we observe that

T o S(x) =T(Ax) = B(Ax) = (BA)x.

This implies that the matrix of T' o S is the product BA as asserted. The
rest of the proof now follows easily. O

Note that the key fact in this proof is that matrix multiplication is
associative. In fact, the main observation is that T05(x) = T'(Ax) = B(Ax).
Given this, it is immediate that T o S is linear, so the first step in the proof
was actually unnecessary.

7.2.3 An Example: Rotations of R?

A nice way of illustrating the previous discussion is by considering rotations
of the plane. Let Ry : R? — R? stand for the counter-clockwise rotation of
R? through 0. Computing the images of R(e1) and R(e3), we have

Ry(e1) = cosfeq + sin fey,

and
Ro(ez) = —sinfe; + cos be,.

FIGURE

I claim that rotations are linear. This can be seen as follows. Suppose x
and y are any two non collinear vectors in R?, and let P be the parallelogram
they span. Then Ry rotates the whole parallelogram P about 0 to a new
parallelogram Ry (P). The edges of Ry(P) at 0 are Ry(x) and Ry(y). Hence,
the diagonal x 4+ y of P is rotated to the diagonal of Ry(P). Thus

Ro(x+y) =Ro(x) + Ry(y).
Similarly, for any scalar r,
Ro(rx) = rRy(x).

Therefore Ry is linear, as claimed. Putting our rotation into the form of a
matrix transformation gives

=, () = xcosf —ysinf
%\y) = \asind+ycosd

_ [cosf —sinf) (x
~ \sinf cosé y)



177

Thus the matrix of Ry is Let’s now illustrate a consequence of Proposition
7.6. If one first applies the rotation R, and follows that by the rotation Ry,
the outcome is the rotation Ry through 6 + 1 (why?). In other words,

RG—H/J = Rg o ’Rw.
Therefore, by Proposition 7.6, we see that

cos(f + 1) —sin(@+1¢)\  [cosf —sinf) (cosyp —siny
sin(@ +1) cos(@+1) ) \sinf cosd siny)  cosv )’

Expanding the product gives the angle sum formulas for cos(f + 1) and
sin(6 + v). Namely,

cos(f + 1)) = cos O cos ) — sin O sin ),

and
sin(f + 1)) = sin 0 cos 1) + cos O sin .

Thus the angle sum formulas for cosine and sine can be seen via matrix
algebra and the fact that rotations are linear.
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Exercises

Exercise 7.7. Find the matrix of the following transformations:
(i) F(xy1,r2,23) = (221 — 323,21 + 9 — T3, 21,20 — 23)".
(ii) G(x1, w9, 23,74) = (1 — 29 + T3 + 24, T2 + 223 — 324)7.
(iii) The matrix of G o F.

Exercise 7.8. Find the matrix of

(i) The rotation R_/4 of R? through —m/4.

(ii) The reflection H of R? through the line z = y.

(iii) The matrices of H o R_, ), and R_r/4 0 H, where H is the reflection of
part (ii).

(iv) The rotation of R? through 7/3 about the z-axis.

Exercise 7.9. Let V = C, and consider the transformation R : V — V

defined by R(z) = e”z. Interpret R as a transformation from R? to R2.
Compare your answer with the result of Exercise 7.6.

Exercise 7.10. Suppose T : F" — [F™ is linear. When does the inverse
transformation 7! exist?
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7.3 Some Geometry of Linear Transformations on
Rn

As illustrated by the last section, linear transformations 7' : R™ — R"™ have
a very rich geometry. In this section we will discuss some these geometric
aspects.

7.3.1 Transformations on the Plane

We know that a linear transformation 7' : R? — R? is determined by T'(e;)
and T'(ez), and so if T'(e1) and T'(e2) are non-collinear, then 7" sends each one
of the coordinate axes Re; to the line RT'(e;). Furthermore, T' transforms
the square S spanned by e; and ey onto the parallelogram P with edges
T(e1) and T'(eg). Indeed,

P={rT(e1)+sT(e2) | 0<r s <1},

and since T'(re; + se2) = r1'(e1) + sT(e2), T(S) = P. More generally, T'
sends the parallelogram with sides x and y to the parallelogram with sides
T(x) and T'(y). Note that we implicitly already used this fact in the last
section.

We next consider a slightly different phenomenon.

Example 7.9 (Projections). Let a € R? be non-zero. Recall that the
transformation
Py(x) = 2 X
a-a
is called the projection on the line Ra spanned by a. In an exercise in the
first chapter, you actually showed P, is linear. If you skipped this, it is

proved as follows.

a-(x+y)a: (a-x—l—a~y)a

a-a a-a

Pix+y) = = Pa(x) + Pa(y).

In addition, for any scalar r,

a (rx)a = r(ﬂ)a = rPa(x).

a-a a-a

Py(rx) =

This verifies the linearity of any projection. Using the formula, we get the
explicit expression

a1xr1 + a2

Jaa
p(*1) _ a3 + a3
a 9 (alwl + asx2 ’

)az
a% + a%
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)T and x = (21, 22)7.

P r1\ 1 a% a1an I
a - 2 .
T2 a? + a3 \a1a2 a3 T2

Thus the matrix of P, is

where a = (ay, ay
Hence

1 ( a% a1a2>
a? + a3 \a1az a% '
Of course, projections don’t send parallelograms to parallelograms, since
any two values Py (x) and Py(y) are collinear. Nevertheless, projections
have another interesting geometric property. Namely, each vector on the

line spanned by b is preserved by P, and every vector orthogonal to b is
mapped by P, to O.

7.3.2 Orthogonal Transformations

Orthogonal transformations are the linear transformations associated with
orthogonal matrices (see §3.5.3). They are closely related with Euclidean
geometry. Orthogonal transformations are characterized by the property
that they preserve angles and lengths. Rotations are specific examples.
Reflections are another class of examples. Your reflection is the image you
see when you look in a mirror. The reflection is through the plane of the
mirror.

Let us analyze reflections carefully, starting with the case of the plane
R2. Consider a line ¢ in R? through the origin. The reflection of R? through
¢ acts as follows: every point on / is left fixed, and the points on the line £
through the origin orthogonal to £ are sent to their negatives.

FIGURE FOR REFLECTIONS

Perhaps somewhat surprisingly, reflections are linear. We will show this
by deriving a formula. Let b be any non-zero vector on ¢+, and let Hy
denote the reflection through £. Choose an arbitrary v € R?, and consider
its orthogonal decomposition (see Chapter 1)

v=D"PF(Vv)+c
with ¢ on £. By the parallelogram law,

Hyp(v) =c— Py(v).
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Replacing ¢ by v — Py, (v) gives the formula

Hp(v) = v=2P(v)

Expressing this in terms of the unit vector b determined by b gives us the

simpler expression R
Hy(v) =v —2(v-b)b. (7.1)

Certainly Hy, has the properties we sought: Hyp(v) = v if b-v =0, and
Hy(b) = —b. Moreover, Hy can be expressed as Iy — 2P, so it is linear
since any linear combination of linear transformations is linear.

The above expression of a reflection goes through not just for R2, but
for R™ for any n > 3 as well. Let b be any nonzero vector in R", and let W
be the hyperplane in R™ consisting of all vectors orthogonal to b. Then the
transformation H : R™ — R™ defined by (7.1) is the reflection of R™ through
W.

Example 7.10. Let b = (1,1)7, so b= (%, %)T Then Hy, is the reflec-

tion through the line x = —y. We have

m() = ()-=6)
- )

There are several worthwhile consequences of formula (7.1). All reflec-
tions are linear, and reflecting v twice returns v to itself, i.e. Hy o Hy, = Is.
Furthermore, reflections preserve inner products. That is, for all v,w € R2,

Hy(v) - Hp(w) =v-w.

We will leave these properties as an exercise.

A consequence of the last property is that since lengths, distances and
angles between vectors are expressed in terms of the dot product, reflections
preserve all these quantites. In other words, a vector and its reflection
have the same length, and the angle (measured with respect to the origin)
between a vector and the reflecting line is the same as the angle between
the reflection and the reflecting line. This motivates the following
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Definition 7.2. A linear transformation 7" : R™ — R" is said to be orthog-
onal if it preserves the dot product. That is, T is orthogonal if and only
if

Twv) - T(w)=v-w

for all v,w € R".

Proposition 7.7. If a linear transformation T : R™ — R" is orthogonal,
then for any v € R", |T'(v)| = |v|. In particular, if v # 0, then T'(v) # 0.
Moreover, the angle between any two nonzero vectors v,w € R" is the same
as the angle between the vectors T'(v) and T(w), which are both nonzero
by the last assertion.

We also have

Proposition 7.8. A linear transformation T : R™ — R" is orthogonal if
and only if its matrix Mt is orthogonal.

We leave the proofs of the previous two propositions as exercises. By
Proposition7.8, every rotation of R? is orthogonal, since a rotation matrix
is clearly orthogonal. Recall that O(2,R) is the matrix group consisting of
all 2 x 2 orthogonal matrices. We can now prove the following pretty fact.

Proposition 7.9. Every orthogonal transformation of R? is a reflection or
a rotation. In fact, the reflections are those orthogonal transformations T
for which Mt is symmetric but Mr # Is. The rotations Ry are those such
that M = Iy or My is not symmetric.

Proof. 1t is not hard to check that any 2 x 2 orthogonal matrix has the form
cosf —sinf
Ry = <sin0 cos 6 >

Hy — <cos¢9 sin 0 )

sinff —cos@

or

The former are rotations (including I3) and the latter are symmetric, but do
not include Iy. The transformations Hy are in fact reflections. We leave it
as an exercise to check that Hy is the reflection through the line spanned by
(cos(0/2),sin(A/2))T. In Chapter 8, we will give a simple geometric proof
using eigentheory that Hy is a reflection. O

The structure of orthogonal transformations in higher dimensions is more

complicated. For example, the rotations and reflections of R3 do not give
all the possible orthogonal linear transformations of R3.
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7.3.3 Gradients and differentials

Since arbitrary transformations can be very complicated, we should view
linear transformations as one of the simplest are types of transformations.
In fact, we can make a much more precise statement about this. One of the
most useful principals about smooth transformations is that no matter how
complicated such transformations are, they admit linear approximations,
which means that one certain information may be obtained by constructing
a taking partial derivatives. Suppose we consider a transformation F' : R™ —
R™ such that each component function f; of F' has continuous first partial
derivatives throughout R"™, that is F' is smooth. Then it turns out that in
a sense which can be made precise, the differentials of the components f;
are the best linear approximations to the f;. Recall that if f : R® — R
is a smooth function, the differential df (x) of f at x is the linear function
df (x) : R™ — R whose value at v € R" is

df (x)v =V f(x)-v.
Here, 5 5
Vix)= (a—i(x),,a—;

is the called the gradient of f at x. In other words,

(x)) € R"

df (x)v = Z g—i(x)vi,

so the differential is the linear transformation induced by the gradient and
the dot product. Note that in the above formula, x is not a variable. It
represents the point at which the differential of f is being computed.

The differential of the transformation F' at x is the linear function
DF(x) : R" — R" defined by DF(x) = (df1(x),df2(x),...,dfm(x)). The
components of DF' at x are the differentials of the components of F' at x.

We will have to leave further discussion of the differential for a course in
vector analysis.
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Exercises

Exercise 7.11. Verify from the formula that the projection Py, fixes every
vector on the line spanned by b and sends every vector orthogonal to b to
0.

Exercise 7.12. Let Hy, : R? — R? be the reflection of R? through the line
orthogonal to b. Recall that Hy(v) = v — 2(%)b.

(i) Use this formula to show that every reflection is linear.
(ii) Show also that Hy(Hp(x)) = x.
(iii) Find formulas for Hy,((1,0)) and Hp((0,1)).

Exercise 7.13. Consider the transformation Cy : R* — R? defined by

Ca(v) =axv.

(i) Show that Cl is linear.
(ii) Descibe the set of vectors x such that Ca(x) = 0.

Exercise 7.14. Let u and v be two orthogonal unit length vectors in R2.
Show that the following formulas hold for all x € R?:

(a) Pu(x) + Py(x) = x, and
(b) Pu(Py(x)) = Py(Pu(x)) = 0.
Conclude from (a) that x = (x - u)u+ (x- v)v.

Exercise 7.15. Suppose T' : R?> — R? is a linear transformation which
sends any two non collinear vectors to non collinear vectors. Suppose x and
y in R? are non collinear. Show that 7" sends any parallelogram with sides
parallel to x and y to another parallelogram with sides parallel to T'(x) and

T(y).

Exercise 7.16. Show that all reflections are orthogonal linear transforma-
tions. In other words, show that for all x and y in R",

Hyp(x) - Hp(y) =x-y.

Exercise 7.17. Show that rotations Ry of R? also give orthogonal linear
transformations.
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Exercise 7.18. Show that every orthogonal linear transformation not only
preserves dot products, but also lengths of vectors and angles and distances
between two distinct vectors. Do reflections and rotations preserve lengths
and angles and distances?

Exercise 7.19. Suppose F' : R” — R" is a transformation with the property
that for all x,y € R,

F(x) - F(y)=x"y.
(a) Show that for all x,y € R”, ||F(x +y) — F(x) — F(y)||> = 0.

(b) Show similarly that for all x € R” and r € R, ||F(rx) —rF(x)||> =0
Conclude that F' is in fact linear. Hence F' is an orthogonal linear transfor-
mation.

Exercise 7.20. Find the reflection of R3 through the plane P if:
(a) P is the plane = + y + z = 0; and
(b) P is the plane ax + by + cz = 0.
Exercise 7.21. Which of the following statements are true? Explain.
(i) The composition of two rotations is a rotation.
(ii) The composition of two reflections is a reflection.
(iii) The composition of a reflection and a rotation is a rotation.

Exercise 7.22. Find a formula for the composition of two rotations. That
is, compute Ry o R, in terms of sines and cosines. Give an interpretation of
the result.
Exercise 7.23. * Let f(z1,22) = 23 + 273.

(a) Find both the gradient and differential of f at (1,2).

(b) If u € R? is a unit vector, then df(1,2)u is called the directional

derivative of f at (1,2) in the direction u. Find the direction u € R? which
maximizes the value of df(1,2)u.

(c) What has your answer in part (b) got to do with the length of the
gradient of f at (1,2)7

Exercise 7.24. Let V = C and consider the transformation H : V — V
defined by H(z) = Z. Interpret H as a transformation from R? to R2.

Exercise 7.25. *. Find the differential at any (x1,x2) of the polar coordi-
nate map of Example 3.7.
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7.4 Matrices With Respect to an Arbitrary Basis

Let V and W be finite dimensional vector spaces over F, and suppose T :
V — W is linear. The purpose of this section is to define the matrix of T
with respect to arbitrary bases of the domain V and the target W.

7.4.1 Coordinates With Respect to a Basis

We will first define the coordinates of a vector with respect to an arbitrary
basis. Let vi,vs,...,v, be a basis of V, and let B = {vy,va,...,v,} be a
basis of V. Then every w € V has a unique expression

W =T11V] +7T2Vy + -+ TV,

so we will make the following definition.

Definition 7.3. We will call r1,r9,...,r, the coordinates of w with respect
to B, and we will write w =< rq,79,...,7, >. If there is a possibility of
confusion, will write the coordinates as < r{,ry,...,7, >5.

Notice that the notion of coordinates assumes that the basis is ordered.
Finding the coordinates of a vector with respect to a given basis of is a
familiar problem.

Example 7.11. Suppose F = R, and consider two bases of R?, say
B={(12)",(0,1)"} and B ={11",1-1"}

Expanding e; = (1,0)7 in terms of these two bases gives two different sets
of coordinates for e;. By inspection,

(0)=1()-2(0):
(0)=30) 2 (1))

Thus the coordinates of e; with respect to B are < 1, —2 >, and with respect
to B’ they are < %,% >.

Now consider how two different sets of coordinates for the same vector
are related. In fact, we can set up a system to decide this. For example,
using the bases of R? in the above example, we expand the second basis B’
in terms of the first 5. That is, write
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(1) =2z (0):
()=o) ()

These equations are expressed in matrix form as:

G A)=-GNE )

Now suppose p has coordinates < r,s > in terms of the first basis and
coordinates < x,y >’ in terms of the second. Then

()00
D-6'C 26
0-C 6

We can imitate this in the general case. Let

Hence

Therefore,

B= {Vlav27’” 7Vn}7

and
B ={vi,vh,...,v.}

be two bases of V. Define the change of basis matriz ./\/lg, € F™"*™ to be the
matrix (a;;) with entries determined by

n

/

Vj: E aijvi.
i=1

To see how this works, consider the case n = 2. We have
/
Vi = a11V1 + a1ve

/
Vo = a12V] + a22Va.
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It’s convenient to write this in matrix form

(V] vh) = (v1 v2) <a11 a12> = (v1 V2)Mg,,

a21 a2

MB, — (an a12> ‘
ag a2
Notice that (v vo) is a generalized matrix in the sense that it is a 1 x2 matrix
with vector entries. A nice property of this notation is that if (v vo)A =
(v1 v2)B, then A = B. This is due to the fact that expressions in terms of

bases are unique and holds for any n > 2 also.
In general, we can express this suggestively as

B =BME,. (7.2)

where

Also note that
ME =1,.

B (1 1
=1 1)

Proposition 7.10. Let B and B’ be bases of V. Then
(ME)™" = M§.

In the above example,

Proof. We have
(vi v2) = (Vi V))ME = (vi vo)MEME .

Thus, since B is a basis,
MEME =1,
O

Now what happens if a third basis B” = {v{,v}} is thrown in? If we
iterate the expression in (7.3), we get

(V] v5) = (Vi Vi )MEs = (vi vo) MEME,.
Thus
ME, = MEME,.
This generalizes immediately to the n-dimensional case, so we have
Proposition 7.11. Let B, B’ and B” be bases of V. Then

/
Mg// = Mg/Mg//.
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7.4.2 Change of Basis for Linear Transformations

As above, let V and W be finite dimensional vector spaces over F, and
suppose T : V' — W is linear. The purpose of this section is to define the
matrix of T' with respect to arbitrary bases of V and W. Fix a basis

B={vy,va,...,vs}
of V and a basis
B = {wi,wa,..., Wy}

of W. Suppose
T(Vj) = ZCUWZ'.
i=1

Definition 7.4. The matriz of T with respect to the bases B and B’ is
defined to be the m x n matrix ME,(T) = (c;;).

This notation is set up so that if V =F" and W = F"™ and T = T4 for
an m x n matrix A, we have M, (T) = A when B and B’ are the standard
bases since T'4(e;) is the jth column of A. We remark that

MB, (1d) = ME,

where Id : V — V is the identity.

Now suppose V' = W. In this case, we want to express the matrix of 7" in
a single basis and then find its expression in another basis. So let B and B’
be bases of V. As above, for simplicity, we assume n = 2 and B = {v1, va}
and B’ = {v},v4}. Hence (v} v}) = (v1 va)M2E,. Applying T, we obtain

(T(V)) T(vy) = (T(v1) T(va)) Mz
= (vi vo)MB(T)ME,
= (Vi VH)MEG ME(T)ME.

Hence,

ME(T) = ME MB(T)ME,.
Putting P = MZE | we therefore see that

ME(T) = PME(T)P~.

We have therefore shown
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Proposition 7.12. Let T : V — V be linear and let B and B’ be bases of
V. Then
ME(T) = ME ME(T)ME,. (7.3)

Thus, if P = ./\/lg’, we have
ME(T) = PMB(T)P. (7.4)

Example 7.12. Consider the linear transformation 7' of R? whose matrix
with respect to the standard basis is

A:<_14 g)

Let’s find the matrix B of T with respect to the basis (1,1)7 and (1, —1)7.
Calling this basis B’ and the standard basis B, formula (7.3) says

()0

Computing the product gives

s=(1 7))

Definition 7.5. Let A and B be n x n matrices over F. Then we say A is
similar to B if and only if there exists an invertible P € F™*™ such that
B = PAP!

It is not hard to see that similarity is an equivalence relation on F™*"

(Exercise: check this). An equivalence class for this equivalence relation is
called a conjugacy class. Hence,

Proposition 7.13. The matrices which represent a given linear transfor-
mation T form a conjugacy class in F™*™.

Example 7.13. Let F = R and suppose vi and vo denote (1,2)7 and
(0,1)7 respectively. Let T : R? — R? be the linear transformation such that
T(vq1) = vi and T(ve) = 3vy. By Proposition 7.14, T exists and is unique.
Now the matrix of T" with respect to the basis v, vo is

(5 9)

Thus T has a diagonal matrix in the v, vy basis.
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Exercises

Exercise 7.26. Find the coordinates of e, ey, e3 of R3 in terms of the
basis (1,1,1)7, (1,0,1)T, (0,1,1)7. Then find the matrix of the linear
transformation T'(z1, 2, 23) = (4a1 + T2 — o3, 21 + 323,29 + 223)7 with
respect to this basis.

Exercise 7.27. Consider the basis (1,1,1)7, (1,0,1)7, and (0,1,1)T of
R3. Find the matrix of the linear transformation 7 : R3 — R3 defined by
T(x) = (1,1,1)T x x with respect to this basis.

Exercise 7.28. Let H : R? — R? be the reflection through the line z = y.
Find a basis of R? such that the matrix of H is diagonal.

Exercise 7.29. Show that any projection P, : R? — R? is diagonalizable.
That is, there exists a basis for which the matrix of P, is diagonal.

Exercise 7.30. Let Ry be any rotation of R%2. Does there exist a basis of
R? for which the matrix of Ry is diagonal. That is, is there an invertible
2 x 2 matrix P such that Ry = PDP~1.

Exercise 7.31. A rotation Ry defines a linear map from R? to itself. Show
that Ry also defines a C-linear map Ry : C — C. Describe this map in
terms of the complex exponential.

Exercise 7.32. Show that similarity is an equivalence relation an F"*".
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7.5 Further Results on Linear Transformations

The purpose of this chapter is to develop some more of the tools necessary
to get a better understanding of linear transformations.

7.5.1 An Existence Theorem

To begin, we will prove an extremely fundamental, but very simple, existence
theorem about linear transformations. In essence, this result tells us that
given a basis of a finite dimensional vector space V over F and any other
vector space W over IF, there exists a unique linear transformation T : V —
W taking whatever values we wish on the given basis. We will then derive
a few interesting consequences of this fact.

Proposition 7.14. Let V and W be any finite dimensional vector space
over F. Let vy,...,v, be any basis of V, and let w1,...,w, be arbitrary
vectors in W. Then there exists a unique linear transformation T : V — W
such that T'(v;) = w; for each i. In other words a linear transformation is
uniquely determined by giving its values on a basis.

Proof. The proof is surprisingly simple. Since every v € V has a unique

expression
n

V= E TiVi,
i=1
where 71,...7, € F, we can define

n

T(v) =Y rT(vi).

i=1

This certainly defines a transformation, and we can easily show that T is
linear. Indeed, if v = > a;v; and w = ) f;v;, then v+w = > (a; + 5;)vi,
SO

T(v+w)=> (a;+B)T(vi) =T(v) + T(w).

Similarly, T'(rv) = rT'(v). Moreover, T' is unique, since a linear transforma-
tionis determined on a basis. O

If V=F" and W = [F™, there is an even simpler proof by appealing to
matrix theory. Let B = (vy vo ...vy) and C = (w; wy ...w,). Then the
matrix A of T satisfies AB = C. But B is invertible since v1,...,v, is a
basis of F”, so A = CB~!.
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7.5.2 The Kernel and Image of a Linear Transformation
Let T : V — W be a linear transformation.

Definition 7.6. The kernel of T', is defined to be the set ker(7") consisting
of all v € V such that T'(v) = 0. The image of T is the set Im(T") consisting
of all w € W such that T'(v) = w for some v € V.

IfV =F" W =TF" and T = T4, then of course, ker(T)) = N(A) and
Im(7T") = col(A). Hence the problem of finding ker(T") is the same as finding
the solution space of an m x n homogeneous linear system.

Proposition 7.15. The kernel and image of a linear transformation T :
V — W are subspaces of V- and W are respectively. T is one to one if and
only if ker(T') = {0}.

Proof. The first assertion is obvious. Suppose that 7T is one to one. Then,
since T(0) = 0, ker(T') = {0}. Conversely, suppose ker(T) = {0}. If
x,y € V are such that T'(x) = T'(y), then

T(x)-T(y)=Tx-y).

Therefore,
T(x—y)=0.

Thus x —y € ker(T), so x —y = {0}. Hence x =y, and we conclude T is
one to one. g

Example 7.14. Let W be any subspace of V. Let’s use Proposition 7.14 to
show that there exists a linear transformation T : V' — V whose kernel is W.
Choose a basis vq,...,vy of W and extend this basis to a basis vi,...,v,
of V. Define a linear transformation 7' : V' — V by putting T(v;) = 0 if
1 <i <k and putting T'(vj) = v; if Kk +1 < j <n. Then ker(T') = W. For
if v=>", av; €ker(T), we have

n n n
T(v) = T(Z a;vi) = Z a;T(v;) = Z a;vj =0,
i=1 i=1 j=k+1

S0 ag41 = -+ =a, = 0. Hence v € W, so ker(T") C W. Since we designed
T so that W C ker(T'), we are through.

The main result on the kernel and image is the following.



194

Theorem 7.16. Suppose T' : V. — W is a linear transformation where
dimV =n. Then
dimker(7) 4+ dimIm(7") = n. (7.5)

In fact, there exists a basis vi,va,...,v, of V so that

(i) vi,Va,... Vv Is a basis of ker(T) and
(ii)) T(Vi+1), T(Vkt2),...,T(vy) is a basis of im(T').

Proof. Choose any basis vi,vs,... vy of ker(T'), and extend it to a basis
Vi,Va,...,vy of V. I claim that T'(viy1), T(Vis2), ..., T (vy) span Im(T).
Indeed, if w € Im(7"), then w = T'(v) for some v € V. But then v = )" a;v;,

SO
n

T(v)=)Y al(vi)= Y aT(vi),
i=k+1
by the choice of the basis. To see that T (vi41),T(Vit2),...,T(vy) are
independent, let

n

Z aiT(vi) =0.
i=k+1
Then T(3 0,1 aivi) = 0,50 31" 1 aivi € ker(T). Butif 37", aiv; #
0, the v; (1 < i < n) cannot be a basis, since every vector in ker(7") is a linear
combination of the v; with 1 < i < k. This shows that 7" , | a;v; = 0, so
each a; = 0. O

This Theorem is the final version of the basic principle that in a linear
system, the number of free variables plus the number of corner variables is
the total number of variables stated in (3.4).

7.5.3 Vector Space Isomorphisms

One of the nicest applications of Proposition7.14 is the result that if V' and
W are two vector spaces over F having the same dimension, then there exists
a one to one linear transformation 7' : V' — W such that (V') = W. Hence,
in a sense, we can’t distinguish finite dimensional vector spaces over a field if
they have the same dimension. To construct this T, choose a basis vi,...,v,
of V and a basis wy,...,w, of W. All we have to doislet T : V — W be
the unique linear transformation such that T'(v;) = w; if 1 <i < k. We
leave it as an exercise to show that T satisfies all our requirements. Namely,
T is one to one and onto, i.e. T'(V) = W.
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Definition 7.7. Let V and W be two vector spaces over F. A linear trans-
formation S : V' — W which is both one to one and onto (i.e. im(7T) = W)
is called an isomorphism between V and W.

The argument above shows that every pair of subspaces of F” and F™
of the same dimension are isomorphic. (Thus a plane is a plane is a plane.)
The converse of this assertion is also true.

Proposition 7.17. Any two finite dimensional vector spaces over the same
field which are isomorphic have the same dimension.

We leave the proof as an exercise.

Example 7.15. Let’s compute the dimension and a basis of the space
L(F3,F3). Consider the transformation ® : L(F3,F3) — F3*3 defined by
®(T) = My, the matrix of 7. We have already shown that & is linear. In
fact, Proposition 7.4 tells us that ® is one to one and Im(®) = F3*3. Hence
® is an isomorphism. Thus dim L(F3,F3) = 9. To get a basis of L(F3,F3),
all we have to do is find a basis of F3*3. But a basis is of F3*3 given by
the matrices Ej; such that Ej;; has a one in the (7,7) position and zeros
elsewhere. Every A € F3*3 has the form A = (ai;) = Z” a;;E;j, so the F;;
span. If Z” a;jE;; is the zero matrix, then obviously each a;; = 0, so the

E;; are also independent. Thus we have a basis of F3*3, and hence we also
have one for L(F3 F3).

This example can easily be extended to the space L(F™ F™). In partic-
ular, we have just given a proof of Proposition 7.2.
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Exercises

Exercise 7.33. Suppose T : V — V is a linear transformation, where V is
finite dimensional over F. Find the relationship between between N (Mg)
and N (MZE)), where B and B’ are any two bases of V.

Exercise 7.34. Find a description of both the column space and null space
of the matrix

1 10

2 31

1 21
Exercise 7.35. Using only the basic definition of a linear transformation,
show that the image of a linear transformation 7" is a subspace of the tar-

get of T'. Also, show that if V is a finite dimensional vector space , then
dimT(V) < dimV.

Exercise 7.36. Let A and B be n x n matrices.
(a) Explain why the null space of A is contained in the null space of BA.
(b) Explain why the column space of A contains the column space of
AB.
(c) If AB = O, show that the column space of B is contained in N (A).

Exercise 7.37. Consider the subspace W of R* spanned by (1,1, —1,2)T
and (1,1,0, 1)T. Find a system of homogeneous linear equations whose
solution space is W.

Exercise 7.38. What are the null space and image of
(i) a projection P, : R? — R2?,
(ii) the cross product map T'(x) = x X v.

Exercise 7.39. What are the null space and image of a reflection Hy, :
R? — R2. Ditto for a rotation Ry : R — R2.

Exercise 7.40. Ditto for the projection P : R? — R? defined by
P(z,y,2)T = (z,y)T.

Exercise 7.41. Let A be a real 3 x 3 matrix such that the first row of A is
a linear combination of A’s second and third rows.

(a) Show that N'(A) is either a line through the origin or a plane con-
taining the origin.

(b) Show that if the second and third rows of A span a plane P, then
N (A) is the line through the origin orthogonal to P.



197

Exercise 7.42. Let T : " — F” be a linear transformation such that
N(T) =0 and Im(T") = F™. Prove the following statements.

(a) There exists a transformation S : F” — F" with the property that
S(y) = x if and only if T(x) = y. Note: S is called the inverse of T

(b) Show that in addition, S is also a linear transformation.

(c) If A is the matrix of T and B is the matrix of S, then BA = AB = I,,.

Exercise 7.43. Let F : R? — R? be the linear transformation given by

r() =)
Y r—y
(a) Show that F' has an inverse and find it.

(b) Verify that if A is the matrix of F, then AB = BA = I, if B is a
matrix of the inverse of F.

Exercise 7.44. Let S : R — R” and T : R™ — RP be two linear trans-
formations both of which are one to one. Show that the composition T o S
is also one to one. Conclude that if A is m x n has N(A) = {0} and B is
n x p has N (B) = {0}, then N (BA) = {0} too.

Exercise 7.45. If A is any n X n matrix over a field I, then A is said
to be invertible with inverse B if B is an n X n matrix over F such that
AB = BA = I,,. In other words, A is invertible if and only if its associated

linear transformation is. Show that if A = (i Z), then A is invertible

provided ad —bc # 0 and that in this case, the matrix (ad —bc) ™ < d _b>

—c a
is an inverse of A.

Exercise 7.46. Prove Proposition 7.17.
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Exercises

Exercise 7.47. Find a bases for the row space and the column space of
each of the matrices in Exercise 3.21.

Exercise 7.48. In this problem, the field is Fo. Consider the matrix
1 1 11

b
Il
e =

01
10
01
11

OO O =
O R = O

(a) Find a basis of row(A).
(b) How many elements are in row(A)?
(c) Is (01111) in row(A)?

Exercise 7.49. Suppose A is any real m x n matrix. Show that when we
view both row(A) and N (A) as subspaces of R",

row(A) NN (A) = {0}.
Is this true for matrices over other fields, eg Fo or C?

Exercise 7.50. Show that if A is any symmetric real n X n matrix, then

col(A) NN (A) = {0}.

Exercise 7.51. Suppose A is a square matrix over an arbitrary field such
that A2 = O. Show that col(A) C N'(A). Is the converse true?

Exercise 7.52. Suppose A is a square matrix over an arbitrary field. Show
that if A¥ = O for some positive integer k, then dim N'(A4) > 0.

Exercise 7.53. Suppose A is a symmetric real matrix so that A2 = O.
Show that A = O. In fact, show that col(4) NN (A) = {0}.

Exercise 7.54. Find a non zero 2 x 2 symmetric matrix A over C such that
A? = 0. Show that no such a matrix exists if we replace C by R.

Exercise 7.55. For two vectors x and y in R", the dot product x-y can be
expressed as x!y. Use this to prove that for any real matrix A, AT A and
A have the same nullspace. Conclude that AT A and A have the same rank.
(Hint: consider x7 AT Ax.)

Exercise 7.56. In the proof of Proposition 5.11, we showed that row(A) =
row(EA) for any elementary matrix E. Why does this follow once we know
row(EA) C row(A)?
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7.6 Summary

A linear transformation between two vector spaces V and W over the same
field (the domain and target respectively) is a transformation 7' : V. — W
which has the property that T'(ax + by) = aT'(x) + bT(y) for all x,y in
V and a,b in F. In other words, the property defining a linear transfor-
mation is that it preserves all linear combinations. Linear transformations
are a way of using the linear properties of V' to study W. The set of all
linear transformations with domain V and target W is another vector space
over F denoted by L(V,W). For example, if V and W are real inner prod-
uct spaces, we can consider linear transformations which preserve the in-
ner product. Such linear transformations are called orthogonal. The two
fundamental spaces associated with a linear transformation are its kernel
ker(T") and its image Im(7"). If the domain V is finite dimensional, then
the fundamental relationship from Chapter 3 which said that in a linear
system, the number of variables equals the number of free variables plus the
number of corner variables takes its final form in the identity which says
dimV = dimker(7") + dim Im(7"). If V and W are both finite dimensional,
dimker(7) = 0 and dimIm(7") = dim W, then T is one to one and onto.
In this case, it is called an isomorphism. We also showed that given an
arbitrary basis of V| there exists a linear transformation 7' : V' — W taking
arbitrarily preassigned values on the basis. This is a useful existence theo-
rem, and it also demonstrates how different linear transformations are from
arbitrary transformations.

If V. =F" and W = F™, then a linear transformation 7" : V. — W
is nothing but an m x n matrix over F, i.e. an element of My of F™*™,
Conversely, every element of F™*™ defines such a linear transformation.
Thus L(F™, F™) =F™*". If V and W are finite dimensional, then whenever
we are given bases B of V and B’ of W, we can associate a unique matrix
MBE,(T) to T. There are certain rules for manipulating these matrices whicch
we won’t repeat here. They amount to the rule Mp.g = MpMg when
S :FP — F"® and T : F* — F™ are both linear. If we express a linear
transformation 7" : V' — V in terms of two bases B and B’ of V, then
Mg:(T) = PME(T)P~! where P = /\/lgl is the change of basis matrix
ME (L,).

As we have mentioned before, one of the main general questions about
linear transformations is this: when is a linear transformation T : V — V
semi-simple? That is, when does there exist a basis B of V' for which ME(T)
is diagonal. Put another way, when is ./\/lg(T) similar to a diagonal matrix?
We will solve it in Chapter 7?7 when F is algebraically closed.
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Chapter 8

An Introduction to the
Theory of Determinants

8.1 Introduction

The determinant is a function defined on the set of n x n matrices F™*" over
a field F, whose definition goes back to the 18th century. It is one of the
richest and most interesting functions in matrix theory, if not all of mathe-
matics. The list of its applications is long and distinguished, including for
example the eigentheory of square matrices, the change of variables formula
for integration in several variables, and the notion of area in n dimensions.
For an interesting sample of 19th century mathematics, take a glance at the
remarkable work Theory of Determinants, by J. Muir.

8.2 The Definition of the Determinant

8.2.1 Some comments

If A e F™" the determinant of A, which is denoted either by det(A) or by
det(A), is an element of F with the remarkable property that if B € F™"*™
also, then det(AB) = det(A)det(B). Moreover, det(A) # 0 if and only if
A~! exists. Thus, for example, the nullspace of A has positive dimension
if and only if det(A) = 0. This is the standard numerical criterion for
determining if A is singular. The general definition of det(A4) (8.2) is a sum
with n! terms, At first glance, any attempt at finding a general method
for computing det(A) will appear hopeless. Fortunately, we will see that
det(A) can be computed by bringing A into upper triangular form by row

201
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operations.

Besides having many mathematically beautiful properties, the determi-
nant also has basic many applications. For example, it is used to define the
characteristic polynomial of a square matrix A. The roots of this polynomial
are the eigenvalues of A. Nowadays, there are now many powerful readily
available tools for computing determinants and for approximating eigenval-
ues, but, nevertheless, the characteristic polynomial is still an important
basic concept.

8.2.2 The 2 x 2 case

The first case, of course, is the 1x 1 case. Here, we can simply put det(a) = a.
Hence we can begin with the 2 x 2 case. Suppose A = (‘é 2). Define the
determinant of A to be

det(A) = ad — be.

Sometimes det(A) is also denoted by det(A). It is not hard to see that
ad — bc = 0 if and only if the rows of A are proportional. Thus, A has rank
2 if and only if ad — bc # 0. Since A has maximal rank, it is invertible, and
(as we have shown elsewhere),

= e W)

Proposition 8.1. The determinant function det : F?*2 — F has the follow-
ing properties:

(1) det(A) # 0 if and only if A is invertible;
(2) det(l2) =1; and
(3) det(AB) = det(A)det(B) for any A, B € F**2.

Proof. We indicated the proof of (1) above. Statement (2) is obvious, and
(3) can be checked by a direct calculation. O

The remarkable property is (3), which, as mentioned above, holds for all
A, B € F™" for all n.
8.2.3 Some Combinatorial Preliminaries

Unlike many situations we have seen, the definition of det(A) for 2 x 2
matrices gives only the slightest hint of how to extend the definition to
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the n X n matrices so that Proposition 8.1 still holds. To give the general
definition, we first need to study some elementary combinatorics.
First of all, let X denote any set.

Definition 8.1. A permutation or bijection of X is a mapping o : X — X
which is both one to one and onto.
Let us put X,, ={1,2,...,n}. First of all, we state the

Lemma 8.2. A mapping o : X,, — X,, which is either one to one or onto is
a permutation. Moreover, the set S(n) of all permutations of X, has exactly

n! elements. Finally, if 7,0 € S(n), then the composition o and the inverse

o1 are also in S(n).

Proof. The proof is an application of elementary combinatorics. We will
leave as an exercise. O

In order to define the determinant, we need to define what is known
as the signature of a permutation. The definition of the signature goes as
follows.

Definition 8.2. Let o € S(n). Then we define the signature of o to be the

rational number (0 )
Crr o) —o(j
sgn(o) = H i
1<J
Sometimes the signature of ¢ is also called the sign of o. First of all,
notice that sgn(o) is a nonzero rational number. In fact, we have

Proposition 8.3. For any o € S(n), sgn(o) = £1.
Proof. Since o is a bijection of X,,, and

o(i) —o(j) _ o(j) —o(j)

i—j j—i

Y

we see that

(sn(o)? = [] 7072,
i#]
Moreover, since
o071 (i) —o(o7'(j) =i —j,
each possible value of i— j occurs the same number of times in the numerator
as in the denominator. Hence sgn(c)? = 1. Thus sgn(c) = +1, so the
Propositionis proven. 1.
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If i < j, then
(i) —o(j)
i—J
exactly when o(i) < o(j). Therefore

>0

sgn(o) = (—1)™),

where
m(o) = [{(i,J) | 1 <j, o(t) > o(j)}].

The simplest permutations are what are called transpositions. A trans-
position is a permutation o such that there are two distinct a,b € X,, with
o(a) =b, o(b) =a and o(i) =i if i # a,b. We will denote the transposition
which interchanges a # b in X, by o4p.

Example 8.1. For example, 012 interchanges 1 and 2 and leaves every
integer between 3 and n alone. I claim m(o12) = 1. For, the only pair
(,7) such that ¢ < j for which o12(i) > 012(j) is the pair (1,2). Hence
sgn(o2) = —1.

We will need the explicit value for the signature of an arbitrary trans-

position. This is one of the results in the main theorem on the signature,
which we now state and prove.

Theorem 8.4. The signature mapping sgn : S(n) — {£1} satisfies the
following properties:

(1) for all o,7 € S(n), then sgn(ro) = sgn(7)sgn (o),
(2) if o is a transposition, then sgn(o) = —1, and

(3) if o is the identity, then sgn(o) = 1.
Proof. First consider sgn(70). We have

H To(i) —10o(j)

sgn(rto) = -

1<j
- 11 7(0(@)) —7(e(7)) 11 o(i) = o(4)

i

i<j 1<j

- 11 T(?“i - Z(S) H ali) —oly).
1<)

r<s t=J
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The third equality follows since

7(0(1)) —7(0(4)) _ 7(0(4)) —7(a(i))
o(i) —of o(j) —o(i)

9

.
~—

and since o is a permutation of 1,2,...,n. Hence sgn(7o) = sgn(7)sgn(o),
so (1) is proven.

We now prove (2), using the result of Example 8.1. Consider an arbitrary
transposition o,,, where 1 < a < b < n. I claim

Tab = O1602001202401b- (8.1)

We leave this as an exercise. By (1),
sgn(0qp) = 5gn(01p)sgn(024)sg0(012)sg0 (024 )sgn(01p)-
We know from Example 8.1 that sgn(o12) = —1. Clearly,
sgn(o1p)sgn(oag )sgn(ogg)sgn(o1p) > 0,

hence sgn(oy,) = —1. The last claim is obvious, so the proof is finished. [

8.2.4 Permutations and Permutation Matrices

Permutations and permutation matrices are closely related. Since any per-
mutation matrix P is a square matrix of zeros and ones so that each row and
each column contains exactly one non-zero entry, P is uniquely determined
by a permutation o. Namely, if the ith column of P contains a 1 in the jth
row, we put (i) = j. If P is n x n, this defines a unique element o € S(n).
Conversely, given o € S(n), let us define P, by putting

Py = (e5(1) €5(2) """ €o(n)),

where e, ;) is the vector with 0 in each component except the o(i)th com-
ponent, which is 1.

Proposition 8.5. The mapping o0 — P, defines a one to one corresponence
between S(n) and the set P(n) of n X n permutation matrices.

Proof. This is obvious consequence of the definitions. O
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Example 8.2. In order to have some notation for a permutation, we will
represent o € S(n) by the symbol

[0(1),0(2),...,0(n)].

For example, the identity permutation of S(3) is [1,2,3]. It corresponds to
I3. The permutation [2,3,1] € S(3) corresponds to

0 0 1
P[2’371] — 1 0 0 3
010

and so forth. Note that the non-zero element of the ith column of P, is
Po(i)i- Let’s see what what happens when we form the product P, 3 1j4. We
have

0 0 1 ap as
P[2y371]A = 1 0 0 an = aj
01 0 as an
To give another example, we have
ag
P[3’172]A = as
aj

More generally, let Pj; ;5 be the 3 x 3 permutation matrix in which the first
row of I3 is in the ith row, the second in the jth row and the third in the
kth row. Then Py; ;1A is obtained from A by permutating the rows of A by
the permutation [i, j, k].

8.2.5 The General Definition of det(A)

Now that we have the signature of a permutation, we can give the definition
of det(A) for any n.

Definition 8.3. Let F be any field, and let A € F™*™. Then the determinant
of A is defined to be

det(A) := Z SEN(T) Gr(1)10x(2)2 " * Ar(n)n (8.2)
meS(n)
Example 8.3. Obviously, det(A) = a if A is the 1 x 1 matrix (a). Let’s
compute det(A) in the 2 x 2 cases. There are only two elements o € S(2),
namely the identity and o15. By definition,

aj;  a12
det <a21 a22> = +aji1a22 + Sgn(012)(121&12 = a11a22 — 021412
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Thus the expression (8.2) agrees with the original definition.

Example 8.4. For the 3 x 3 case, we begin by listing the elements o € S(3)
and their signatures. Denoting each o by the triple [0(1),0(2), 0(3)], we get
the table

= [1,23 [1,3,2] 23,1 [21,3] [3,1,2] [3,2,1]
sgn() 1 -1 +1 -1 +1 -1
Hence, if A = (aj;), then

det(A) = (11022033 — 411032023 + 021032013
—a21012033 + A31G12023 — A31G32013, ,

which is the standard formula for a 3 x 3 determinant.

8.2.6 The Determinant of a Permutation Matrix

The first result about determinants is
Proposition 8.6. If P € P(n) has the form P,, then det(P) = sgn(o).

Proof. We know that the nonzero entries of P, are the entries of the form
Po(i)i> all of which are 1 (see Example 8.2. Applying the definition of det,
namely
det(Py) = Y sgn(m) priiPr(2)2* Pr(nn: (8.3)
weS(n)

we see that the only non-zero term is

SEN(0) Py (1)1P0(2)2 * * * Po(n)n = Sg0(T).
Therfore, det(P,) = sgn(o), as claimed. O

Notice that the row swap matrices of row operations are the permutation
matices which come from transpositions. Hence, we get

Corollary 8.7. If S is a row swap matrix, then det(S) = —1. Furthermore,
if a permutation matrix P is written as a product of row swaps matrices,
say P = 5159 Sy, then det(P) = (—1)™.

Proof. This follows from Proposition8.6. O

We can interpret the m of this Corollary as the number of row swaps
needed to bring P back to the identity. Another consequence is that for any
row swap matrix S and permutation matrix P, det(SP) = — det(P) since
S P involves one more row swap than P Yet another consequence is that the
number of row swaps needed to express P is always even or always odd.
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Exercises

Exercise 8.1. Write down two 4 x 4 matrices A, B each with at most two
zero entries such that det(A)|B| # 0.

Exercise 8.2. If A isn x n and r is a scalar, find |rA].
Exercise 8.3. In the 2 x 2 case, find:

(a) the determinant of a reflection matrix;

(b) the determinant of a rotation matrix;

(c) classify the elements of O(2,R) according to the determinant.
Exercise 8.4. Prove Equation (8.1).
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8.3 Determinants and Row Operations

So far, we've given very little insight as to how determinants are actually
computed, but it’s clear we aren’t going to get very far by trying to com-
pute them from the definition. We now show how to compute det(A) via
elementary row operations.

It will simplify matters (especially for studying the laplace expansion)
to have a slight reformulation of the definition of det(A), which we will give
first. For any A € F™*™, put

i=1

Thus 0(A) is the product of all the diagonal entries of A.
For example, if A is upper or lower triangular, then det(A) = 6(A).

Proposition 8.8. If A € F"*"  then
det(A): = Y sgn(0) do(1)185(2)2** o(nn
ceS(n)
= > det(P,)5(PrA),

oeS(n)

Before giving the proof, let’s calculate a 3 x 3 example. Consider §(PA),
where P is the matrix Pjp 3. Thus

0 01 ay
P=|(10 0], and A= |as
010 as
Recall from Example 8.2 that
0 0 1 aj as
P[27371]A =11 0 0 a | = | a1
0 1 0 as an

Hence
6(P2,3,1)4) = az1aizass.

Thus, since (1) = 2, 0(2) = 3 and 0(3) = 1, we see that
6(PrA) = A5-1(1)105-1(2)20c-1(3)3"

Let’s now give the proof of Proposition8.8.
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Proof. From the above calculation,
6(PrA) = ao-1(1)185-1(2)2 " ** Go—1 (n)n-

But as sgn(o) = sgn(c~!) (why?), we have

sgn(o)d(P,A) = sgn(o_l)aaﬂ(l)laaﬂ(z)z S U1 (pyn-

Now, as o varies over all of S(n), so does 0!, hence we see that

det(A) = D s80(0) G(1)10o2)2 *** Gonn
oeS(n)

= > sgn(07h) @1 1)1e-1@2)2 G-t
oeS(n)
= Z sgn(o)d(P,A)
ceS(n)
= > det(P,)5(PsA).
)

ceS(n

8.3.1 The Main Result

The strategy for computing determinants is explained by first considering
the triangular case.

Proposition 8.9. Suppose A is n X n and upper triangular, that is, every
element in A below the diagonal is zero. Then

det(A) = (5(A) = a11a92 * " * Apn-

The same formula also holds for a lower triangular matrix.

The point is that the only nonzero term in det(A) is aj1ag2 - - - apy. For
if P is a permutation matrix different from the identity, then there has to
be an index i so that the ith row of PA is different from the ith row of A.
But that means PA has to have a 0 on the diagonal, so §(PA) = 0.

Hence the key to computing higher order determinants is to use row
operations to bring A into triangular form. Thus we need to investigate
how det(A) changes after a row operation is performed on A. The following
properties of the determinant function give the rather pleasant answer.



211

Theorem 8.10. Let F be an arbitrary field, and suppose n > 2. Then the
following properties hold for any A, B € F"*":

(Det 1) if B is obtained from A by a row swap, then

det(B) = —det(A), (8.4)

(Det II) if B is obtained from A by multiplying a row of A by a (possibly
zero) scalar r, then
det(B) = rdet(A), (8.5)

(Det III) if B is obtained from A by replacing the ith row by itself plus a
multiple of the jth row, i # j, then

det(B) = det(A), (8.6)

and

(Det IV) det(1,) = 1.

Proof. Suppose, B = SA, where S swaps two rows, but leaves all the other
rows alone. By the previous Proposition,

det(B) = det(SA) = > det(P)5(P(SA)).
PeP(n)

Since S and P are permutation matrices, so is = PS. Moreover, if we
hold S fixed and vary P over P(n), then @) = PS varies over all of P(n)
also. Therefore,

det(SA) = ) det(PS)§(PSSA) = > —det(P)s(PS*A).
PeP(n) PeP(n)

But S? = I,,, and det(PS) = — det(P), there being one more row swap in
PS than in P. Hence, by Proposition8.8, det(SA) = —det(A).

The proof of (Det II) is obvious. If E multiplies the i-th row of A by
the scalar r, then for every permutation matrix P, §(P(EA)) = rd(PA).
Thus det(EA) = rdet(A). O

(Det III) follows from two facts. First of all, suppose A, A’ € F"*"
coincide in all but one row, say the kth row. That is, if A = (a;;) and

A" = (a};), then a;; = aj; as long as i # k. Now define a matrix B = (b;;)
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by bij = a;; = aj; if i # k, and by; = ak; + aj;. Then it follows from the
definition of det that

det(B) = det(A) + det(4). (8.7)
To prove (8.7), consider any term

sgn(m) br(1)1br(2)2 *  Or(nin

of det(B). Let j be the index such that 7(j) = k. Then, by the definition
of B, br(jy; = Gr(j); + a;(j)j. Hence,

sen(7) br)1br2)2  bryn = S80(T) br()1br(2)2  br(i)j * br(nin
= 8gn(T) Ar(1)10r(2)2 """ Or(n)n +
sgn() a;r(l)la;r(2)2 “ Or(n)n
This implies (8.7).

Next, suppose C' € F™*™ has two identical rows. There is an easy way to
see det(C') = 0 provided the characteristic of IF is different from 2. For, if the
rth and sth rows of C coincide, then P,C' = C, where ¢ = 0,5. Hence, by
(Det I), det(C) = — det(C), which implies 2det(C) = 0. Thus det(C) =0
unless the characteristic of F is 2. We can give a proof that det(C') = 0
in any characteristic by applying the Laplace expansion. This is proved in
§8.3.4, so we will postpone the proof until then.

Now suppose F is the elementary matrix of type III is obtained from I,

by replacing the ith row of I,, by itself plus a times the jth row, where ¢ # j.
Thus B = EA. We know from (8.7) and (Det II) that

det(B) = det(A) + adet(C),

where the ith and jth rows of C are equal. But det(C) = 0, so det(B) =
det(A), and hence the proof of (Det III) is finished.
(Det IV) is obvious, so the Theorem is proved. O

In particular, since det(I,) = 1, Det I-Det III imply that if E is an

elementary matrix, then

—1 if E is of type I,
det(E) =< r if E is of type II,
1 if F is of type 111

Therefore we can summarize Det I-Det III in the following way.
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Corollary 8.11. If A, E € F™"*™ and F is an elementary, then
det(EFA) = det(E) det(A). (8.8)

Proof. If E'is arow swap , then det(FA) = — det(A) by Det L. If E is of type
I1, say det(E) = r, then by Det I, det(EFA) = rdet(A) = det(F) det(A). If
E is of type III, then det(E) = 1 while det(EA) = det(A) by Det III. O

8.3.2 Properties and consequences

The way one uses Theorem 8.10 to evaluate det(A) is clear. First find ele-
mentary matrices F, ..., Eysuchthat U = Ey --- E4 A is upper triangular.
By Proposition 8.9 and repeated application of Theorem 8.10,

det(U) = det(E) - - - det(Ey) det(A) = ujqugg -+« Unp,

where the u;; are the diagonal entries of U. Since no det(E;) = 0,

U11U22 * - Upn
4) = . .
det(4) = 3 ED - det(Ey) (89)

Example 8.5. Let us compute det(A), where

— = O
e e )
O = O =
— = =

taking the field of coefficients to be Q. We can make the following sequence
of row operations, all of type III except for the last, which is a row swap.

1 011 1 0 1 1 10 1 1
0101 01 0 1 01 0 1
A— — — —
01 00 01 0 O 00 0 -1
1 101 01 -1 0 01 -1 0
10 1 1 10 1 1
01 0 1 01 0 1
—

00 0 -1 00 -1 0
00 -1 0 00 0 -1

Thus det(A) = —1.
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Example 8.6. Let us next compute det(A), where A is the matrix of the
previous example, this time taking the field of coefficients to be Zs,. First
add the first row to the third and fourth rows successively. Then we get

1 011
01 01
det(A) = det 010 0
01 10

Since the field is Zg, row swaps also leave det(A) unchanged. Thus

1 011
0100
det(A) = det 010 1
0110

Adding the second row to the third row and the fourth row successively, we
get

1 011
0100
det(A) = det 000 1
0010
Finally, switching the last two rows, we get
1 011
0100
det(A) = det 0010l 1.
00 01

One can simplify evaluating det(A) even more in some special cases. For

example, if A has the form
B C
(2 9). o0

where the submatrices B and C' are square, then det(A) = det(B)det(D).
The proof is similar to the proof of (8.9).

To see what the determinant sees, notice that (8.9) implies det(A) # 0
iff each w;; # 0. Since this is the case precisely when A has maximal rank,
we get
Proposition 8.12. If A is n x n, then det(A) # 0 iff when A has rank n.
Moreover, if A has rank n and we write A = E1--- E, where the E; are
elementary, then det(A) = det(Eq) - - - det(E}y).
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Proof. The first statement is verified before the proposition. The second fol-
lows immediately from (8.9) and the fact noted above that if F is elementary,
then det(E~!) = det(E) L. O

We can now prove the product formula (Proposition 8.1, part (2)) to the
n xn.

Theorem 8.13. If A and B are any n X n matrices over F, then det(AB) =
det(A) det(B).

Proof. If A and B both have rank n, each one of them can be expressed as
a product of elementay matrices, say A = Ey--- Ep and B = Ej11--- Ep,.
Then AB = (Ey -+ Ep)(Egs1-+ En), so

det(AB) = det(Ey) - - - det(Ey) det(Egyq) - - - det(E,y,) = det(A) det(B).

by Proposition 8.12. To finish the proof, we have to show that if either
det(A) or det(B) is zero, then det(AB) = 0. However, if det(AB) # 0, then
AB is invertible, and we know this implies both A and B are invertible.
Hence if either det(A) or det(B) is zero, then det(AB) = 0, and the proof

is complete. O

Proposition 8.14. If A is invertible, then det(A~!) = det(A4).

Proof. This follows from the previous result since AA~! = I,, implies
det(AA™!) = det(A) det(A™!) = 1.

0

Another remarkable property of the determinant is that both A and AT
have the same determinant.

Proposition 8.15. If A is any square matrix, then det(A) = det(AT).

Proof. We know that A and AT have the same rank, so the result is true if
det(A) = 0. Hence suppose A has maximal rank. Express A as a product
of elementary matrices, say A = E1Fs - -- E. This gives

AT — (E1E2---Ek)T :EgEg—y“Ef,

by the rule for transposing a product. Thus it suffices to show that for any
elementary matrix F, we have

det(ET) = det(E).
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This is clear if F is of type II or III, since elementary matrices of type II are
symmetric and the transpose of a type III elementary matrix is also of type
I11, so in both cases the determinant is 1. If E is of type I, then E~! = ET
so det(E) = det(E~') = det(E”), the common value being —1. O

REMARK: Finally, one can ask the question of how unique the determinant
is. As we have remarked above, it is a staightforward consequence of the
definition that det(A) is an F-linear function of the rows of A. That is, if we
hold all rows of A fixed except the ith, the the determinant is then a linear
function of the ith row, and this is true for any i. Then we have

Theorem 8.16. The determinant is the only function F' : F™*"™ — T such
that:

(1) F is F-linear in each row,
(2) F(
(3) F(A) =0 if two rows of A are equal, and
(4) F(L)=1.

Then F(A) = det(A)for all A € F**™. In fact, if the characteristic of F is
different from 2, then condition (3) can be dropped.

B) = —F(A) if B is obtained from A by a row swap,

Proof. In fact, these conditions tell us that for any elementary matrix F,
F(FEA) is computed from F(A) in exactly the same way det(EA) is com-
puted from det(A). O

8.3.3 The determinant of a linear transformation

Here is an application of the product theorem. Let V' be a finite dimensional
vector space over IF, and suppose T' : V — V is linear. We now make the
following definition. To do so, let

Definition 8.4. The determinant det(7) of T is defined to be det(A), where
A € F™*™ is any matrix representation of T' with respect to a basis.

To see that det(7") is well defined we have to check the if B is some
other matrix representation, then det(A) = det(B). But we know from
Proposition 77 that if A and B are matrices of T with respect to a basis,
then A and B are similar, i.e. there exists an invertible P € F™*" such that
B =P~ 'AP. Thus

det(B) = det(P~'AP) = det(P~1) det(A) det(P) = det(A)
so det(7T) is indeed well defined.
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8.3.4 The Laplace Expansion

The determinant is frequently defined in terms of the Laplace expansion.
The Laplace expansion is useful for evaluating det(A) when A has entries
which are functions. In fact, this situation will arise as soon as we introduce
the characteristic polynomial of A.

Suppose A is n x n, and let A;; denote the (n — 1) x (n — 1) submatrix
obtained from A by deleting its ith row and jth column.

Theorem 8.17. For any A € F™"*™ we have

det(A) = En:(—l)”jaij det(A;;). (8.11)

i=1

This is the Laplace expansion along the jth column. The corresponding
Laplace expansion of along the ith row is

det(A) = Zn:(—w’ﬂ' aij det(A;j). (8.12)

Jj=1

Proof. Since det(A) = det(A”), it suffices to prove (8.11) . For simplicity,
we will assume j = 1, the other cases being similar. Now,

det(A) = Z SgIl(O') A5(1)105(2)2 " Go(n)n
oeS(n)

= an Z SgN(0)ag(2)2 * * * Ao (nyn +
o(1)=1

asy Z sgn(0)ag(2)2 * ** Ao(nyn +
o(1)=2

4+ Fan Z SgH(O')CLU(Q)Q ©Qo(n)n
o(l)=n

If o € S(n), let P, denote the element of F"*" obtained from P, by deleting
the first column and the o(1)st row. Since p,(;); = 1, it follows that P, €
P(n—1) (why?). Note that det(P,) = (—1)((1)=1) det(P"), since if bringing
P! to I,_1 by row swaps uses t steps, one needs t + o(1) — 1 row swaps to
bring P, to the identity. Next, recall that

det(4) = Y det(P,)d(PyA).
oeS(n)
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Since det(P,) = (—1)@M=1 det(P.), we see that for each r with 1 < r < n,

> det(P,)d(PA) = (—1)" Vay Y det(P)3(PyAn).
oeS(n) oeS(n)
o(l)=r o(l)=r

But the right hand side is certainly (—1)"Ya,; det(A4,1), since every ele-
ment of P(n — 1) is P, for exactly one o € S(n) with o(1) = r. Therefore,

n

det(A) = Z(—l)i_lail det(A4;1),

i=1

which is the desired formula. O
Example 8.7. If A is 3 x 3, expanding det(A) along the first column gives
det(A) = ai1(aass — aszass) — az1(ai2a23 — a13a32) + as1(ai2a23 — a13azz).

This is the well known formula for the triple product a; - (ag x a3) of the
rows of A.

Example 8.8. Here is an example where the Laplace expansion is useful.
Suppose we want to find all values of x such that the matrix

has rank less that 3, i.e. is singular. Hence we will try to solve the equation
det(C;) = 0 for z. Clearly, row operations aren’t going to be of much
help in finding det(C}), so we will use Laplace, as in the previous example.
FExpanding along the first column gives

det(Cp) = (1—2)(1—=2)(2—2)— (=1)(-1)) —2(2(2 —2) — 0(—1))
—a3 +dx — 7

Hence C,, is singular at the three roots of 2 — 4z + 7 = 0.

A moment’s consideration is all that is needed to see that the Laplace
expansion isn’t even in the same ballpark as row ops when it comes to
giving an efficient a procedure for computing det(A). All that the Laplace
expansion is doing is giving a systematic way of organizing all the terms.
Using Laplace to evaluate even a 20 x 20 determinant is impractical, except
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possibly for a super computer (note 20! = 2432902008176640000). Yet in
applications of linear algebra to biotechnology, one might need to evaluate a
2000 x 2000 determinant. In fact, calculations involving genomes routinely
require evaluating much larger determinants.

REMARK: Recall that we still need to show that det(C') = 0 if two rows of
C coincide (or are proportional) in every characteristic. We now fill in this
gap.

Proposition 8.18. Suppose F is a field of arbitrary characteristic and n >
1. Then if C € F™*™ has two equal rows, det(C') = 0.

Proof. This is an ideal situation in which to use mathematical induction. We
know that the result is true if n = 2. Now make the inductive hypothesis
that the result is true for all C € F™*™ where m < n — 1. Next, let
C € F™" and suppose C has two equal rows, say the ith and jth, We
may in fact suppose, without any loss of generality, that i,j # 1 (why?).
Applying the Laplace expansion along the first row, we see that det(C) is a
sum of (n — 1) x (n — 1) determinants, each of which has two equal rows.
By the inductive hypothesis, each of these (n — 1) x (n — 1) determinants is
0. Therefore det(C) = 0. O

8.3.5 Cramer’s rule

Another reason the Laplace expansion is important, at least from a theo-
retical point of view, is that it gives a closed formula for the inverse of a
matrix. For example, if A is 2 x 2,

e azgy  —ai2
det(A) \—a21 a1 )’
Inspecting this formula may suggest the correct formula for A~! in the
general case.
Proposition 8.19. Suppose det(A) # 0 and let b;; = (—1)" det(4;;),
where, as above, A;; denotes the (n — 1) x (n — 1) submatrix of A obtained
by deleting A’s ith row and jth column. Then
1
-1
= bii).
det(A)( i)
For example, the inverse of an invertible 3 x 3 matrix A is given as
follows:

X 1 A —An Az
Tr=———r | A A —Ays
det(4) A1z —Azz  Asz
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Exercises

Exercise 8.5. Find all possible values the determinant of an arbitrary n xn
orthogonal matrix Q.

Exercise 8.6. Two square matrices A and B are said to be similar if there
exists a matrix M so that B = MAM~!. Show that similar matrices have
the same determinants.

Exercise 8.7. Suppose P is an n X n matrix so that PP = P. What is
det(P)? What if P* = P~1?

Exercise 8.8. Find all values z € R for which

1
Alx) = |z
2

w = 8

2
T
1

is singular, that is, not invertible.

Exercise 8.9. Do the same as Problem 5 for the matrix

o8 O8
— = 8
O = = 8

(Suggestion: use the Laplace expansion to evaluate.)

Exercise 8.10. Suppose that @) is orthogonal. Find the possible values of
det(Q).

Exercise 8.11. Which of the following statements are true. Give your
reasoning.

(a) The determinant of a real symmetric matrix is always non negative.
(b) If A is any 2 x 3 real matrix, then det(AAT) > 0.
(c) If A is a square real matrix, then det(AAT) > 0.

Exercise 8.12. An n x n matrix A is called skew symmetric if AT = —A.
Show that if A is a skew symmetric n X n matrix and n is odd, then A
cannot be invertible.

Exercise 8.13. A complex n x n matrix U is called unitary if U~" = UT,

where U is the matrix obtained by conjugating each entry of U. What are
the possible values of the determinant of det(U) of a unitary matrix U.
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Exercise 8.14. Compute

1 2 -10
2 1 1 1
0 -1 2 0
1 1 -11

in two cases: first when the field is Q and secondly when the field is Zs.
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8.4 (Geometric Applications of the Determinant

Now let us mention some of the geometric applications of determinants.

8.4.1 Cross and vector products

Recall that the cross product is expressed as a determinant with vector
entries; namely,

€ € €3
xxy=det |z xo z3
Yr Y2 Y3

A frequently asked question is why the cross product exists only in three
dimensions. In fact there is an n dimensional generalization of the cross
product called the vector product. The vector product assigns to any (n—1)
vectors x1,Xs,...,X,_1 € R" a vector

[X17X27 s 7XTL—1] eR"

orthogonal to each of the x;. It is defined by the follows determinantal
expression:

€1 €2 €n
11 12 ZT1in
[X1,X2,...,Xp—1] = det
Tpn—-1,1 ITnpn-1,2 --- Tpn—1n
The fact that
X - [X17X27 s 7Xn—1] =0

for each i, 1 <7 <n —1, is simply due to the fact that a determinant with
two equal rows is 0.

8.4.2 Determinants and volumes

There is an important geometric interpretation of determinants for matrices

over R. Consider a basis w1, ... , w, of R™. Then w1, ... , w, span an
n-dimensional solid parallelogram < wy, ... , w, >. By definition
n
<WL, ., Wy >= {Ztiwi |0<t; <1}

1=1
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It can be shown that the volume of < wi, ... , w, > is given by the
formula

Vol(< wy, ..., w,>)=|det(w; wa ... Wp)|.

Note that here the vertical bars denote the absolute value. To connect this
with matrices, consider the linear transformation of A : R® — R"” such that
A(e;) = w;. In other words, the ith column of the matrix of A is w;. Thus
|det(A)| is the volume of the image under A of the unit cube spanned by
the standard basis vectors e ..., e,, i.e.

|det(A)| = Vol(< wy, ..., wy, >).

Let us make a couple of comments about determinants and the geometry
of linear transformations. The upshot of the above remarks is that the linear
transformation associated to a real matrix having determinant of absolute
value 1 preserves the volume of a cube. A linear transformation 7' : R® — R"”
whose determinant is 1 is called unimodular. We say that the matrix of T
is unimodular. The set of all unimodular real n x n matrices is denoted by
SL(n,R). Tt is called the special linear group.

Proposition 8.20. Products and inverses of unimodular real matrices are
also unimodular.

Unimodular matrices have another property that is a little more subtle.
For concreteness, let’s assume for the moment that n = 3. If the matrix A
of a linear transformation 7" : R? — R? has positive determinant, then the
linear transformation preserves right handed systems. Thus if det(T") > 0,
then T is orientation preserving.

If A has determinant —1, then A preserves volumes but reverses orien-
tation. The possibility of having volume preserving orientation reversing
transformations is what makes it necessary to put the absolute value in the
change of variables formula below.

8.4.3 Change of variables formula

Now consider a smooth transformation F' : R™ — R" of the form

F(z1,...,xn) = (fi(z1, .. 2n)s ooy fu(z1, .0y 20)).
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The Jacobian JF of F is defined to be the determinant of the differential of
the transformation F. That is,

of1 of1
or1 OTn
0 ' .
O(z1,...,xn) ' _
Ofn Ofn
or1 OTn

It is an easy exercise in partial differentiation that if F' is linear and A is its
associated matrix, then the Jacobian of F satisfies JF = det(A).

Now the change of variables formula says that if U is a closed n dimen-
sional solid, then

/ g(y)dV = / G(F ()| F()|dV
F(U) U

for all functions g that are continuous on F(U). The intuition for this is
based on the observation that |JF(z)|dV is a good approximation of the
volume of the (curvilinear) solid parallelogram F'(U), where U denotes a
small cube in R" and = € U is arbitrary.

A specific application of this formula is that the volume of F(U) is the
integral of the absolute value of the Jacobian of F' over U. If F is a linear
transformation, then

Vol(F(U)) = det(A)Vol(U).

Using this identity, it is not hard to give a geometric proof that if A, B are
two n X n matrices over R, then

[det(AB)| = [det(A)]|det(B),

where we have used the det notation to avoid confusion with absolute values.

8.4.4 Lewis Carroll’s identity

The notion of the determinant of a matrix was introduced in the 19th cen-
tury. At that time, many mathematicians were amateurs. For them, mathe-
matics was a hobby, not a vocation. The determinant held great fascination
in those days. It is a complicated concept, yet it is also a concrete object
that can be calculated with and manipulated.
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One 19th century mathematician who studied determinants was Charles
Dodgson, a professor of mathematics at Oxford who is better known by his
pseudonym, Lewis Carroll, and for authoring Alice in Wonderland. Dodgson
discoverered and published of an amusing identity, now known as Lewis
Carroll’s Identity, which is reminiscent of the 2 x 2 case. Suppose A is an
n x n matrix. Let Ac be the (n —2) x (n — 2) submatrix in the middle of A
obtained by deleting the first and last rows and the first and last columns.
Also, let Ayw the (n—1) x (n — 1) submatrix in the upper left hand corner
of A, and define Aypg, Asw and Agg to be the (n—1) x (n — 1) submatrices
in the other three corners of A. If n = 2, put det(A¢) = 1. Then Lewis
Carroll’s Identity says:

det(A) det(Ac) = det(ANw) det(AgE) - det(ANE) det(Asw) (813)

(see C.L. Dodgson, Proc. Royal Soc. London 17, 555-560 (1860)). Interest-
ingly, Lewis Carroll’s Identity has recently reappeared in the modern setting
of semi-simple Lie algebras.
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Exercises

Exercise 8.15. Verify Lewis Carroll’s Identity for the matrix

= O N =
|
—

_ O =) O

Exercise 8.16. Under what condition does Lewis Carroll’s Identity make
it possible to evaluate det(A)?

Exercise 8.17. Suppose A is an n X n matrix over R.

(a) First show that the Jacobian of the linear transformation defined by A
is det(A).

(b) Use this to give a verification of the identity that says
|det(AB)| = |det(A)||det(B)].

Exercise 8.18. List all the 3 x 3 permutation matrices that lie in SL(3,R).
Exercise 8.19. Prove Proposition 8.20.

Exercise 8.20. Prove that SL(3,R) is a subgroup of GL(3,R), where
GL(n,R) ={A € R™" | det(A) # 0}.

Exercise 8.21. *. If G and H are groups, then a mapping ¢ : G — H is
called a group homomorphism if for any a,b € G, ¢(ab) = p(a)p(b). Explain
how the determinant can be viewed as a group homomorphism if we choose
the group G to be GL(n,F), where I is any field.
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8.5 Summary

The theory of determinants was one of the main topics of interest to the
mathematicians working in the 19th century. The determinant of a square
matrix over an arbitrary field F is an F-valued function det that with the
property that det(AB) = det(A) det(B), det(I,) = 1 and det(A) # 0 if and
only if A is invertible. In this book, it is defined combinatorially, and its
properties are rigorously proved. In many texts, the determinant is defined
inductively, by the Laplace expansion. The problem with this approach is
that it is very messy to show that the definition is the same for all possible
Laplace expansions. The determinant of a linear transformation 7' : V — V
is defined as the determinant any matrix representing 7.

In addition to its importance in algebra, which will be amply demon-
strated in the next chapter, the determinant also has many important ge-
ometric applications. This stems from theh fact that | det(A)| is, by def-
inition, the n-dimensional volume of the solid parallelogram spanned by
Aeq, Aes, ..., Ae,. Thus the determinant appears in the change of vari-
ables theorem for multiple integrals, though in that context, it is called a
Jacobian.
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Chapter 9

Eigentheory

Let V be a finite dimensional vector space over a field F, and let T : V — V
be a linear transformation. In particular, if V' = F™, then T is an element
of F™*™ i.e. an n X n matrix over F. One of the most basic questions about
T is for which non-zero vectors v € V is it true that there exists a scalar
A € F for which T'(v) = Av. A pair (\,v) for which this happens is called
an eigenpair for T'.

The purpose of this chapter is to study this eigenvalue problem. In
particular, we will develop the tools for finding the eigenpairs for T and give
examples of how they are used. The fundamental question is when does V'
have a basis consisting of eigenvectors. If such an eigenbasis B exists, then
T is what we have called a semi-simple transformation. It turns out that if
T is semi-simple, then the matrix Mg(T) of T is diagonal. For example, if
V =F", then T itself is a matrix, and an eigenbasis exists if and only if we
can write T = M DM ™! for an invertible M € F"*". Finding M and D is
the diagonalization problem, and determining when it has a solution is the
main goals of this chapter (and subsequent chapters).

9.1 An Overview

The purpose of this section is to give a quick introduction to the eigentheory
of matrices and linear transformations. We will give a much more complete
treatment in the subsequent sections. The key concepts in eigentheory are
the eigenvalues and eigenvectors of a linear transformation T : V — V,
where V is a finite dimensional vector space over F. In this introduction,
we will concentrate just on matrices, keeping in mind that a square matrix
A over F is a linear transformation from F™ to itself. The eigenvalues and
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eigenvectors enable us to understand how this linear transformation acts.

9.1.1 An Example: Dynamical Systems

One of the many applications of eigentheory is the decoupling of a dynamical
system, which entails solving the above diagonalization problem.

Let us begin with a Fibonacci sequence. Recall that this is any sequence
(ak) in which ag and a1 are arbitrary non-negative integers and ay = ax_1+
ap_o if K > 2. We already noticed that the Fibonacci sequence leads to a

matrix equation
A1 _ 1 1 ag
Qg 1 0 Q1 ’

11
r=(i0);
we see by iterating that
(o) =r ) =7 (0) == ()
ag ap—1 ap—9o ap
Vo = <a1> and v = <ak+1> ,
ag af

we can therefore express the Fibonacci sequence in the form v, = FFvy.

The Fibonacci sequence is therefore an example of a dynamical system.
Suppose in general that A € R™ ™, and fix an arbitrary vector vo € R™.
Then the dynamical system associated to A having initial value vq is the
sequence (vg) with

hence putting

Putting

Vk:AVk_l, k:1,2,...

Thus
vi = Avg, vy = Avy = A?vy, ..., vi = AFvy.

This sequence is easy to analyze if A is diagonal, say A = diag(dy,ds, ..., d,).
Indeed, A’s Nth power AV is just the diagonal matrix

AN = diag(dl,dy ..., dY).
Thus, if v = (v1,v2,...,v,), then

VN = ((dl)N?Jl, (dg)NUQ, vy (dn)NUn).
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Fortunately, this isn’t the only situation where we can compute AYN.
Suppose v € R" satisfies the condition Av = Av for some scalar A € R. We
will call such a pair (A, v) an eigenpair for A as long as v # 0. Given an
eigenpair, we see that

ANy = AN7HAv) = AN (awv) = 2AN 1y,

By iteration, we therefore see that ANv = AVv, for all N > 0, so we know
the dynamical system determined by A with initial value v. Now suppose
there exists a basis vi,vo,...v, of F" such that Av; = \;v; for 1 <i < n.
Since we can expand an arbitrary v € F™ as v = a1vy 4+ asve + - - - + a, vy,

it follows that
Av = Z a;Av; = Z a;\V;.

Given an eigenbasis v, vs,...v, for A, we therefore get
ANy = ZaiANvi = ZaiANvi. (9.1)

Hence an eigenbasis for A is also one for AN. The key to understanding
a dynamical system with arbitrary initial value vq is therefore to find an
eigenbasis for A, expand v in terms of this basis and apply (9.1).

We’ll finish this discussion below after we’ve said more about the eigen-
value problem.

We can interpret this as follows. let T4 : F" — F™ be the linear trans-
formation

9.1.2 The Eigenvalue Problem

Let A be a square matrix over the field F, i.e. A € F**"™. We now want to
consider the eigenvalue problem for A. That is, we want to find all A € F
for which there exists a v € F™ such that v # 0 and

Av = A\v.

Notice that the way this problem is imposed presents a difficulty: the vari-
ables being A and the components of v, the right hand side is nonlinear since
A multiplies the components of v. Since we only know how to treat linear
equations, we may have a problem. However, a slight tweak of the problem
gives us the much better form

(A= M,)v=0. (9.2)
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This is a homogeneous linear system. Moreover, it tells us that the eigen-
value problem actually consists breaks up into two parts:

(1) find those A € IF such that the matrix A — AI,, has a nontrivial null
space, and

(2) given A satisfying (1), find N'(A — A\I,,).

For the first part, we consider the equation
det(A — \I,) =0, (9.3)

which is called the characteristic equation of A. Indeed, A € F belongs
to an eigenpair (A,v) if and only if A — AI,, has rank less than n if and
only if det(A — AI,) = 0. As we will see below, this is the nonlinear part
of the eigenvalue problem. Once we have a A € F satisfying (9.3), the
second problem is a straightforward linear problem, as we only need to find

N(A =),

Example 9.1. Let’s consider the real matrix

(1)

The eigenvalues of A are the real numbers A such that

1-X 2
A_MF<2 1—>\>

has rank 0 or 1. This happens exactly when det(A — Al2) = 0. Now
det(A—AL)=(1-X)2-2.2=X> -2\ -3=0.
Since A2 — 2\ —3 = (A — 3)(\ + 1), the eigenvalues of A are 3 and -1. We

can now proceed to finding corresponding eigenvectors. For this we need to
find the null spaces N (A — 313) and N (A + I3). Clearly,

N(A—31,) = N(<_22 _22>) _R G) ,

N(A+ L) :N(@ §>) :R<_11>.

and
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We now want to point out a consequence of this calculation. We can combine
everything into a matrix equation

G066 2)65)

This is an expression in the form AP = PD, where the columns of P are two
independent eigenvectors. Thus P is invertible, and we get the factorization
A = PDP~!. At this point, we say A has been diagonalized.

Let’s apply this to our dynamical system problem of taking powers of A.
For example,

A3 = (PP Y(PDP Y (PDPY)= PDL,DL,DP~' = PD3P7L,
Generalizing this to any positive integer N, we get the formula

AN = ppNp—1,

9.1.3 Dynamical Systems Revisted

Recall that analyzing the dynamical system Avy = vii1 required that we
find the powers A* of k. Whenever A can be diagonalized, that is expressed
as PDP~!, then A* can easily be computed. For example,

A = (ppDP YPDP Y (PDPY) = PDI,DI,DP~! = PD3P~ L.
Generalizing this to any positive integer N, we get the formula
AN = ppNp~1,

We can now finish our discussion of the Fibonacci sequence. Thus we
have to solve the eigenvalue problem for F'. Clearly, the characteristic equa-
tion of Fis A2 — A+ 1 = 0. Using the quadratic formula, we obtain the

roots
1+v5  1-V6
2 Mt T
and since both roots are real, F' has two real eigenvalues. I leave it to you to
check that N(F — 713) = R(7,1)T, and N (F — ul3) = R(u,1)T. Therefore,
as in the previous example,

GGG
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Hence

-1
Am+1\ _ pm (@) _ (T 1 ™ 0 T W ay
am, ao 11 0o pm/)\1 1 ag)
To take a special case, let ag = 0 and a; = 1. Then this leaves us with the
identity
Tmo_ Ium _
Tk VEe2m

Taking the ratio a,,+1/an, and letting m tend to oo, we obtain

(1+V5)™ — (1 —VB)™). (9.4)

A, =

= lim — =1,

since limy,—oo(p/7)™ = 0. Therefore, for large m, the ratio am,t1/ap, is
approximately 7. Since —1 < p < 0 (in fact u ~ —0.618034) and

A + 1™V =17 V5,

it follows that

2m 2m+1
1 (1445 1 (1445
aom = | — and  agm41 = ﬁ + 1,

s\ 2 2

where [k] denotes the integral part of k.

The eigenvalue 7 is the so called golden number # which was known
to the early Greeks and, in fact, used in their architecture. It was also
encountered in the discussion of the icosahedron and Buckminsterfullerene.
There is an interesting observation in botany, namely that certain observed
ratios in plant growth are approximated by quotients of Fibonacci numbers.
For example, on some types of pear trees, every eight consecutive leaves
make three turns around the stem. (Think of a spiral staircase making
three complete turns around its axis that has eight steps and you have the
leaves on the stem of a pear tree.) There are more examples and refer-
ences of this is the book Geometry, by H.M.S. Coxeter. The implication is
that the golden number may have some properties that influence biological
patterns, just as it has properties that affect molecular structures such as
buckminsterfullerene.

In the above two examples, we solved the diagonalization problem. That
is, given A we constructed a matrix P such that A = PDP~!,
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Definition 9.1. Two matrices A and B in F™*" are said to be similar if
there exists an invertible M € F"*" go that B = MAM 1.

Thus the diagonalization problem for A is to find a diagonal matrix
similar to A.

Now suppose that V' is an arbitrary vector space over Rand T : V — V
is a linear transformation. In the infinite dimensional setting, it is custom-
ary to call a linear transformation a linear operator. Then the eigenvalue
problem for T is still the same: to find scalars A € R so that there exists a
non zero v € V such that T'(v) = Av. However, since V is not assumed to be
finite dimensional, the above method involving the characteristic equation
won’t work. One way to proceed is to try to find finite dimensional sub-
spaces W of V so that A(W) C W. But in the infinite dimensional setting,
there is no such simple technique for finding eigenvalues of T. This has lead
to the development of many different techniques. In the next example, we
consider a case which arises in differential equations.

Example 9.2. Let V = C*°(R) be the space of real valued functions on R
which have derivatives of all orders. Since the derivative of such a function
also has derivatives of all orders, differentiation defines a linear operator
D : C*®(R) — C®°(R). That is, D(f) = f’. Tt is clear that the exponential
function f(x) = €™ is an eigenvector of D with corresponding eigenvalue
r. Thus (r,e") form an eigenpair for D. In this context, eigenvectors are
usually called eigenfunctions. Considering D? instead of D, we easily see
that for any integers m and n, cosmax and sinnx are also eigenfunctions
with corresponding eigenvalues —m? and —n? respectively.

We will return to this example after the Principal Axis Theorem.

9.2 The Characteristic Polynomial

Having now seen some of the basic definitions and some applications and
examples, we will next consider eigentheory in greater detail.

9.2.1 Basic Definitions and Properties

Let F be a field, and suppose V is a finite dimensional vector space over F.

Definition 9.2. Suppose 7' : V — V is a linear map. Then a pair (\,v),
where A € F and v € V| is called an eigenpair for T if v # 0 and

T(v) = Av. (9.5)
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If (\,v) is an eigenpair for T, we call A an F-eigenvalue, or, simply, an
etgenvalue of T and v an eigenvector of T' corresponding to A.

As we discussed above, the fundamental question is whether T has an
eigenbasis.

It turns out that it is most convenient to first treat the eigenvalue prob-
lem for matrices. Thus we will consider matrices first and return to linear
transformations after that. Here are a couple of observations that follow
directly form the definitions.

First, let us make some simple observations. Not every square matrix
has an eigenvalue.

Example 9.3. The characteristic equation of J = (? _01) is \2+1=0.
Since the roots of A\ +1 = 0 are i, there are no real eigenvalues. This
isn’t surprising since J is the matrix of the rotation R/ : R?2 — R? of
R? through 7/2, and thus there are no eigenvectors in R2. On the other
hand, if we think of J as a complex matrix (as we may since R C C), the
eigenvalues of J are *i. Solving the for corresponding eigenvectors gives
eigenpairs (4, (—1,4)”) and (—i,(1,4)7). Thus

0 -1 1 1y (1 1 i 0
1 0 —i i) \—i 1 0 —i/)°
Hence JM = MD or J = MDM™1.

This Example brings up a somewhat subtle point. When considering
the eigenvalue problem for an A € R™" we know, by the Fundamental
Theorem of Algebra (Theorem 4.11), that the characteristic equation of A
has n complex roots. But only the real roots determine eigenpairs for A
when we are taking F = R. However, as R is a subfield of C, so we can also
consider A as a matrix in C™*", and thus every root u of the characteristic
equation of A gives us an eigenpair (u,v) with v € C™.

Let us now give some of the basic general properties of eigenpairs.

Proposition 9.1. Suppose A is a square matrix over F and (\,v) is an
eigenpair for A. Then for any scalar r € F, (r\,v) is an eigenpair for rA.
Moreover, for any positive integer k, (\*,v) is an eigenpair for A*. Finally,
A has an eigenpair of the form (0, v) if and only if N'(A) is nontrivial.

Proof. The proof is left as an exercise. ]

Recall that we defined the characteristic equation of A € F™*™ in the

previous section to be det(A — AI,,) = 0. We will frequently denote the
determinant det(A — AI,) by |A — A,|.
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Proposition 9.2. If A € F**", then det(A — \I,,) is a polynomial in A over
F of degree n. Its leading term is (—1)" A" and its constant term is det(A).
The eigenvalues of A are the roots of det(A — A\I,,) =0 in F.

Proof. This is obvious from the definition of the determinant. O

Definition 9.3. Given A € F"*" we call p4(\) = det(A — A\I,,) the char-
acteristic polynomial of A.

The next Proposition gives an important property of the characteristic
polynomial .

Proposition 9.3. Two similar matrices have the same characteristic poly-
nomial.

Proof. Suppose A and B are similar, say B = M AM~'. Then

det(B — \I,) = det(MAM™! —\I,)
= det(M(A—\,)M™1)
= det(M)det(A — \I,)det(M 1)

Since det(M ') = det(M) !, the proof is done. O
We can now extend these definitions to linear transformations.

Definition 9.4. If V is a finite dimensional vector space over F and T :
V' — V is linear, then we define the characteristic equation of T' to be the
characteristic equation p4(\) = 0 of any matrix A € F**™ which represents
T. Similarly, we call ps(\) the characteristic polynomial of T.

Since any two matrices Mg(T) representing 7' are similar, Proposition
9.2 tells us that the the characteristic equation and characteristic polynomial
of T are well defined. Now we need to show that an eigenpair for ME(T)
gives an eigenpair for T, and conversely.

Proposition 9.4. Let V be a finite dimensional vector space over F and
suppose T' : V. — V is linear. Then any root u € F of the characteristic
equation of T is an eigenvalue of T', and conversely.

Proof. Let A be the matrix representing 1" for a basis vi,..., v, of V. Sup-
pose p € F is a root of the characteristic equation det(A — ul,,) = 0, and let
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(1, x) be an eigenpair for A. Thus Ax = px. Let x = (21,...,2,)" and put
v =), x;v;. Then

T(v) = Z x;T(v;)
A
= Z xiajivj
4,3
= Z HI 5V

J

= MV
Since some x; # 0, it follows that v is non zero, so (u, V) is an eigenpair for
T. For the converse, just reverse the argument. ]

The previous two Propositionshave the consequence that from now on,
we can concentrate on the eigentheory of n x n matrices and ignore the more
viewpoint of linear maps. Put in other terms, the eigenvalue problem for lin-
ear transformations on a finite dimensional vector space reduces completely
to the case of matrices.

Let’s now consider some examples.
Example 9.4. If A = (% _21), then A — Xy = (1__2)‘ _12_>\), so the charac-
teristic polynomial of A is |[A — Alo| = (1 — A)(=1 —X) — (2)(2) = A2 — 5.
The eigenvalues of A are ++/5. Both eigenvalues are real.

0 -1

1 0
eigenvalues. However, it does have two distinct eigenvalues in C.

Example 9.5. As we saw above, the matrix J = < ) has no real

Example 9.6. Let K = (? _()i). The characteristic polynomial of K is
A2 — 1, so the eigenvalues of K are +1. Thus K is a complex matrix with
real eigenvalues. Notice that K = iJ, so Proposition 9.1 in fact tells us a
priori that its eigenvalues are ¢ times those of J.

9.2.2 Formulas for the Characteristic Polynomial

The characteristic polynomial p4(\) of a 2 x 2 matrix A = (CC” g) over an

arbitrary field F has a nice form, which we will generalize. First, define the
trace of A to be the sum of the diagonal elements of A, i.e. Tr(A) =a+d.
Then

pa(N) = (a = N)(d = \) —bc = A2 — (a+ d)\ + (ad — be).
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Hence,
pa(N) = A2+ Tr(A)X + det(A). (9.6)

The quadratic formula gives the eigenvalues of A in the form

A= =(—(a+d)£+/(a+d)?—4(ad — bc))

N =

which can be rewritten as

A= %(—Tr(A) £ V/Tr(A)? — 4det(4)). (9.7)

Hence if A is real, it has real eigenvalues if and only if the discriminant
A(A) :=Tr(A)? — 4det(A) is non negative: A(A) > 0. If A(A) = 0, the
roots are real but repeated. If A(A) < 0, the roots are complex and unequal.
In this case, the roots are conjugate complex numbers. By factoring the
characteristic polynomial as

A =2 =X2) =A% — (A1 + X)X+ Ao
and comparing coefficients, we immediately see that:
(i) the trace of A is the sum of the eigenvalues of A:

TT‘(A) =\ + )\2,

(ii) the determinant of A is the product of the eigenvalues of A:

det(A) = )\1)\2.

For n > 2, the characteristic polynomial is more difficult to compute.
Using row operations to compute a characteristic polynomial isn’t very prac-
tical (see Example 8.8), so when computing by hand, it is almost necessary
to also use the Laplace expansion. There is an important warning that needs
to be issued here. Whenever you are computing the characteristic
polynomial of a matrix A, never, repeat, never row reduce A or
partly row reduce A before computing the characteristic polyno-
mial. There is absolutely no reason the characteristic polynomials of A and
FE A should have any common roots. If they did all invertible matrices would
have the same eigenvalues.

On the other hand, there is a beautiful formula for the characteristic
polynomial involving the so called principal minors of A. Since p4(A) is a
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polynomial in A of degree n with leading coefficient (—1)" A" and constant
term det(A), we can write

pa(N) = (=1)"A" + (= 1)" o (AN + (=1)" o (AN T+

+- (1) o1 (A)X + det(A), (9.8)

where the 0;(A4), 1 <i <n — 1, are the remaining coefficients.

Theorem 9.5. The coefficients o;(A) for 1 < i < n are given by
oi(A) = Z (all principal i x i minors of A), (9.9)

where the principal i X i minors of A are defined to be the determinants of
the ¢ X i submatrices of A obtained by deleting n — ¢ rows of A and then the
same n — i columns.

We will omit the proof.

By definition, the principal 1 x 1 minors are just the diagonal entries
of A, since deleting (n — 1) of the rows and the same (n — 1) columns just
leaves the diagonal entry a;; in the unique row that wasn’t deleted. Hence

o1(A) = a1 +ag+ -+ anp

o1(A) = Tr(A).

Of course, formula (9.8) says that the constant term is the determinant
of A, i.e. 0,(A) = det(A). But this is clear. In general, the number of
j x j minors of A is the binomial coefficient (?) = #lj), Thus, the
characteristic polynomial of a 4 x 4 matrix will involve four 1 x 1 principal
minors, six 2 X 2 principal minors, four 3 x 3 principal minors and a single
4 x 4 principal minor. But using Theorem 9.5 is still much simpler than

expanding det(A — \I,,) via Laplace.
Example 9.7. For example, let

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

Then
det(A — M3) = —A* + (=1)%(3 — 1 + 0)\*+
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(1)} (det (g :f) + det <:; _03> + det G _02>))\~|—det(A).

Thus the characteristic polynomial of A is
pa(N) = A3+ 202 £\ - 2.

A natural question is how to find the roots of the characteristic polyno-
mial. Except in the 2 x 2, 3 x 3 and 4 x 4 cases, where there are general
formulas, there aren’t any general methods for finding the roots of a polyno-
mial. Solving the eigenvalue problem for a given square matrix is a problem
which is usually approached by other methods, such as tNewton’s method
or the QR algorithm, which we will discuss later.

In particular examples, the rational root test can be helpful, since
most examples deal with matrices with integer entries. Hence the charac-
teristic polynomial has integer coefficients. The rational root test treats such
polynomials. It says that if

p(z) = apz" + ap_12" 1 + - + a1z + ag

is a polynomial with integer coefficients ao,...a,, then the only possible
rational roots have the form p/q, where p and ¢ are integers without any
common factors, p divides ag and ¢ divides a,. In particular, if the leading
coefficient a,, = 1, then ¢ = £1, so the only possible rational roots are the
inegers which divide the constant term ag. Therefore we obtain the following
Proposition 9.6. If A is a matrix with integer entries, then the only pos-
sible rational eigenvalues are the integers which divide det(A).

Since the characteristic polynomial of the matrix A in the previous ex-
ample is —A3 + 2X2 + X — 2 the only possible rational eigenvalues are the
divisors of 2, that is +1 and £2. Checking these possibilities, we find that
+1 and 2 are roots, so these are the eigenvalues of A.

Note also that the coefficients of p4(A) are certain explicit functions of
its roots. For if p4(A) has roots A1,..., A,, then

pa(d) = M =AM —A)...(M—A)
= (=D"V)"+ (D" T A AN T A A A,

Thus we obtain a generalization of what we showed in the 2x case.

Proposition 9.7. The trace of a matrix A is the sum of the roots of its
characteristic polynomial, and similarly, the determinant is the product of
the roots of its characteristic polynomial.
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There are other functions o;(\1, ..., A,) expressing the coefficients o;(A)
as functions of A1,..., A,. These are called the elementary symmetric func-
tions. You might be amused to find some expressions for them on your own.
For example,

o3 My An) = 02(A) = DA

1<j

Exercises

In the following exercises, A and B are assumed to be square matrices of
the same size over

either R or C. Recall that an eigenbasis for a real n x n matrix A is a
basis of R™ consisting of eigenvectors.

Exercise 9.1. Find the characteristic polynomial, eigenvalues and if possi-
ble, an eigenbasis for:
(i) the X-files matrix

—_

(ii) the checkerboard matrix

C =

—
o
—_

(1)
(i

(iii) the 4 x 4 X-files matrix

_ o O
S = = O
S = = O
= o o

(iv) the 4 x 4 checkerboard matrix

O O
= O = O
S = O =
_= O = O
N— N—
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Exercise 9.2. Find the characteristic polynomial and eigenvalues of

-3 0 -4 4
0o 2 1 1
4 0 5 4
-4 0 -4 -3

in two ways, one using the Laplace expansion and the other using principal
minors.

Exercise 9.3. The following matrix A was on a blackboard in the movie
Good Will Hunting:

N

Il
—_— O = O
_= N O =
O O N O

S = =

0

Find the characteristic polynomial of A and try to decide how many real
eigenvalues there are.

Exercise 9.4. Find the characteristic polynomial of a 4 x 4 matrix A if
you know that three eigenvalues of A are =1 and 2 and you also know that

det(A) = 6.
Exercise 9.5. Using only the definitions, prove Proposition 9.1.

Exercise 9.6. Suppose A € F"*" has the property that A = A~!. Show
that if A is an eigenvalue of A, then so is AL

Exercise 9.7. Show that two similar matrices have the same trace and
determinant.

Exercise 9.8. True or False: If two matrices have the same characteristic
polynomial , they are similar.

Exercise 9.9. If A is a square matrix, determine whether or not A and AT
have the same characteristic polynomial, hence the same eigenvalues.

Exercise 9.10. Show that 0 is an eigenvalue of A if and only if A is singular,
that is, A~! does not exist.

Exercise 9.11. True or False: If A is an eigenvalue of A and p is an eigen-
value of B, then A 4 p is an eigenvalue of A + B.
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Exercise 9.12. An n x n matrix such that A*¥ = O for some positive integer
k is called milpotent.

(a) Show all eigenvalues of a nilpotent matrix A are 0.

(b) Hence conclude that the characteristic polynomial of A is (—1)"A". In
particular, the trace of a nilpotent matrix is 0.

(c) Find a 3 x 3 matrix A so that A%2 # O, but A*> = O. (Hint: look for an
upper triangular example.)

Exercise 9.13. Find the characteristic polynomial of the X-Files matrix

10 0 01
01010
00100
01010
1 00 01

Exercise 9.14. Show that the complex eigenvalues of a real n x n matrix
occur in conjugate pairs A and A. (Note: the proof of this we gave for
n = 2 does not extend. First observe that if p(x) is a polynomial with real
coefficients, then p(z) = p().)

Exercise 9.15. Conclude from the previous exercise that a real nxn matrix,
where n is odd, has at least one real eigenvalue. In particular, every 3 x 3
real matrix has a real eigenvalue.

Exercise 9.16. Find eigenpairs for the two eigenvalues of the rotation Ry
of R2. (Note, the eigenvalues are complex.)

Exercise 9.17. Show that in general, the only possible real eigenvalues of
an n X n real orthogonal matrix are +1.

Exercise 9.18. Suppose A is n X n and invertible. Show that for any n x n
matrix B, AB and BA have the same characteristic polynomial.

Exercise 9.19. * Find the characteristic polynomial of

o R

b
c
a

Q0O

where a, b, ¢ are all real. (Note that the second matrix in Problem 2 is of
this type. What does the fact that the trace is an eigenvalue say?)
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Exercise 9.20. Find the elementary symmetric functions o;(A1, A2, Az, Ag)
for i = 1,2, 3,4 by expanding (z — A\1)(x — A2)(x — A3)(x — A\g). Deduce an
expression for all o;(A) for an arbitrary 4 x 4 matrix A.

Exercise 9.21. Show directly that
N 1
T—p  VE.2m

is an integer, thus explaining the strange expression in Section 9.1.

((1+V5)" = (1= V5)")
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9.3 Eigenvectors and Diagonalizability

We now begin our study of the question of when an eigenbasisexists.

9.3.1 Eigenspaces

Let A € F™"*™ and suppose A € F is an eigenvalue.

Definition 9.5. The null space N (A — A\I,,) is called the eigenspace of A
corresponding to A. Similarly, if 7' : V — V is linear and X is an eigenvalue
of T, then the eigenspace of T corresponding to A is the subspace

Ey={veV|T(v)= v}

Example 9.8. Consider a simple example, say

(1)

Then pa(A) = A2 —2X —3 = (A — 3)(A + 1), so the eigenvalues of A are
A=3,—1. Now

A— (-1, = @ ;) and A -3, = <_22 _22>

)andEgzN(A—?)Ig):R(l

Thus E_lzN(A+I2):R<_1 1

1 ) . Notice

that we have found an eigenbasis of R2.

Definition 9.6. Let A € F"*". Then we say A is diagonalizable over F, or
simply diagonalizable if there is no danger of confusion, if and only if there
exist eigenpairs (A1, w1),..., (A, Wy,) so that wy, ... , w, are a basis of
F™.

Note that in this definition, some eigenvalues may appear more than
once. The next proposition describes the set of diagonalizable matrices.

Proposition 9.8. Assume A is an n X n matrix over F which is diago-
nalizable, and let wy, ... , w, € F"™ be an eigenbasis with eigenvalues
A, ... , Ay, in F. Then A = PDP~!, where P = (w; ... w,) and
D = diag(\1, ... , An). Conversely, if A = PDP~! where P € F™*" is
nonsingular and D = diag(\1, ... , An), then the columns of P are an
eigenbasis of F™ for A and the diagonal entries of D are the correspond-
ing eigenvalues. That is, if the ith column of P is w;, then (\;,w;) is an
eigenpair for A.



247
Proof. Suppose an eigenbasisw; ... w, is given and P = (w1 ... wy).
Then
AP = (Mw1 ... Agwy, = (W ... wy)diag(A1, ..., An).

Since the columns of P are an eigenbasis, P is invertible, hence A is diago-
nalizable. The converse is proved in the same way. O

Example 9.9. Here is another calculation. Let

3 -2 =2
A=13 -1 -3
1 -2 0

Then pa()\) = —A3+2X24+\—2. The eigenvalues of A are £1, 2. Thus N'(A—
I3) =R(1,0,1)T, N(A+ I3) = R(1,1,1)T, and N(A — 2I3) = R(0,1,-1)7,
where Rv is the line spanned by v. Hence an eigenbasis exists and A is
diagonalizable.

You may have noticed that in all the above examples of diagonalizable
matrices, the matrices have distinct eigenvalues. No eigenvalues are re-
peated. Matrices with this property are always diagonalizable.

Proposition 9.9. An n x n matrix A over F with n distinct eigenvalues in
F is diagonalizable. More generally, if V be a finite dimensional vector space
over F and T : V — V is a linear transformation with distinct eigenvalues,
then V admits an eigenbasis for T

The proof entails showing that if wy, ... , w, are eigenvectors for A
(or T') corresponding to the n distinct eigenvalues, then wy, ... , w, are
linearly independent. This assures us that P = (wy ...w,) is invertible.

The idea for n = 2 is that since the eigenvalues are distinct, corresponding
eigenvectors cannot be proportional. This idea can be extended to the n xn
case, but we won’t give the proof since we will prove a more general fact in
the next section.

Consider another example.

Example 9.10. The counting matrix

1
C=|4
7

co Ot N

3
6
9

has characteristic polynomial po(x) = —A3 4+ 1502 — 21, hence eigenvalues
0 and %(15 + /151). The eigenvalues of C' are real and distinct, hence C' is
diagonalizable over R.
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A simple way of determining whether A has distinct eigenvaluesis to
apply the repeated root test. A polynomial p(z) has a double root if and
only if p(z) and p’(x) have a common root. Thus we get

Proposition 9.10. A square matrix A has non repeated eigenvalues exactly
when pa(X) and p/y(\) have no common roots.

Example 9.11. By the previous example, the characteristic polynomial
of the counting matrix C is pc(A) = —A3 4+ 1502 — 21\, Since pi(\) =
—3(A% — 10X + 21) has roots A = 3,7, pc(\) has simple roots since neither
3 nor 7 is one of its roots. Thus, C' has distinct eigenvalues.
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Exercises

Exercise 9.22. Diagonalize the following matrices if possible:

-3 0 -4 —4

1 01
1 -1 0o 2 1 1
=4 )=o) o=l 0
-4 0 —4 -3

Exercise 9.23. Decide whether the Good Will Hunting matrix (cf Exercise
9.3) can be diagonalized.

Exercise 9.24. Suppose A and B are similar and v is an eigenvector of A.
Find an eigenvector of B.

Exercise 9.25. Let A be a real 3 x 3 matrix so that A and —A are similar.
Show that

(a) det(A) = Tr(A) =0,
(b) 0 is an eigenvalue of A, and
(c) if some eigenvalue of A is non-zero, then A is diagonalizable over C.

Exercise 9.26. Find an example of two real matrices which have the same
characteristic polynomial but which are not similar.

Exercise 9.27. A 4 x4 matrix has eigenvalues +1, trace 3 and determinant
0. Can A be diagonalized?

Exercise 9.28. Let A be a 3 x 3 matrix whose characteristic polynomial
has the form —z2 4+ 722 — bz + 8. Suppose that the eigenvalues of A are
integers.

(i) Find the eigenvalues of A.
(ii) Find the value of b.

Exercise 9.29. What is the characteristic polynomial of A3 in terms of
that of A?

Exercise 9.30. Diagonalize J = <
Ry for all 6 # 0.

_01 (1)> . More generally do the same for

Exercise 9.31. Let A= (¢ b), where a, b, ¢, d are all positive real num-

d
bers. Show that A is diagonalizable.
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Exercise 9.32. Suppose A is the matrix in Exercise 9.31. Show that A has
an eigenvector in the first quadrant and another in the third quadrant.

Exercise 9.33. We say that two n x n matrices A and B are simultaneously
diagonalizable if they are diagonalized by the same matrix M. Show that
two simultaneously diagonalizable matrices A and B commute. That is,
show that AB = BA.

Exercise 9.34. This is the converse to Exercise 9.33. Suppose that two nxn
matrices A and B commute. Show that if both A and B are diagonalizable,
then they are simultaneously diagonalizable. That is, they share a common
eigenbasis.
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9.4 Is Every Matrix Diagonalizable?

9.4.1 A Sufficient Condition

In the last section, we stated a result which says that every matrix with
distinct eigenvalues is diagonalizable. In particular, if A is a real n x n
matrix with n distinct real eigenvalues, then there is an eigenbasis of R™
for A. If A has some complex entries or some complex eigenvalues, then we
are guaranteed an eigenbasis of C™. Thus, to answer to the question in the
title, we have to see what happens when A has repeated eigenvalues. Before
considering that question, we will give a characterization of the matrices
are diagonalizable in terms of their eigenspaces. First, let us prove the
generalization of Proposition 9.9 mentioned above.

Proposition 9.11. Suppose A € F"*" and \1,..., \; € F are distinct
eigenvalues of A. Choose an eigenpair (\;, w;) for each \;. Then the vectors
W1, Wa, ..., Wy are linearly independent. Moreover, if we choose a set of lin-
early independent eigenvectors in Ey, for each \;, 1 <i <k, then the union
of these k linearly independent sets of eigenvectors is linearly independent.

Proof. Let W be the subspace of F" spanned by w1, ws,...,wg. We already
know from Chapter 5 that some subset of w1, wa, ..., wy gives a basis of W.
Hence, suppose, after renumbering that w1, wo, ..., w,, is this basis, where
m < k. If m < k, then we may write

m
Wm+1 = Z a; Wj. (910)
i=1
Applying A, we obtain A(Wy,41) = > v a; A(W;), so
m
)\m+1Wm+1 = Z az>\zwz (9.11)
i=1

Multiplying (9.10) by A;,+1 and subtracting (9.11), we obtain

m
Z()\m_H — )\Z)CIZWZ =0.
i=1
But wq,wa,..., W, are independent, S0 (A, +1 —A;)a; = 0 provided 1 < i <

m. Since each (A\j,+1 — A\;) # 0, all a; = 0, which contradicts the fact that
W+l 7 0. Thus m < k leads to a contradiction, so m = k, and we have
verified the first claim of the Proposition.
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To verify the second assertion, suppose we take a set of linearly indepen-
dent vectors from each FE),, and consider a linear combination of all these
vectors which gives 0. Let v; be the part of this sum which lies in Ej,.
Hence we have that

It follows from the what we just proved that each v; = 0. But this implies
that all the coefficients in the part of the sum involving vectors from E),
are zero. Since ¢ is arbitrary, all coefficients in the original sum are zero,
proving the independence and finishing the proof. O

Using this, we obtain a new characterization of the set of all diagonaliz-
able matrices.

Proposition 9.12. Let A be an n x n matrix over F, and suppose that
A1, ... A are the distinct eigenvalues of A in F. Then A is diagonalizable
if and only if

k
Y dimEj, = n. (9.12)
=1

In that case,
k
F'=) B,
i=1

where the above sum is direct. Moreover, if the equality (9.12) holds, the
union of the bases of the E, is an eigenbasis of F".

Similarly, for a linear transformation 7' : V' — V., where V is a finite
dimensional vector space , we obtain that a linear map T : V — V is
semi-simple if and only if dimV = Zle dimFE),, where the E), are the
eigenspaces of T'.

Given Proposition 9.12, it is easy to deduce the diagonalizability of a
matrix with distinct eigenvalues, which was asserted in the last section.

Corollary 9.13. An n x n matrix A over F with n distinct eigenvalues in
F is diagonalizable.

9.4.2 Do Non-diagonalizable Matrices Exist?

We now have a criterion which can answer the question of whether non-
diagonalizable matrices can exist. Of course, we have seen that there exist
real matrices which aren’t diagonalizable over R since some of their eigen-
values are complex. But these matrices might all be diagonalizable over C.
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However, it turns out that there are matrices for which (9.12) isn’t satisfied.

Such matrices can’t be diagonalizable. In fact, examples are quite easy to
find.

Example 9.12. Consider the real 2 x 2 matrix

01
=01y
Clearly pa(A\) = A2, so 0 is the only eigenvalue of A. It is a repeated eigen-
value. Clearly, Ey = N(A) = Rey, i.e. Ej has dimension one. Therefore,
A cannot have two linearly independent eigenvectors hence cannot be di-

agonalized over R. For the same reason, it can’t be diagonalized over C
either.

Another way of seeing A isn’t diagonalizable is to suppose it is. Then
A= MDM~" for some invertible M. Since A’s eigenvalues are both 0 and
two similar matrices have he same eigenvalues, D = diag(0,0). This leads to
the equation A = M DM~ = O, where O is the zero matrix. But A # O.

The above example is a nice illustration of a general fact, which we will
prove in due course. Namely, the multiplicity of an eigenvalue as a root of
the characteristic polynomial is at least the dimension of the corresponding
eigenspace.

On the other hand, having repeated eigenvalues does not preclude diag-
onalizability, which is the point of Proposition 9.12. Here is an example.

Example 9.13. Here is an example with repeated eigenvalues that is rather
fun to analyze. Let B denote the 4 x 4 all ones matrix

— = =
— = =
— = =
— = =

Now 0 is an eigenvalue of B. In fact, B has rank 1, so the system Bx =0 =
0x has three linearly independent solutions. Thus the eigenspace Ej of 0 has
dimension 3. All eigenvectors for 0 satisfy the equation x1 + xo + 23+ 24 =
0, which has fundamental solutions f; = (—1,1,0,0)7, fo = (—1,0,1,0)7,
f3 = (—1,0,0,1)”. Another eigenvalue can be found by inspection, if we
notice a special property of B. Every row of B adds up to 4. Thus, f4 =
(1,1,1, l)T is another eigenvector for A = 4. By Proposition 9.11, we now
have four linearly independent eigenvectors, hence an eigenbasis. Therefore
B is diagonalizable; in fact, B is similar to D = diag(0,0,0,4).
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In the above example, the fourth eigenvalue of B was found by noticing
a special property of B. A more methodical way to find A4 would have been
to use the fact that the trace of a square matrix is the sum of its eigenvalues.
Hence if all but one eigenvalue is known, the final eigenvalue can be found
immediately. In our case, three eigenvalues are 0, hence the fourth must be
the trace, which is 4.

Example 9.14. Recall the Good Will Hunting matrix

01 01
1 0 21
A_0200
1100

The characteristic polynomial of A is
p(\) =M —7A% — 2\ 44,
This polynomial has —1 as a root and factors as
A+ 1A =A% —6) 4 4).
We want to see if it’s possible to show that p(A) has four real distinct roots.

It’s clear that —1 is not a root of g(A\) = A3 — A2 — 6\ +4 = 0 Now ¢'(\) =
3\% — 2\ — 6 which has roots

L _2EVT6

6
Now
24 /76
q( 5 ) <0,
while

2 — /76

9(—

) > 0.

Since the points where ¢’ = 0 are not zeros of ¢, the graph of g crosses the
real axis at three distinct points. Therefore, A has 4 distinct real eigenvalues,
so it is diagonalizable.
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9.4.3 The Cayley-Hamilton Theorem

We conclude this section by stating a famous result called the Cayley-
Hamilton Theorem, which gives an important relationship between a matrix
and its characteristic polynomial.

Theorem 9.14. Let A be an n X n matrix over an arbitrary field F. Then
pa(A) = O. That is, A satisfies its own characteristic polynomial.

Note that by pa(A) = O we mean
(—1)"A" 4+ (=1)" ' Tr(A) A" .- det(A) ], = O.

Note that here we have put A = I,,. For example, the characteristic polyno-
mial of the matrix J = ((1) _01) is A2 + 1. By Cayley-Hamilton, J? + I, = O,
which is easy to check directly.

There is a deceptively attractive but definitely incorrect proof of Cayley-
Hamilton that goes as follows. Consider the characteristic equation det(A —
M) =0 of A. If we set A = A, then we get the equation det(A — A) = 0,
which is obviously valid. Hence A satisfies its own characteristic equation.
Be sure to find the flaw in this proof?

We can outline a correct proof if F = R or C, but we won’t be able to
give all the details. We will however give a complete proof in Chapter 77.
The first thing to notice is that if A is diagonal, say A = diag(dy,...,d,),
then pa(A) = diag(p(di),p(dz),...,p(d,)). But the diagonal entries of a
diagonal matrix are the eigenvalues, so the conclusion p4(A) = O is clear.
Now if A is diagonalizable, say A = M DM ~', then

pa(4) = pa(MDM™) = Mpy(D)M™" = MOM™" = 0.

Thus we are done if A is diagonalizable. To finish the proof, one can use
limits. If A is any matrix over R or C, one can show there is a sequence of
diagonalizable matrices Ay such that

lim Ay, = A.

k—o0

Letting pr denote the characteristic polynomial of Ay, we then have
lim pi(Ax) =p(A) =0
k—o0

since each pg(Ag) = O.
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Exercises

Exercise 9.35. Suppose @ is an orthogonal matrix that is diagonalizable
(over R), say Q = PDP~!. Show that the diagonal matrix D has only +1
on its diagonal.

Exercise 9.36. Determine which of the following matrices is diagonalizable
over the reals:

1 0o -1 0 1 1 2 -1 1
A=1[-1 1 1], B=|1 0 1], C=11 0 1
2 -1 =2 1 -1 1 1 -1 -2
Exercise 9.37. Does
1 0 -1
cC=1-1 1 1
2 -1 =2

have distinct eigenvalues? Is it diagonalizable?

Exercise 9.38. Show from first principals that if A and p are distinct eigen-
values of A, then E)\ N E,, = {0}.

Exercise 9.39. Find an example of a non-diagonalizable 3 x 3 matrix A
with real entries which is not upper or lower triangular such that every
eigenvalue of A is 0.

Exercise 9.40. Recall that a square matrix A is called nilpotent if A¥ = O
for some integer k > 0.

(i) Show that if A is nilpotent, then all eigenvalues of A are 0.

(ii) Prove that a nonzero nilpotent matrix cannot be diagonalizable.

(iii) Show, conversely, that if all the eigenvalues of A are 0, then A is
nilpotent. (Hint: Consider the characteristic polynomial.)

Exercise 9.41. Show that if an n x n matrix A is nilpotent, then in fact
A" = 0.

Exercise 9.42. Let A be a 3 x 3 matrix with eigenvalues 0,0,1. Show that
A3 = A2,
Exercise 9.43. Let A be a 2 x 2 matrix so that A2 + 34 + 21, = O. Show

that —1, —2 are eigenvalues of A.

Exercise 9.44. Suppose A is a 2 x 2 matrix so that A2 + A — 3I, = O.
Show that A is diagonalizable.
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Exercise 9.45. Let U be an upper triangular matrix over F with distinct
entries on its diagonal. Show that U is diagonalizable.

Exercise 9.46. Suppose that a 3 x 3 matrix A with real entries satisfies
the equation A3 + A% — A + 213 = O.

(i) Find the eigen-values of A.

(i) Is A diagable? Explain.

(iii) How do you know A isn’t symmetric.

Exercise 9.47. Next, let U be an arbitrary upper triangular matrix over F
possibly having repeated diagonal entries. Show by example that U may not
be diagonalizable, and give a condition to guarantee it will be diagonalizable
without changing any diagonal entries.

Exercise 9.48. Give the proofs of Corollary 9.13 and Proposition 9.12.

Exercise 9.49. Prove the Cayley-Hamilton Theorem for diagonal matrices
A by proving that if p(x) is any polynomial, then

p(diag(A1, A2, ..., An)) = diag(p(A1), p(A2), - .., p(An))-
Deduce the theorem for all diagonalizable matrices from this.

Exercise 9.50. Prove the Cayley-Hamilton Theorem for upper triangular
matrices, and then deduce the general case from Schur’s Theorem (which
you will have to look up).

Exercise 9.51. The following proof of the Cayley-Hamilton Theorem ap-
pears in at least one algebra book. Since setting A = A in p(\) = det(A —
A,,) gives det(A — AI,) = 0, it follows that p(A) = O. Comment on this
”proof”.

Exercise 9.52. Use the Cayley-Hamilton Theorem to deduce that a 2 x 2
matrix A is nilpotent if and only if Tr(A) = det(A) = 0. Generalize this
result to 3 x 3 matrices.

Exercise 9.53. * Fill in the details of the proof of the Cayley-Hamilton
Theorem suggested above using sequences. That is, show that any matrix
is the limit of a sequence of diagonalizable matrices.
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9.5 Matrix powers and the exponential of a matrix

We now return to the topic of the powers of a square matrix A, expanding
somewhat on the remarks in §9.1. We will also extend the ordinary the
exponential function e® to be a function on R"*™. We could also deal with
complex matrices, but some care must be taken in defining the derivative of
the exponential in the complex case. Thus we will omit it.

9.5.1 Powers of Matrices

Suppose A € R™" can be diagonalized, say A = M DM ~!'. Then we saw
that for any k > 0, A¥* = MD*M~!. For example:

(1) If Ais a diagonalizable real matrix with non negative eigenvalues, then
A has a square root; in 1fact kth roots of A for all positive integers k
are given by Ax = MDrM~1;

(2) If A is diagonalizable and none of the eigenvalues of A are 0, then the
negative powers of A are found from the formula A=% = MD=kM 1,
Here, A=F means (A71)*.

(3) If all the eigenvalues \ of A satisfy 0 < A < 1, then lim,,_,o, A" exists,
and if no A = 1, this limit is O.

We can in general obtain kth roots of a real matrix A as long as A is
diagonalizable. One can’t expect these matrices to be real however. For
example, if A is diagonalizable but has a negative eigenvalue, then A cannot
have any real square roots. However, these comments aren’t valid for non-
diagonalizable matrices.

9.5.2 The Exponential
Let A € R™ ™. The exponential exp(A) of A is defined to be the matrix

obtained by plugging A into the usual exponential series

1 1
T _ 2 3
e —1—1—96—1-—2!3: +—3!x + ...

Thus the exponential exp(A) of A is given by the infinite series

1 1 1
exp(A):Jn+A+5A2+§A3+...:1n+ZﬁAm. (9.13)
’ ’ m=1 ’
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It can be shown that for any A, every component of the exponential series
converges, a fact we will simply assume. The matrix exponential behaves
just like the ordinary exponential e in a number of ways, but the identity
e(TtY) = ¢%e¥ no longer always holds. The reason for this is that although
real number multiplication is commutative, matrix multiplication definitely
isn’t. In fact, we have

Proposition 9.15. If AB = BA, then exp(A + B) = exp(A)exp(B).

If A is diagonalizable, then the matter of finding exp(A) is easily settled
by the following:

Proposition 9.16. Suppose A is a diagonalizable n x n matrix with eigen-
values A1, ..., \n, say A = Mdiag(\i,A2,...,A\n)M~L. Then

exp(A) = Mexp(D)M ™! = Mdiag(eM, ..., eM)M L.

In other words, if vy,...,v, is an eigenbasis of R™ for A, then it is also an
eigenbasis for exp(A), and the eigenvector v; has eigenvalue e*i. Thus, for
each 1 <1 <n,

A

exp(A)v; = e™v;.

In particular, if w =Y | a;v;, then
n

exp(A)w = Z a;ieiv;.
i=1

9.5.3 Uncoupling systems

One of the main applications of the exponential is to solve first order linear
systems of differential equations. A typical application is the exponential
growth problem solved in calculus. Assume a(t) denotes the amount of a
substance at time ¢ that obeys the law a’(t) = ka(t), where k is a constant.
Then a(t) = ape*® for all ¢, where ag is the initial amount of a.

The general form of this problem is the first order linear system

d
TS
where A € M, (R) and x(t) = (21(t),...,2,(t))T.

The geometric interpretation of this is that x(¢) traces out a curve in
R™, whose velocity vector at every time ¢ is Ax(t). It turns out that to solve
this system, we consider the derivative with respect to ¢ of exp(tA). First
notice that by Proposition 9.15,

(t) = Ax(2),
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exp((s +t)A) = exp(sA)exp(tA). Thus
1
iexp(tA) = lim —(exp((t + s)A) — exp(tA))
dt s—0 S
= exp(tA) liné %(exp(sA) —I,).
It follows from the definition of exp(tA) that
lir% %(exp(sA) —I,) = A,

so we have the (not unexpected) formula

%exp(tA) = exp(tA)A = Aexp(tA).

d
This implies that if we set x(t) = exp(tA)v, then
ix(t) = ieX (tA)v = Aexp(tA)v = Ax(t)
a T r I B ’

Hence x(t) is a solution curve or trajectory of our given first order system.
Since x(0) = v is the initial value of x(¢), it follows that the initial value of
the trajectory x(t) can be arbutrarily prescribed, so a solution curve x(t)
can be found passing through any given initial point x(0).

Example 9.15. Consider the system

2\ (2 1\ [z
y) \1 2)\y)"
The matrix A= (?}) can be written A = Mdiag(3,1)M ', so

3t
exp(tA) = Mexp <%t 2) Mt=M <eO 2) Mt

Therefore, using the value of M already calculated, our solution to the
system is

<= (50) =500 1) <e;t S04 Go)

The final expression for x(¢) is therefore

(G6)-3 622 206
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If the matrix A is nilpotent, then the system x’(¢) = Ax(t) is still solved
by exponentiating tA. The only difference is that A is no longer diagonaliz-
able unless A = O. However, since A is nilpotent, A* = O for some k > 0,
and so the infinite series is actually a finite sum. More generally, if A is an
arbitrary real n X n matrix, it turns out that A is similar to a matrix of the
form D + N, where D is diagonal, N is upper triangular and DN = ND.
But then the exponential of D+ N is easily computed from Proposition 9.15.
Namely,

exp(D + N) = exp(D)exp(N).

This factorization A = P(D+ N)P~1! is known as the Jordan Decomposition

of A. We will establish the existence of the Jordan decomposition in Chapter
29

Example 9.16. Consider the system
2\ (1 1\ (=
y) \0 1)\y)"
Notice that the matrix of the system is in the D + N form above. Now
11 1 0 01
exp(t(o 1))—exp(t<0 1>)exp(t<0 0))
e(tll)_etO 1t_ettet
o 1)/ 7 o ¢)\o 1) " o ¢ )
r\ (e teh\ [z
y) \0 € )\w)’

where the point <§0> gives the initial position of the solution. Therefore
0

Thus

Finally,

z(t) = z0e + yote
y(t) = yoe'
Exercises

Exercise 9.54. Find all possible square roots of the following matrices if

any exist:
2 1 1 2 1 -1
1 2)7 2 1)” 1 -1/
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Exercise 9.55. Do the same as in Problem 9.54 for the 4 x 4 all 1’s matrix.

Exercise 9.56. Calculate the exponentials of the matrices of Problem 9.54.
What are the eigenvalues of their exponentials?

Exercise 9.57. Show that if A is diagonalizable, then det(exp(A)) = ™),
Conclude that det(exp(A)) > 0 for any diagonalizable A.

Exercise 9.58. Verify that exp(A + B) = exp(A)exp(B) if A and B are
diagonal matrices. Use this formula to find the inverse of exp(A) for any
square matrix A over R.

Exercise 9.59. Recall that a square matrix A is called nilpotent if A¥ = O
for some integer k > 0. Find a formula for the exponential of a nilpotent
3 x 3 matrix A such that A2 = O.

Exercise 9.60. Solve the first order system x'(t) = Ax(t) with x(0) =
(a,b)T for the following matrices A:

1) (o) (o)

For the last matrix, you may need to compute the exponential directly.

Exercise 9.61. Compute the nth power of all the matrices of Exercise 2
and also the 3 x 3 all 1’s matrix.
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Chapter 10

The Orthogonal Geometry of
Rn

As the title indicates, the goal of this chapter is to study some geometric
problems arising in R™. The first of these problems is to find the minimal
distance from a point of R™ to a subspace. This is called the least squares
problem. We will also do some preparation for the Principal Axis Theorem,
which is proved in the next chapter. In particular, we will show that every
subspace of R™ has an orthonormal basis. The last section is devoted to
studying the rotations of R? and to giving examples of rotation groups.

10.1 Orthogonal Projection on a Subspace

Let us start with an elementary problem. Suppose W is a subspace of R"
and x € R™. What is the formula for the distance from from x to W?
Note that by the distance from x to W, we mean the minimum distance
d(x,w) = |x — w| as w varies over W.

This is a problem we solved geometrically for a plane through the origin
in R3. Recall that the distance d from (zg,yo,20) € R? to the plane ax +
by + cz = 0 is given by

J— lazo + byo + czo]
(a2 4 b2 + c2)1/2°

(10.1)

What this formula represents of course is the length of the projection of
(0, Y0, 2z0) onto the line through the origin normal to the plane.

Before taking this up, we will recall the notion of the orthogonal com-
plement of a subspace.
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10.1.1 The orthogonal complement of a subspace

Consider a subspace W of R™. Recall from Example 5.24 that the orthogonal
complement of W is the subspace W+ of R” defined as the set of all vectors
v € R™ which are orthogonal to every vector in W. That is,

Wt={veR"|v-w=0YVweW} (10.2)

Note that W+ is defined whether or not W is a subspace, and W+
is always a subspace of R™. This is easy to visalize in terms of matrices.
Suppose W is the column space of an n x k real matrix A. Then clearly
W+ = N(AT). In other words, ignoring the distinction between row and
column vectors, it is clear that the row space and null space of a matrix
are the orthogonal complements of one another. Applying our old principle
that the number of variables in a homogeneous linear system is the number
of corner variables plus the number of free variables, and using the fact that
A and AT have the same rank, we thus see that

dim(W) 4 dim(W+) = n.
This leads to a basic result.

Proposition 10.1. Let W be a subspace of R™ and W+ its orthogonal
complement. Then

i) wnwet={ol.

(ii) Every x € R™ can be orthogonally decomposed in exactly one way as
X =w+y, wherew € W andy € W+. In particular, W @ W+ = R".

(iii) (WH+ =w.

Proof. Part (i) follows immediately from the fact that if v.€ W N W+,
then v-v = 0, so v = 0. The proof of (ii) is harder. Let a basis for
W be wi,...,w, and a basis for W+ be vi,...,v,. We showed above
that » + s = n, so all we have to show is that wy,...,w,,vi,..., v, are
independent since n independent vectors in R™ form a basis. But we know
from (i) that if we have a sum w+v = 0, where w € W, and v € W+, then
w = v = 0. Thus if a linear combination

Z a;w; + Z bjvi =0,

then the a; are all 0 and similarly, the b; are all 0. Therefore we have the
independence so W @ W+ = R™.
We leave (iii) as an exercise.
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Definition 10.1. Let x = w + y as in Proposition10.1 (ii). Then we’ll call
w the component of x in W.

10.1.2 A Fundamental Subspace Problem

We can now solve the following fundamental

Problem: Let W be a subspace of R”, and let x € R" be arbitrary. Find
the minimum distance d(x,y), where y is an arbitrary vector in W. The
minimum is called the distance from x to W.

Observe that minimizing the distance d(x,y) is equivalent to minimizing
the sum of squares |x — y|2. This is a convenient simplification so that we
can use the Pythagorean property of the inner product. By part (ii) of
Proposition 10.1, we may break x down uniquely as x = w+v withw € W
and v € W+, Then for any y € W, (x —w) - (w —y) =0, so

x—y* = [x=w)+(w-y)
— x— w2 w - yf?

> |x—wli

Thus the minimum distance is realized by the component w of x in W.

Proposition 10.2. The distance from x € R"™ to the subspace W is |x —w|,
where w is the component of x in W. Put another way, the distance from
x to W is the length of the component of x in W,

10.1.3 The Projection on a Subspace

In view of our analysis of the above least squares problem, it is clear that
the next step is to find an expression for the component w of x in W. Let
us begin with the following definition.

Definition 10.2. The orthogonal projection of R™ onto a subspace W is
the transformation Py : R"™ — W defined by Py (x) = w, where w is the
component of x in W.

Thus Py (x) is the unique solution of the least squares problem for the
subspace W. Usually we will simply call Py the projection of R™ onto W.

We now derive a method for finding Py. First, choose a basis of W, say
Wi,..., Wy, and put A = (w; --- wy,), so that W is the column space
col(A) of A. Note that A € R™*™. Then w satisfies two conditions called
the normal equations:

for some y € R™, w=Ay and AT(x —w)=0. (10.3)
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Now the first normal equation says w is a linear combination of wq, ..., Wy,
while the second says that x — w € W, since the rows of AT span W.
Proposition10.1 (ii) implies the normal equations can be solved. The only
question is whether the solution can be expressed elegantly (and usefully).
Multiplying the normal equations by A7 and combining leads to the
single equation
ATx = ATw = AT Ay.

We now call on the fact, left as an exercise (see Exercise 10.13), that if A
is a real matrix with independent columns, then A7 A is invertible. Given
this, we can uniquely solve for y. Indeed,

y = (ATA)"tATx.
Multiplying by A, we get w in the sought after elegant form:
w = Ay = A(ATA)"1ATx. (10.4)
Therefore,
Py (x) = A(ATA) "t ATx. (10.5)
Let’s next consider some examples.
Example 10.1. Let W be the line in R™ spanned by w. Here the projection

Py is simply

T T

Py :w(w )_1w .

This is a formula we already saw in Chapter 1.

Example 10.2. Let
-1

— =N
[ R

Then A has rank 2 and we find by direct computation that

14 1 5 4

_ 1|1 11 4 7

Py = A(AT A) 1AT:ﬁ o4 31
4 7 16

Example 10.3. Suppose W = R™. Then clearly, Py = I,. In this case, A
has rank n, so A and AT are both invertible. Thus Py = A(ATA)"1AT =
A(AYAT)"HAT = I, as desired.
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The reader has undoubtedly noticed that the wild card is the choice of
A. Some choices of A are more natural than others. We will see in the next
section that an optimal choice of A is achieved by making the columns of A
orthonormal. The important thing, however, is that we now have an explicit
method for finding the component Py (x) of any x € R™ in W.

The following Propositionsummarizes the basic properties of projections.

Proposition 10.3. The projection Py : R® — W is a linear transforma-
tion, and

X = Pw(X) + (X — Pw(X))

is the orthogonal sum decomposition of x into the sum of a component in
W and a component in W+. In addition, Py, has the following properties:

(1) if w € W, then Py (w) = w;

(ii) Pw Pw = Py ; and finally,

ii1) the matrix A(AT A)~1 AT of Py is symmetric.
(i12) V.

Proof. The fact that Pyy is linear follows from the fact that it is defined by
the matrix A(AT A)~1AT. We already showed that x = Py (x)+(x— Py (x))
is the unique orthogonal sum decomposition of x, so it remains to show (i)-
(iii). If w € W, then w = w + 0 is an orthogonal sum decomposition
of w with one component in W and the other in W+, so it follows from
the uniqueness of such a decomposition that Py (w) = w. (One can also
show A(ATA)"'ATw = w, but this is a little harder.) Part (ii) follows
immediately from (i) by setting w = Py (x). We leave part (iii) as an
exercise. [l

In the next section, we will express Py in terms of an orthonormal basis.

This expression is theoretically much more important, because it is tied up
with Fourier series.
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Exercises

Exercise 10.1. Find:
(i) the component of x = (1,1,2)” on the line R(2,—1,0)7, and
(ii) the minimum distance from x = (1,1,2)7 to this line.
Exercise 10.2. Find:

(i) the component of x = (1,1,2,1)” in the subspace of R* spanned by
(1,1,—1,1)=" and (2,-1,0,1)”, and

(ii) the minimum distance from x = (1,1,2,1)” to this subspace.
Exercise 10.3. What are the eigenvalues of a projection Py ?

Exercise 10.4. True or False: The matrix of a projection can always be
diagonalized, i.e. there always exists an eigenbasis of R™ for every Py .

Exercise 10.5. Suppose n = 3 and W is a line or a plane. Is it True or
False that there exists an orthonormal eigenbasis for Py, 7 See §10.2 for the
definition of an orthonormal basis.

Exercise 10.6. Finish the proof of Proposition10.3 by showing that every
projection matrix is symmetric.

Exercise 10.7. Diagonalize (if possible) the matrix Py in Example 10.6.

Exercise 10.8. Recall from (10.13) that the reflection H, through the
hyperplane orthogonal to a unit vector u € R” is given by the formula
Hy = I, — 2Py, where W = Ru (so H = W+). Find the matrix of Hy in
the following cases:

(a) u is a unit normal to the hyperplane 21 + v/2zy + 23 = 0 in R3.
(b) u is a unit normal to the hyperplane 21 + x9 + 3 + x4 = 0 in R4,

Exercise 10.9. Show that the matrix H,, defined in (10.13) is a symmetric
orthogonal matrix such that Hyu = —u and Hyx =x if x-u = 0.

Exercise 10.10. Let @Q be the matrix of the reflection Hy,.
(a) What are the eigenvalues of Q7
(b) Use the result of (a) to show that det(Q) = —1.

(c¢) Show that @ can be diagonalized by explicitly finding an eigenbasis
of R™ for Q.
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Exercise 10.11. Prove the Pythagorean relation used to prove Proposition
10.1. That is, show that if p-q = 0, then

p+a®*=p—q=|p*+la?>

Conversely, if this identity holds for p and q, show that p and q are orthog-
onal.

Exercise 10.12. Let A be the matrix

O = N =
— = =N

(i) Find the projection Py of R* onto the column space W of A.
(ii) Find the projection of (2,1,1,1)7 onto W.
(iii) Find the projection of (2,1,1,1)7 onto W+.

Exercise 10.13. Suppose A € R™*™ has rank m. Show that AT A has rank
m. (Hint: consider xT AT Ax for any x € R™.)

Exercise 10.14. Show that the result of Exercise 10.13 does not always
hold if R is replaced with Zs (or another Z,) by giving an explicit example
of a 3 x 2 matrix A over Zs of rank 2 so that AT A has rank 0 or 1.

Exercise 10.15. Suppose H is a hyperplane in R™ with normal line L.
Interpret each of Py + Pr,, Pg Py and Py Py by giving a formula for each.
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10.2 Orthonormal Sets

In this section, we will study properties of orthonormal bases and give some
basic applications, such as the defining pseudo-inverse of a matrix, which is
based on the subspace problem we solved in the previous section. We will
also use orthonormal bases to obtain another expression for the projection
Py.

10.2.1 Orthonormal Bases
We begin with the definition.

Definition 10.3. A set O of unit vectors in R is called orthonormal if any
two distinct elements of O are orthogonal. An orthonormal basis of R™ is
a basis which is orthonormal. More generally, an orthonormal basis of a
subspace W of R" is a basis of W which is orthonormal.

Proposition 10.4. The vectors uy,us,...,u, give an orthonormal basis of
R™ if and only if the matrix U = (uy ug...u,) is orthogonal.

Proof. Thisis clear since UTU = I, if and only if (ul w;) = (w;v;) = I,,. O

Proposition 10.5. Any orthonormal set in R"™ is linearly independent.
In particular, an orthonormal subset of R™ cannot contain more than n
elements. In addition, if W is a subspace of R™ such that dim W = m, then

any orthonormal set in W having m elements is an orthonormal basis of
Ww.

Proof. We leave this is an exercise. O

We now establish a basic fact: every subspace of R™ admits an orthonor-
mal basis.

Proposition 10.6. Every non trivial subspace of R™ admits an orthonormal
basis.

Proof. We prove this by induction on dim W. If dimW = 1, the result is
clear since either vector in W of length one is an orthonormal basis. Thus
suppose dim W = m > 1 and the result is true for any subspace of W of
dimension m — 1. Let u be any unit vector in W and let H = (Ru)>.
Then dim H = m — 1, so we know H admits an orthonormal basis. But
this orthonormal basis, together with W give m orthonormal elements of
W, hence, by the previous Proposition, are an orthonormal basis of W. [

Example 10.4 (Some orthonormal bases). Here are some examples.
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(a) The standard basis eq,...,e, is an orthonormal basis of R".

(b) u; = %(1, LD, uy = %(1, -2, D)7, uz = %(1,0, —1)T are an
orthonormal basis of R3. The first two basis vectors are an orthonormal
basis of the plane x — z = 0.

(¢) The columns of an orthogonal matrix @) are an orthonormal basis of
R™. Using the fact that the matrix

1 1 1 1
1[-1 1 -1 1
211 -1 -1 1

1 1 -1 -1

Q=

)

is orthogonal, can you produce two distinct orthonormal bases of R*.

10.2.2 Fourier Coefficients and the Projection Formula

Suppose uy, uo,...,u, is an orthonormal basis of R" and w € R™. How do
we find the scalars aq,...,a, such that w = aquy + - - - + a,u,? Of course
we know that the a; can be found by solving a system of n equations in n
variables. However, as our next Propositionshows, there is a much neater
solution.

Proposition 10.7 (Projection Formula). Suppose uj,us,...,u, is any
orthonormal basis of R", and let w € R™ be arbitrary. Then w has the
unique expansion

w = (W-u)u; = (W' u;)u;. (10.6)
1=i 1=i
Before giving the proof, let’s make some commments. First of all, the
coefficients in (10.6) have a particularly simple form. In fact, we make the
following definition.

Definition 10.4. The scalars w - u; = w’ u; are called the Fourier coeffi-
cients of w with respect to the orthonormal basis ui, us, ..., u,.

The reason this result is called the projection formula for R™ is that it
says every vector in R™ can be expressed as the sum of its projections on
any given orthonormal basis.

The projection formula can also be stated in a matrix form, namely

n
I, = Z wul (10.7)
1=t
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which says the sum of the projections on an orthonormal basis is the identity.
Example 10.5. For example,
1 1 1 1
(17 07 07 O) = _(17 17 1a 1) - _(_17 17 _17 1) + _(13 _17 _17 1) + _(17 17 _17 _1)
2 2 2 2
Let us now prove the formula.
Proof. To begin, write
n
w = Z r;u;.
1=i
To find the z;, consider the system
Qx =w,
where @ = (uy uz...u,). Since @ is orthogonal, the unique solution is
x=QTw.
But this that says that for each i,
:L'Z'ZUZTWZUZ‘-W:W-UZ',
which is the desired formula. O

More generally, suppose W is a subspace of R™ with an orthonormal

basis uj,us,...,u,. By a similar argument, each w € W has the unique
expansion
m
w = Z (W - u;)u,. (10.8)
1=i

To see this, first write
m
W = g Z;Ui,
1=i

and repeat the argument above.
I claim that the formula for the projection Py is

m

Py (x) =) (x-w)u,. (10.9)

i=1

There are two ways to show this. The first is to use the fact that Py (x) is
characterized by the property that x— Py (x) € Wt. Buty = x—> 2. (x-
u;)u; € W+, Indeed, y - u; = 0 for each i. Hence Py (x) =y.
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The second proof of (10.9) is to calculate the matrix of Py directly,
using our orthonormal basis. That is, suppose @ = (uj---u,,). Since
col(Q) = W, Py = Q(QTQ)~'Q". But since uy,...,u,, are orthonormal,
QTQ = I,,, (check this), so Py = QI,,QT = QQT.

Hence we have proven

Proposition 10.8. Let uy,...,u,, be an orthonormal basis for a subspace
W of R". Then the projection Py : R™ — W is given by

m

Py (x) = Z(x Sug)u. (10.10)

i=1

If @ € R™™ js the matrix @Q = (u; --- u,,) with orthonormal columns,
then
Py = QQT. (10.11)

Put another way,
m
Py =Y uuj. (10.12)
i=1

Equation (10.11) is the optimal expression for Py, we mentioned above.

Example 10.6. Let W = span{(1,1,1,1)7,(1,~1,-1,1)T}. To find the
matrix of Py the old fashioned way, we would compute Py (e;) for i =
1,2,3,4. Observe that u; = 1/2(1,1,1,1)7 and up = 1/2(1, -1, -1,1)T are
an orthonormal basis of W. Now, by a straightforward computation,

1 1
Py (er) = 5(1,0,0. )T, Py(e) = 5(0,1,1,0)".

By inspection, Py (e3) = Py (e2) and Py (es) = Py (e1). Hence the matrix
A of Py is

100 1
1{0 1 1 0
A‘§0110
100 1

The simpler method would have been to calculate QQ7, where Q = (u; uy).

Now
1

-1 1 1 1 1
-1 1 -1 -1 1)°
1 1

which of course gives the same result as the old fashioned method, but more
efficiently.

—_ = =

QT =1/4
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The projection onto a hyperplane W in R™ with unit normal u # 0 has
the form
Py (x) = (I, —uu®)x.

This shows that to find Py, one doesn’t need an orthonormal basis for W
as long as an orthonormal basis for W+ is given. This makes computing
reflections a simple matter. Using the same reasoning as in Chapter 1, the
reflection through a hyperplane W is the linear transformation

Hy = I, — 2Py, (10.13)

where u is a unit vector in the line W+. Note Hy(u) = —u and Hy(w) = w
for all w € W. That is, H, has the properties expected of a reflection. We
leave it as an exercise to show that H, is a symmetric orthogonal matrix.

The notion of Fourier coefficients and orthogonal projections are impor-
tant in infinite dimensional situations also. For example, recall that Cfa, b]
is an inner product space with the inner product

b
(f.9)= / f(t)g(t)dt.

A set S of functions in Cla, b] is orthonormal if for any f,g € S,

0 iff#yg

The formula for projecting C|[a, b] onto the subspace W spanned by a finite
set of functions is exactly as given above, provided an orthonormal basis
of W has been found. The next Section is devoted to describing a natural
method for producing such an orthonormal basis. Before that, however, we
give some further considerations on the method of least squares.

10.2.3 The Pseudo-Inverse and Least Squares

Suppose A € R™™™ has independent columns, and W denotes the column
space of A. Then the matrix AT = (AT A)~' AT is called the pseudo-inverse
of A. If m = n so that A is square, then A and AT are both invertible, and
AT =A=' In general, AT is always a left inverse of A. That is, AT A = I,,,.

To see a little better what is going on, look at A as a linear transformation
A : R™ — R". Since the columns of A are independent, N'(A) = 0, hence
A is one to one. Thus, Ax = Ay implies x = y. By the result of Exercise
10.25, every one to one linear map 1" : F™ — F"™ has at least one left inverse
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B :F" — F™ which is also linear. (Here, F is an arbitrary field.) However,
when m < n, the inverse left inverse B, turns out not to be unique.

The pseudo-inverse A1 is a choice of left inverse with certain useful
properties. In particular, not only is ATA = I,,,, but AAT = Py. Thus
AT solves an important least squares problem for W: given b € R”, find
x € R™ so that Ax is the element of W nearest b. The solution is x = A'b,
and

Ax = AATb = Py (b).

This amounts to a method for finding an optimal solution of an incon-
sistent system. The system Ax = b if inconsistent, can be replaced by the
nearest consistent system

Ax = AATD = Py (b).

since Py (b) is the vector in the column space W of A nearest b, and luckily
we already know that the solution to this system is x = A*b. One can
easily envision that this idea has error correcting possibilities.

Notice that if the original system Ax = b had been consistent, that is
b € W, then first projecting wouldn’t have changed anything since Py (b) =
b.

Let’s consider a typical application. Suppose one has m points (a;, b;)
in R2, which represent the outcome of an experiment. Typically, one wants
to find the line y = cx + d fitting these points as well as possible. The
points (a;, b;) are all lined up (so to speak) if and only if b; = ca; + d for all

1 =1,...,m. When this happens, we get the matrix equation
aj 1 bl
a9 1 C b2
A == =
S (d) ’
am 1 bm

with the unknowns ¢ and d in the components of x. Obviously, the property
of being lined up has no real chance of happening, so we need to apply least
squares. Hence we replace by, ...,by, by c1,..., ¢y so that all (a;,¢;) lie on

a line and the sum .

> bi—c)

i=1

is minimized. Using the pseudo-inverse AT, we get

x = <§> = Atb = (ATA)"1AD.
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Thus,

()= %) ().

Note that the 2 x 2 matrix in this solution is invertible just as long as we
don’t have all a; = 0 or all a; = 1.

The problem of fitting a set of points (a;,b;,¢;) to a plane is similar.
The method can also be adapted to the problem of fitting a set of points
in R? to a nonlinear curve, such as an ellipse. This is apparently the origin
of the least squares method. Its inventor, the renowned mathematician
Gauss, astonished the astronomical world in 1801 by his prediction, based
on approximately 9° of observed orbit, of the position where astronomers
would find an obscure astroid named Ceres a full 11 months after his initial
calculations had been made.

Least squares can apply to function spaces such as Cfa,b] as well.

Example 10.7. Suppose we want to minimize the integral

1
/ (cosx — (a + bx + cx?))?d.
-1

The solution proceeds exactly as in the Euclidean situation. The problem
is to minimize the square of the distance from the function cosx on [—1, 1]
to the subspace of C[—1,1] spanned by 1, x and x2. We first apply Gram-
Schmidt to 1,2, 22 on [—1,1] to obtain orthonormal polynomials fq, f1, f2
on [—1,1], and then compute the Fourier coefficients of cosx with respect
to the f;. Clearly fo(z) = % Since x is odd and the interval is symmetric
about the origin, (x, fo) = 0. Hence

T 2
filz) = 7@ = \/;a:

To get fo, we calculate x2 — (22, fo)fo — (22, f1)f1 which turns out to be

22 _ % Computing (22 — %,x2 - %)7 we get %7 80
folw) = V2~ )
2 - \/g 37
The Fourier coefficients (cosz, f;) = f_ll cos z fi(z)dx turn out to be 2(\;%1,0

and %(4 cos1l— %sin 1). Thus the best least squares approximation is

V45 8 1
cos 1+ %(40051 — gsinl)(gg2 _ g)
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The calculation was greatly simplified by the fact that [—1,1] is sym-
metric about 0, since z and x? are already orthogonal on [—1, 1], as are any
two polynomials such that one is even and the other odd.
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Exercises

Exercise 10.16. Expand (1,0,0)” using the orthonormal basis consisting of
the columns of the matrix @ of Example 10.4(b). Do the same for (1, 0,0, 0)
using the rows of U.

Exercise 10.17. Find an orthonormal basis for the plane x — 2y + 3z =0
in R3. Now extend this orthonormal set in R? to an orthonormal basis of
RR3.

Exercise 10.18. Prove Proposition10.5. That is, show that any orthonor-
mal set in R™ is linearly independent and cannot contain more than n ele-
ments. (For the first part, use the projection formula.)

Exercise 10.19. Let Q = (ujuz---u,) € O(n,R). If @ is not symmetric,
show how to produce a new orthonormal basis of R™ from the columns of Q).
What new orthonormal basis of R* does one obtain from the orthonormal
basis in Example 10.4, part (c)?

Exercise 10.20. Assume ui,us,...,Uu, is an orthonormal basis of R™.
Show that I, = >°7_, w;ul. This verifies the identity in (10.7).

Exercise 10.21. Let u be a unit vetor in R™. Show that the reflection Hy
through the hyperplane H orthogonal to u admits an orthonormal eigenba-
sis.

Exercise 10.22. Find the line that best fits the points (-1, 1), (0,.5), (1,2),
and (1.5,2.5).

Exercise 10.23. Suppose coordinates have been put on the universe so
that the sun’s position is (0,0,0). Four observations of a planet orbiting the
sun tell us that the planet passed through the points (5,.1,0), (4.2,2,1.4),
(0,4,3), and (—3.5,2.8,2). Find the plane (through the origin) that best
fits the planet’s orbit.

Exercise 10.24. Find the pseudo-inverse of the matrix
10
2 1
11

Exercise 10.25. Let F be any field. Show that every one to one linear map
T :F™ — F™ has at least one left inverse B : F"* — F™,
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Exercise 10.26. Show that if A has independent columns, then any left
inverse of A has the form AT + C, where CA = O. (Note: CA = O is
equivalent to col(A) € N(C). If CA = O, what is (AT + C)A? And
conversely?)

Exercise 10.27. Suppose A has independent columns and let A = QR be
the QR factorization of A.

(i) Find the pseudo-inverse AT of A in terms of ) and R; and

(ii) Find a left inverse of A in terms of @ and R.

Exercise 10.28. Consider the matrix

1
A=1| 0
-1

S =N

(a) Find the pseudo-inverse AT of A, and

(b) Compute the QR factorization of A and use the result to find another
left inverse of A.

Exercise 10.29. Let W be a subspace of R” with basis wq,... ,w; and
put A = (wy --- wg). Show that AT A is always invertible. (HINT: It is
sufficient to show that AT Ax = 0 implies x = 0 (why?). Now consider
xTAT Ax.)
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10.3 Gram-Schmidt and the QR Factorization

10.3.1 The Gram-Schmidt Method

We are next going to give a constructive method for finding orthonor-
mal bases. Given a subspace W with a basis wy, ... ,w,,, we will in
fact construct an orthonormal basis uy, ... ,u,; of W such that for each
index for k=1,...m,

span{uy, ... ,ui} =span{wi, ... ,Wg}.

This is referred to as the Gram-Schmidt method (just Gram-Schmidt for
short). In fact, Gram-Schmidt is simply a repeated application of Proposi-
tion 10.3 (ii).

The reason we treat Gram-Schmidt in such detail is because it’s ap-
plicable in more general settings than R™. That is, Gram-Schmidt gives
a constructive method for constructing an orthonormal basis of any finite
dimensional subspace W of an arbitrary inner product space, such as Cla, b].

Consider a subspace W of R" having a basis wi, ... ,w,,. Recall
that no proper subset of this basis can span W. For each index j, let
W; = span{wy,...,w;}. Clearly W; C Wy, dimW; = j and W,,, = W.
Now proceed as follows: as wi # 0, we may put

u] = |W1|_1W1.

Then u; is an orthonormal basis of Wy. Next, we need a non zero vector vo
in W5 orthogonal to u;. In fact, we can just let vo be the component of wo
orthogonal to u;. Since wo = Py, (w2) + (W2 — Py, ) is the decomposition
of wy into orthogonal components (by Proposition 10.3), we put

Vg = W9 — P{/V1 (Wg) = W9 — (Wg . 111)111.

Clearly vo # 0, so put
uy = |v2|_1v2.

Then u; and us are orthogonal, so they are an orthonormal basis of Wj.
To continue, consider W3. Again, by Proposition 10.3, the vector

vy = w3 — Py, (w3) = w3 — (W3 - ug)u; — (W3 - ug)ug

is orthogonal to Wa. Moreover, vy € W3 and vy # 0 (why?). As above,
putting
us = ‘Vg‘_1V3.
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gives an orthonormal basis uj,us,us of Wis.

In general, if 1 < 7 < m, suppose an orthonormal basis uy, ... ,u;_1 of
Wj_1 is already given. Then v; := w; — Py, _, (w;) is orthogonal to W;_,
and v; # 0 since w; € W;_1. Hence,

Vi =w;— (W w)ur — (W) - ug)ug — -+ — (W - wj1)u;
and uyg,...u;_; give an orthonormal set in W;. Thus putting

u; = |v;|7lv;

gives an orthonormal basis uy, ... ,uj_1,ujof W; since dim W; = j. Con-
tinuing in this manner, will yield an orthonormal basis uy, ... ,u,, of W
with the desired property that the span of uy, ... ,u; is W; for each j.
Hence we have shown

Proposition 10.9. Suppose wi, ... ,w,, € R™ are linearly independent.
Then Gram-Schmidt produces an orthonormal subset {ui, ... ,u,} CW
such that

span{uy, ... ,ux} =span{wy, ... , W}

for each k with 1 < k < m.

10.3.2 The QR Decomposition

The Gram-Schmidt method can be stated in an alternate form which is quite
important in applied linear algebra, for example as the basis of the the QR
algorithm. This is known as the QR decomposition.

Suppose a matrix A = (w1 wy w3) with independent columns is given.
Applying Gram-Schmidt to w1, wo, wg gives an orthonormal basis uy, us, ug
of the column space col(A). Moreover, by construction, the following matrix
identity holds:

Wi-up Wz-up Wwg-u

(W1 Wo W3) = (U1 L8 ) u3) 0 Wo U2 W3- Uy

0 0 W3 - us
In general, if A = (w1 --- W,,) is an n X m matrix over R with linearly
independent columns, let @ = (uy -+ u,,) be the associated n x m matrix

produced by the Gram-Schmidt method and R is the m xm upper triangular
matrix of Fourier coefficients. Then

A=QR. (10.14)

Summarizing (and adding a bit more), we have
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Proposition 10.10. Every A € R™ ™ of rank m can be factored A = QR,
where (Q € R™ ™ has orthonormal columns and R € R™*™ js invertible
and upper triangular.

Proof. The only assertion we have left to show is that R is invertible. Thus
we have to show that w;-u; # 0 for each i. But if w;-u; = 0, then u; € W;_;
(here we set Wiy = {0} if i = 1). But the Gram-Schmidt method guarantees
this can’t happen, so we are through. O

If A is square, then both Q and R are square. In particular, () is an
orthogonal matrix. The factorization A = QR is the first step in the QR
algorithm, which is an important method for approximating the eigenvalues
of A. For more details, see Chapter 12.
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Exercises

Exercise 10.30. Let W C R* be the span of (1,0,1,1), (-1,1,0,0), and
(1,0,1,—1).

(i) Find an orthonormal basis of W.

(ii) Expand (0,0,0,1) and (1,0,0,0) in terms of this basis.

Exercise 10.31. Let

= O =

Find the QR factorization of A.

Exercise 10.32. Find a 4 x4 orthogonal matrix ) whose first three columns
are the columns of A in the previous problem.

Exercise 10.33. What would happen if the Gram-Schmidt method were
applied to a set of vectors that were not lineary independent? In other
words, why can’t we produce an orthonormal basis from nothing?

Exercise 10.34. In the QR decomposition, we claimed that the diagonal
entries of R are non zero, hence R is invertible. Explain why they are indeed
non zero.

Exercise 10.35. Suppose A = QDQ~! with @) orthogonal and D diagonal.
Show that A is always symmetric and that A is orthogonal if and only if all
diagonal entries of D are either

+1. Show that A is the matrix of a reflection Hy precisely when D =
diag(—1,1,...,1), that is exactly one diagonal entry of D is —1 and all
others are +1.

Exercise 10.36. How would you define the reflection H through a subspace
W of R*? What properties should the matrix of H have? For example, what
should the eigenvalues of H be?

Exercise 10.37. Check directly that if R = I,, — Py, then R? = R. Verify
also that the eigenvalues of R are 0 and 1 and that Fg = W and E; = W+,

Exercise 10.38. Show that for any subspace W of R", Py can be expressed
as Py = QDQT, where D is diagonal and @ is orthogonal. Find the diagonal
entries of D, and describe Q.
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Exercise 10.39. Find an orthonormal basis of the plane W in R* spanned
by (0,1,0,1) and (1,—1,0,0). Do the same for W+. Now find an orthonor-
mal basis of R* containing the orthonormal bases of W and W=.

Exercise 10.40. Let A have independent columns. Verify the formula
P =QQ" using A = QR.

Exercise 10.41. Suppose A has independent columns and let A = QR be
the QR factorization of A.

(i) Find the pseudo-inverse A* of A in terms of ) and R; and

(ii) Find a left inverse of A in terms of @ and R.

Exercise 10.42. The Gram-Schmidt method applies to the inner product
on Cla,b] as well.

(a) Apply Gram-Schmidt to the functions 1, x, 22 on the interval [~1,1] to
produce an orthonormal basis of the set of polynomials on [—1, 1] of degree
at most two. The resulting functions Py, Py, P» are the first three normalized
orthogonal polynomials of Legendre type.

(b) Show that your nth polynomial P, satisfies the differential equation

(1-— acz)y” — 22y +n(n+ 1)y =0.

(¢) The nth degree Legendre polynomial satisfies this second order differen-
tial equation equation for all n > 0. This and the orthogonality condition
can be used to generate all the Legendre polynomials. Find P3 and Pj
without GS.

Exercise 10.43. Using the result of the previous exercise, find the projec-

tion of 2% 4+ 2 on the subspace of C[—1,1] spanned by 1, =, z2.
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10.4 The group of rotations of R3

In crystallography, the study of the molecular structure of crystals, one
of the basic problems is to determine the set of rotational symmetries of
a particular crystal. More generally, one may also consider the problem
of determining the set of all rotational symmetries Rot(B) of an arbitrary
solid B in R3. The set of these symmetries is known as the rotation group
of B. One of the first problems which one thinks of is to find the rotation
groups of the Platonic solids in R3. A Platonic solid in R3 is a solid whose
boundary is made up of plane polygons in such a way that all the polygons
that make up the boundary are congruent. It has been known since the time
of the Greeks that there are exactly five Platonic solids: a cube, a regular
quadrilateral, a regular tetrahedron, a regular dodecahedron and a regular
icosahedron. We will take these up again in Chapter 16.

10.4.1 Rotations of R3

The first question we need to consider is what a rotation of R3 is. We will
use a characterization, due to Euler, that says that a rotation p of R? is
characterized as a transformation R which fixes every point on some axis
through the origin, and rotates every plane orthogonal to this axis through
the same fixed angle 6.

Using this as the basic definition, we will now show that all rotations
are linear and describe them in terms of matrix theory. It is clear that a
rotation R of R? about 0 should preserve lengths and angles. Recalling that
for any x,y € R3,

x -y = [x|ly| cos a,

we see that any transformation of R? preserving both lengths and angles
also preserves the all dot products. Thus if p € Rot(R?),

p(x) - ply) =xy. (10.15)

Therefore, every rotation is given by an orthogonal matrix, and we see that
Rot(R3) € O(3,R), the set of 3 x 3 orthogonal matrices.
We now need the following fact.

Proposition 10.11. A transformation p : R" — R™ satisfying

p(x)-ply) =x-y

for all x,y € R"™ is linear. Hence, p is given by an orthogonal linear trans-
formationand its matrix is orthogonal.
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Proof. If we can show p is linear, we will be done since from Proposition7.8,
the matrix of p is orthogonal. We have to show two things: for all x,y € R",

lp(x +y) — p(x) — p(y)|> =0

and, in addition, for all r € R,

|p(rx) = rp(x)|* = 0.
For the first,

lp(x+y) —p(x) = p(y)I* = (p(x+y) — p(x) = p(y)) - (p(x+y) — p(x) = p(¥)).

so expanding one gets

2

lp(x+y) —p(x) —p(¥)I" = p(x+y) px+y)

—2p(x+y) - px) = 2p(x+y) - ply) — p(x) - p(x) = p(¥) - p(¥)-
But, by assumption, the right hand side is

(x+y) (x+y)—2x+y) x—2x+y) y-—Xx-X-y"y,

which, as it is easy to show, clearly 0. The proof that |p(rx) — rp(x)|? = 0
is similar and is left to the reader. O

In particular, every rotation p of R? is an orthogonal linear transforma-
tion. However, not every orthogonal 3 x 3 matrix gives rise to a rotation.
For example, a reflection of R? through a plane through the origin clearly
isn’t a rotation, because if a rotation fixes two orthogonal vectors in R3,
it fixes all of R3. On the other hand, a reflection does fix two orthogonal
vectors without fixing R3. In fact, a reflection has eigenvaluesl,1,-1, so the
determinant of a reflection is -1.

I claim that every rotation p of R? has a positive determinant. Indeed, p
fixes a line L through the origin pointwise, so p has eigenvalue 1. Moreover,
the plane orthogonal to L is rotated through an angle #, so there exists an
orthonormal basis of R3 for which the matrix of p has the form

1 0 0
0 cosf —sind
0 sinf cos6

Hence det(p) = 1.

We now bring in SO(3). Recall that SL(3,R) denotes the set of all 3 x 3
real matrices of determinant 1. Put SO(3) = SL(3,R) N O(3,R). It follows
that Rot(R?) C SO(3). In fact, we will now show
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Theorem 10.12. Rot(R3) = SO(3).

Proof. We only need to show SO(3) C Rot(R?), i.e. every element of SO(3)
is a rotation. Note that by our definition, the identity transformation I3 is
a rotation. Namely I3 is the rotation which fixes any line L through 0 and
rotates every plane parallel to L through zero degrees.

I claim that if o € SO(3), then 1 is an eigenvalue of o, and moreover, if
o # I3, the eigenspace F; of 1 has dimension 1. That is, 7 is a line.

We know that every 3 x 3 real matrix has a real eigenvalue, and we
also know that the real eigenvalues of an orthogonal matrix are either 1
or —1. Hence, if 0 € SO(3), the eigenvalues of o are one of the following
possibilities:

(i) 1 of multiplicity three,
(ii) 1,—1, where —1 has multiplicity two, and

(iii) 1, A, A, where A # X\ (since the complex roots of the characteristic
polynomial of a real matrix occur in conjugate pairs).

Hence, 1 is always an eigenvalue of o, so dim £y > 1. I claim that if
o € SO(3) and o # I3, then dim E; = 1. Indeed, dim Ey = 3, is impossible
since o # I3. If dim Fs = 2, then o fixes the plane Fs pointwise. Since o
preserves angles, it also has to send the line L = E3- to itself. Thus L is an
eigenspace. But the only real eigenvalue different from 1 is -1, so if o # I3,
there is a basis of R? so that the matrix of o is

1 0 0
01 0
00 -1
But then det(o) = —1, so dim F; = 2 cannot happen. This gives the claim
that dim £y =1 if o0 # I3.

Therefore o fixes every point on a unique line L through the origin and
maps the plane L orthogonal to L into itself. We now need to show o
rotates L. Let uy, us, us be an orthonormal basis in R? such that u;, uy €
L+ and o(u3) = u3. Let Q = (u; up uz). Since ou; and cuy are orthogonal
unit vectors on L, we can choose an angle @ such that

ouy = cos fuy + sin fuy

and
oug = *(sin fu; — cos fuy).
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In matrix terms, this says

cosf) =+sinf 0
0@ =Q |sinf Fcosh 0
0 0 1

Since det(o) = 1 and det(Q) # 0, it follows that

cosf) =£sinf 0
det(o) = det [ sinf Fcosf 0] =1.
0 0 1

The only possibility is that

cosf —sinf 0
c=Q |sinf cosf 0]QL (10.16)
0 0 1

This tells us that o rotates the plane L through 6, hence o € Rot(R?).
This completes the proof that SO(3,R) = Rot(R?). O

We get a surprising conclusion.

Corollary 10.13. Rot(R?) is a matrix group. In particular, the composition
of two rotations of R3 is another rotation.

Proof. This is clear since SO(3) is a matrix group: the product of two el-
ements of SO(3) is another element of SO(3) and SO(3) is closed under
taking inverses. Indeed, SO(3) = SL(3,R) N O(3,R), and, by the product
theorem for determinants, the product of two elements of SL(3,R) is an-
other element of SL(3,R). Moreover, we also know that the product of two
elements of O(3,R) is also in O(3,R). O

The fact that the composition of two rotations is a rotation is anything
but obvious from the definition. For example, how does one describe the
unique line fixed pointwise by the composition of two rotations?

Notices that the matrix ) defined above may be chosen so as to be a
rotation. Therefore, the above argument gives another result.

Proposition 10.14. The matrix of a rotation o € SO(3) is similar via
another rotation @) to a matrix of the form

cos@ —sinf O
sinff cos@ O
0 0 1
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10.4.2 Rotation Groups of Solids

We begin with a definition.

Definition 10.5. Let S be a solid in R3. The rotation group of S is defined
to be the set of all & € SO(3) such that o(S) = S. We denote the rotation
group of S by Rot(5).

Proposition 10.15. Let S be a solid in R®. If ¢ and T are rotations of S,
then so are o and o~ '. Hence the rotation group of S is a matrix group.

Proof. Clearly o~! € SO(3). By Corollary 10.13, o7 € SO(3) as well. It’s
also clear that o7(S) = S. Since I3 € Rot(S) as well, the proof is finished.
O

Example 10.8. Let S denote the cube with vertices at the points (4, B, C),
where A, B,C = £1. Let us find Rot(S). Every rotation of R? which maps
S to itself maps each one of its six faces to another face. Moreover, since any
face contains a basis of R3, each o € Rot(S) is completely determined by
how it acts on any face. Let F' denote one of the faces. Given any one of the
six faces F’ of S, there is at least one o such that o(F) = F’. Furthermore,
each face has four rotations, so by Proposition10.15, we have found that
rot(S) has at least 24 elements.

Now consider the 4 diagonals of S, i.e. the segments which join a vertex
(A,B,C) to (—A,—B,—C). Every rotation of S permutes these segments,
and two rotations which define the same permutation of the diagonals co-
incide (why?). Since the number of permutations of 4 objects is 4! = 24, it
follows that Rot(S) has at most 24 elements. Therefore, there are exactly
24 rotations of S, and, incidentally, these 24 rotations are realized by the 24
permutations of the diagonals.

Example 10.9. Consider the set consisting of the midpoints of the 6 faces of
the cube S. The solid polygon S’ determined by these 6 points is called the
regular octahedron. It is a solid with 8 triangular faces all congruent to each
other. The cube and the regular octahedron are two of the 5 Platonic solids,
which we will consider in Chapter 16. Since each element of Rot(S) must
also send midpoint to another midpoint, it follows that Rot(S) C Rot(S’).
But the other containment clearly also holds, so we deduce that Rot(S) =
Rot(S").
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10.4.3 Reflections of R3

We now know that rotations of R3 are characterized by the property that
their determinants are +1, and we know that the determinant of any element
of O(3,R) is £1. Hence every element of O(3,R) that isn’t a rotation has
determinant —1. We also know that every orthogonal 2 x 2 matrix is either
a rotation or a reflection: a rotation when the determinant is +1 and a
reflection when the determinant is —1. A natural is whether this is also true
in O(3,R). It turns out that the determinant of a reflection of R? is indeed
—1. This is due to the fact that a reflection leaves a plane pointwise fixed
and maps every vector orthogonal to the plane to its negative. Thus, for a
reflection, dim £7 = 2 and dim F_; = 1, so the determinant is —1.

It turns out, however, that there exist elements o € O(3,R) det(c) = —1
which are not reflections. For example, such a ¢ has eigenvalues —1, A\, X. It
is left as an easy exercise to describe how ¢ acts on R3. As to reflections,
we have the following fact.

Proposition 10.16. An element @ € O(3,R) is a reflection if and only if
Q is symmetric and det(Q) = —1.

We leave the proof as an exercise. It is useful to recall a reflection can be
expressed as I3 — 2P, where Py, is the projection on the line L orthogonal
to the plane F of the reflection. One final comment is that every reflection
of R? actually defines a rotation of R3. For if o reflects R? through a line L,
the rotation p of R through 7 with L as the axis of rotation acts the same
way as o on R?, hence the claim. Note: the eigenvalues of p are 1, —1, —1,
that is —1 occurs with multiplicity two.

REMARK: The abstract definition of the term group as in ”rotation group”
is given in Chapter 16. In essence, a group is a set that has a structure like
that matrix group. In particular, elements can be multiplied, there is an
identity and every element has an inverse.

Exercises

Exercise 10.44. Prove Proposition 10.16.

Exercise 10.45. Let S be a regular quadrilateral in R3, that is S has 4 faces
made up of congruent triangles. How many elements does Sym(.S) have?

Exercise 10.46. Compute Rot(S) in the following cases:
(a) S is the half ball {22+ y? + 22 < 1,2 > 0}, and
(b) S is the solid rectangle {—1 <z <1,-2<y <2 —-1<z<1}.



Chapter 11

The Diagonalization
Theorems

Let V be a finite dimensional vector space and 7" : V' — V be linear.
The most basic question one can ask is whether T is semi-simple, that is,
whether it admits an eigenbasis or, equivalently, whether T is represented
by a diagonal matrix. The purpose of this chapter is to study this question.
We will prove several theorems: the Principal Axis (or Spectral) Theorem,
Schur’s Theorem and the Jordan Decomposition Theorem. We will also
draw a number of consequences of these results, such as the Cayley-Hamilton
Theorem.

Our first topic is the Principal Axis Theorem, the fundamental result
that says every Hermitian matrix admits a Hermitian orthonormal eigen-
basis, hence is orthogonally diagonalizable. The reason this result is so
important is that so many basic eigenvalue problems in mathematics or in
the physical sciences involve real symmetric or or their complex analogues
Hermitian matrices. In the real case, this result says that every symmetric
matrix admits an orthonormal eigenbasis. As we will also point out, the
general finite dimensional version of the Principal Axis Theorem is the result
that every self adjoint linear transformation 7' :V — V on a finite dimen-
sional inner product space V' admits an orthogonal eigenbasis. In particular,
T is semi-simple.

After we obtain the Principal Axis Theorem, we will extend it to normal
matrices. We will then study linear transformations and matrices over an
arbitrary algebraically closed field F. It turns out there that every T : V —
V, equivalently every A € M, (F), has a unique expression T'= S + N with
S semi-simple, N nilpotent and SN = NS with a corresponding version
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for A. This fact is the Jordan Decomposition Theorem. It opens the door
to a number of other results about linear transformations and matrices, for
example the Cayley-Hamilton Theorem and the fact that 7" is semi-simple if
and only if its minimal polynomial has simple roots.

11.1 The Principal Axis Theorem in the Real Case

In this section, we will show that all symmetric matrices A € R™*™ are
orthogonally diagonalizable. More precisely, we will prove

Theorem 11.1. Let A € R™*™ be symmetric. Then all eigenvalues of A are
real, and there exists an orthonormal basis of R™ consisting of eigenvectors
of A. Consequently, there exists an orthogonal matrix () such that

A=QDQ™" =QDQ",

where D € R™" is diagonal. Conversely, if A = QDQ™', where Q is
orthogonal, then A is symmetric.

Notice that the last assertion is rather obvious since any matrix of the
form CDCT is symmetric, and Q= = Q7 for all Q € O(n,R).

11.1.1 The Basic Properties of Symmetric Matrices

One of the problems in understanding symmetric matrices (or self adjoint
operators in general) is to understand the geometric significance of the con-
dition a;; = aj;. It turns out that there are several key geometric properties,
the first of which is that every eigenvalue of a symmetric matrix is real. The
second key fact is that two eigenvectors corresponding to different eigenval-
ues are orthogonal. These two facts are all we need for the first proof of
the Principal Axis Theorem. We will also give a second proof which gives a
more complete understanding of the geometric principles behind the result.
We will first formulate the condition a;; = aj; in a more useful form.

Proposition 11.2. A € R™*" is symmetric if and only if
viAw = wl Av
for all v,w € R™.

Proof. To see this, notice that since vI'Aw is a scalar, it equals its own
transpose. Thus
viAw = (vI Aw)T = wl ATv.
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So if A= AT, then
vIAw = wT Av.

For the converse, use the fact that
a;; = e] Aej,

: T T . e — .
so if e; Ae; = €; Ae;, then a;; = aj;. O

In other words, A € R™*" is symmetric if and only if T4 (v)-w = v-T4 (W)
for all v,w € R™, where T4 : R™ — R" is the linear transformation associ-
ated to A.

Definition 11.1. A linear map T : R™ — R” is called self adjoint if and
only if T'(v) -w =v - T(w) for all v,w € R".

In other words, symmetric matrices are the same as self adjoint lin-
ear transformations. We now establish the two basic properties mentioned
above. First, we show

Proposition 11.3. Eigenvectors of a real symmetric A € R™*"™ correspond-
ing to different eigenvalues are orthogonal.

Proof. Let u and v be eigenvectors corresponding to distinct eigenvalues
A # u. Then

uw'Av =ulpv = pu’v
while

vidu = v u = Avlu.
Since A is symmetric, u” Av = vT Au, so A\u’v = pviu. But u’v = vTu,
so (A — p)ulv = 0. Since A # u, we infer u’v = 0, which finishes the
proof. O

We next show that the second property.

Proposition 11.4. All eigenvalues of a real symmetric matrix are real.

Proof. Not unexpectedly, this proof requires complex numbers. In fact, we
will establish a general identity also needed in the in the Hermitian case.

Lemma 11.5. If A € R"*" is symmetric, then
vIAv eR

for all v € C™.
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Proof. Recall that a € C is real if and only if @ = a. Keeping in mind that
A e R™" af =af for all o, € C and v Av € C, we see that

viAv = vIAv
= (VTAV)T
= viATv.
Since A = AT, it follows that ¥/ Av = ¥/ Av, so the proof is finished. O

Now let A € R™™ be symmetric. Since the characteristic polynomial of
A is a real polynomial of degree n, the Fundamental Theorem of Algebra
implies it has n roots in C. Suppose that A € C is a root. Then there exists
a v # 0in C" so that Av = Av. Hence

ViAv = v v = \vlv.

We may obviously assume A # 0, so the right hand side is nonzero. Indeed,
if v = (vi,v,...v,)7 # 0, then

n n
Vv = Zv_ﬂ)i = Z ;> > 0.
i=1

i=1

Since vI Av € R, ) is a quotient of two reals, so A € R. This completes the
proof of the Proposition. O

11.1.2 Some Examples

Example 11.1. Let H denote a 2 x 2 reflection matrix. Then H has eigen-
values +1. Either unit vector u on the reflecting line together with either
unit vector v orthogonal to the reflecting line form an orthonormal eigen-
basis of R? for H. Thus Q = (u v) is orthogonal and

v-ay S)at-afy o)

Note that there are only four possible choices for Q. All 2 x 2 reflection
matrices are similar to diag[l, —1]. The only thing that can vary is Q.

Here is another example.

Example 11.2. Let B be the all ones 4 x 4 matrix. We already saw that the
eigenvalues of B are 0 and 4. The eigenspace Ey = N(B) = (R(1,1,1,1)T)+,
so to check the Principal Axis Theorem, we need to find an orthonormal
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basis of (R(1,1,1,1)7)L. We will do this by inspection rather than Gram-
Schmidt, since it is easy to find vectors orthogonal to (1,1,1,1)7. In fact,
vi = (1,-1,0,0)7, vo = (0,0,1,—1)7, and v3 = (1,1,—1,—1)T give an
orthonormal basis after we normalize. Then v4 = (1,1,1,1)7 € E, is a
fourth eigenvector, which, by our construction is orthogonal to Ey. Of course
the real reason vy is orthogonal to Ejy is that 0 and 4 are distinct eigenvalues
of the symmetric matrix B. Thus we get the following expression for B as

QDQ™:

2v2 0 0 1\ /0 0 0 0\ /2v2 —-2v2 1 0
11-2v2 0 1 1o 000 0 0 2v2 —2v2
4 1 272 -1 1[0 000 0 1 G |

0 —-2v2 -1 1/ \0 0 0 4 1 1 1 1

This is somewhat amusing since 3 of D’s diagonal entries are 0.

11.1.3 The First Proof

Since we know that all eigenvalues of a symmetric matrix A are real, and
eigenvectors corresponding to different eigenvalues are orthogonal, there is
nothing to prove when all the eigenvalues are distinct. The difficulty is that
if A has repeated eigenvalues, say A1, ... A, then one has to show

m
Z dim Ey, = n.
=1

Our first proof doesn’t actually require us to overcome this difficulty. It
rests on the group theoretic property that the product of two orthogonal
matrices is orthogonal.

To keep the notation simple and since we will also give a second proof,
let us just do the 3 x 3 case, which, in fact, involves all the essential ideas.
Thus let A be real 3 x 3 symmetric, and consider an eigenpair (A1, u;) where
u; € R? is a unit vector. By the Gram-Schmidt process, we can include u;
in an orthonormal basis uy, ug, uz of R3. Let Q1 = (u; uy u3). Then Q; is
orthogonal and

AQl = (Au1 AUQ AU3) = ()\1111 AUQ AU3).

Now
T T
. u%r Alu%rul * ok
Q1 AQ1 = | uj | (Mug Auy Aug) = [ Mjugu; * *

uj )\1u3Tu1 * %
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But since QfAQl is symmetric (since A is), and since uj, ug, ug are or-
thonormal, we see that

A 00
QTAQ1 =10 * =«
0 x =x

It is clear that the 2 x 2 matrix in the lower right hand corner of A is
symmetric. Calling this matrix B, we can find, by repeating the construction
just given, a 2 x 2 orthogonal matrix @’ so that

QTBQ = <>E)2 )(\)3> ‘

Putting Q' = <Z Z), it follows that
1 0 0
Q=10 r s
0 t u
is orthogonal, and in addition
A 00 AM 0 0
SQTAQIQr=Q3 [0 * | Qa=[0 X 0
0 * = 0 0 A3

But Q1Q> is orthogonal, and so (Q1Q2)~! = Qz_lQl_l = QT QT. Therefore,
putting @ = Q1Q2 and D = diag(A1, A2, A3), we get A = QDQ™! = QAQT,
so A has been orthogonally diagonalized and the first proof is done. O

Note, using mathematical induction, this proof extends immediately to
prove the general case. The drawback of the above technique is that it
requires a repeated application of the Gram-Schmidt process. What is nice
is that the argument is completely transparent.

11.1.4 Proof Number Two

Our second proof, more geometric proof, seems to me to give more insight.
It relies on the two basic properties of symmetric matrices discussed above
and also one more.

Proposition 11.6. If A € R™*" is symmetric and W is a nonzero subspace
of R™ with the property that To(W) = AW C W, then W contains an
eigenvector of A.
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Proof. Pick an orthonormal basis Q = {uy,...,u,} of W. AsT4(W) C W,
there exist scalars r;; (1 <4,7 < m), such that

m

TA(Uj) = AUj = Zrijui.
i=1

This defines an m x m matrix R, which I claim is symmetric. Indeed, since
T4 is self adjoint,
7’7;]' =u; - Au]' = Aui . Uj = Tji-

m

Let (A, (@1,...,2,)T) be an eigenpair for R. Putting w := > e

claim that (A, w) forms an eigenpair for A. In fact,

Triuy, I

Ta(w) = > x;Ta(w)
j=1
= > (> riyw)
j=1 =1
= > O ryzu

i=1 j=1

m
= E )\l’iui
=1

= Aw.

This finishes the proof. O

We can now complete the second proof. As above, let Aq,...\; be the
distinct eigenvalues of A. Then the corresponding eigenspaces E, are or-
thogonal to each other, so if we combine orthonormal bases of each F,, we
obtain an orthonormal set in R”. Putting dimFE), = k;, it follows the span of
this orthonormal set is a subspace E/ of R" of dimension e := Zle k;. Com-
bining all the eigenvectors gives an orthonormal basis of E. To show e = n,
let W = E+. If E # R", then by Proposition 10.1, dimW = n —e > 0.
Clearly, T4(E),) C E\, (check). Hence T4(E) C E. I claim that we also
have that T4 (W) C W. To see this, we have to show that if v € E and
w € W, then v-Aw = v’ Aw = 0. But since T4(E) C E and A is symmetric,

viAw = wl Av = 0.

Hence the claim. But W has positive dimension, so it contains an eigenvector
w of A. But all eigenvectors of A are, by definition, elements of F, so F
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and W both contain a non zero vector. This contradicts Proposition10.1, so
W = {0}. Therefore, E = R™ and the second proof is done. O

Note also that in the course of the proof of the Principal Axis Theorem,
we discovered a fourth interesting geometric property of symmetric matrices:

Proposition 11.7. If A € R™™" is symmetric and A(W) C W for a sub-
space W of R", then A(W=+) c W+ too.

11.1.5 A Projection Formula for Symmetric Matrices

Sometimes it’s useful to express the Principal Axis Theorem as a projection
formula for symmetric matrices. Let A be symmetric, let uy,...,u, be an
orthonormal eigenbasis of R™ for A, and suppose (A;,u;) is an eigenpair.
Suppose x € R™. By the projection formula of Chapter 10,
x = (ufx)ug + - + (4 x)uy,
hence
Ax = M (ulfx)u; + - + A (ulx)u,.

This amounts to writing

A= uu! +-. + \u,u’ (11.1)

n-

Recall that uiuiT is the matrix of the projection of R™ onto the line Ru;, so
(11.1) expresses A as a sum of orthogonal projections.
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Exercises

Exercise 11.1. Orthogonally diagonalize the following matrices:

101 11 3
o010, [13 1],
101 31 1

S = O =
= o = O
S = O =
_= O = O

I claim that you can diagonalize the first and second matrices, and a good
deal (if not all) of the third, without pencil and paper.

Exercise 11.2. Prove Proposition11.7.

Exercise 11.3. Answer either T or F. If T, give a brief reason. If F, give a
counter example.

(a) The sum and product of two symmetric matrices is symmetric.
(b) For any real matrix A, the eigenvalues of AT A are all real.
(c) For A as in (b), the eigenvalues of AT A are all non negative.

(d) If two symmetric matrices A and B have the same eigenvalues, counting
multiplicities, then A and B are orthogonally similar (that is, A = QBQ”
where @ is orthogonal).

Exercise 11.4. Recall that two matrices A and B which have a common
eigenbasis commute. Conclude that if A and B have a common eigenbasis
and are symmetric, then AB is symmetric.

Exercise 11.5. Describe the orthogonal diagonalization of a reflection ma-
trix.

Exercise 11.6. Let W be a hyperplane in R", and let H be the reflection
through W.

(a) Express H in terms of Py and Py ..
(b) Show that Py Py, = Py 1 Pw.
(¢) Simultaneously orthogonally diagonalize Py, and Py ..
Exercise 11.7. * Diagonalize
a b c

b ¢ al,
c a b
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where a, b, ¢ are all real. (Note that the second matrix in Problem 1 is of
this type. What does the fact that the trace is an eigenvalue say?)

Exercise 11.8. * Diagonalize

aa ab ac ad

L | ba Wb be b
“lea b cc oed]’
da db dc dd

where a, b, ¢, d are arbitrary real numbers. (Note: thimk!)

Exercise 11.9. Prove that a real symmetric matrix A whose only eigenval-
ues are *1 is orthogonal.

Exercise 11.10. Suppose A € R™*" is symmetric. Show the following.
(i) N(A)+ =TIm(A).

(ii) Im(A)*+ = N(A).

(iii) col(A) NN (A) = {0}.

(iv) Conclude form (iii) that if A* = O for some k > 0, then A = O.

Exercise 11.11. Give a proof of the Principal Axis Theorem from first
principles in the 2 x 2 case.

Exercise 11.12. Show that two symmetric matrices A and B that have
the same characteristic polynomial are orthogonally similar. That is, A =
QBQ~! for some orthogonal matrix Q.

Exercise 11.13. Let A € R™ ™ be symmetric, and let \,, and Ay be its
minimum and maximum eigenvalues respectively.

(a) Show that for every x € R™, we have

AmxTx < xT Ax < A\yxTx.

(b) Use this inequality to find the maximum and minimum values of |Ax|
on the ball |x| < 1.
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11.2 Self Adjoint Maps

The purpose of this section is to formulate the Principal Axis Theorem for
an arbitrary finite dimensional inner product space V. In order to do this,
we have to make some preliminary comments about this class of spaces.

11.2.1 Inner Product Spaces and Isometries

Recall that a real vector spaceV with an inner product is called an inner
product space. Simple examples include of course R™ with the dot product
and C|[a, b] with the inner product (f,g) = f; f(z)g(x)dz. In fact, we have

Proposition 11.8. Every finite dimensional vector space over R admits an
inner product.

Proof. Select a basis vi,...,v, of V. Then, if x = z;v; and y = > y;vy,

put
(X7 Y) = Z TiY;-

Then it is easy to see that (, ) is an inner product on V. O

Let V be a finite dimensional inner product space, and let ( , ) denote
its inner product. In the above proof, the inner product is defined so that
Vi,...,Vp is an orthonormal basis. On the other hand, the techniques of
the previous chapter extend immediately to an arbitrary finite dimensional
inner product space, so we have the analogue of Proposition10.6: every finite
dimensional inner product space has an orthonormal basis.

Definition 11.2. Let U and V be finite dimensional inner product spaces,
and suppose ® : U — V is a transformation such that

(@(x), 2(y)) = (x,y)
for all x,y € U. Then ® is called an isometry.

The notion of an isometry was briefly touched on in Chapter 3.3. In

particular, we showed that every element of O(n,R) defines an isometry:
see (3.8).
Proposition 11.9. Let U and V' be finite dimensional inner product spaces
of the same positive dimension. Then every isometry ® : U — V is a linear
isomorphism. Moreover, ® : U — V is an isometry if and only if ® carries
any orthonormal basis of U to an orthonormal basis of V. In particular, any
inner product space of dimension n Is isometric to R™.
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Proof. To see that ®(x +y) = ®(x) + @(y), it suffices to show
(@(x+y) = 0(x) - 0(y), 2(x +y) — ®(x) = 2(y) =0,

The proof of this is exactly the same as in the proof of Proposition10.11. One
sees that ®(rx) = r®(x) in a similar way. Hence, every isometry is linear.
An isometry @ is also one to one since if x # 0, then ®(x) # 0 (why?).
Hence ® is an isomorphism since it is one to one and dimU = dim V. We
leave the rest of the proof as an exercise. ]

A couple of more comments about isometries are in order. First, the
matrix of an isometry ® : U — U with respect to an orthonormal basis is
orthogonal. (See the comment above about O(n,R).) Also, since isometries
preserve inner products, so they also preserve lengths and angles and angles
between vectors.

11.2.2 Self Adjoint Operators

In the previous section, we defined the notion of a self adjoint linear map
T : R™ — R". The notion of a self adjoint operator on an arbitrary inner
product space is exactly the same. We will treat this in a slightly more
general way, however. First we make the following definition.

Definition 11.3. Let V be a real inner product space and suppose T : V —
V is linear. Define the adjoint of T to be the map T* : V — V determined
by the condition that

(T"(x),y) = (x, T(y))
for all x,y € V. Then we say that T is self adjoint if and only if T = T™*.

Proposition 11.10. Let V be a real inner product space and suppose T :
V' — V is linear. Then the adjoint T* : V — V is also a well defined linear
transformation. If V is finite dimensional, then T is self adjoint if and only
if for every orthonormal basis Q of V, the matrix Mg(T) is symmetric.

More generally, the matrix M%(T*) is Mg(T)T.

Proof. The proof is left as an exercise. ]

Hence a symmetric matrix is a self adjoint linear transformation from
R™ to itself and conversely. Therefore the eigenvalue problem for self adjoint
maps on a finite dimensional inner product space reduces to the eigenvalue
problem for symmetric matrices on R"™.

Here is a familiar example.
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Example 11.3. Let W be a subspace of R™. Then the projection Py is
self adjoint. In fact, we know that its matrix with respect to the standard
basis has the form C(CCT)~1CT, which is clearly symmetric. Another way
to see the self adjointness is to choose an orthonormal basis uy,...,u, of
R™ so that uy,...,u,, span W. Then, by the projection formula, Py (x) =
Zle(x- u;)u;. It follows easily that Py (u;)-u; = u;- Py (u;) for all indices
7 and j. Hence Py is self adjoint.

To summarize the Principal Axis Theorem for self adjoint operators, we
state

Theorem 11.11. Let V' be a finite dimensional inner product space, and let
T :V — V be self adjoint. Then there exists an orthonormal eigenbasis Q
of V consisting of eigenvectors of T'. Thus T is semi-simple, and the matrix
MS(T) is diagonal.

Proof. Let B = {uy,...,u,} denote an orthonormal basis of V. The map
® : V — R” defined by ®(u;) = e; is an isometry (see Proposition10.11).
Now S = ®T®! is a self adjoint map of R™ (check), hence S has an
orthonormal eigenbasis x1,...,x, € R™ Since ® is an isometry, vi =
d1(x1),...,v, = ®71(x,) form an orthonormal basis of V. Moreover, the
v; are eigenvectors of T'. For, if S(x;) = \;x;, then

T(VZ) = (I)_IS(I)(VZ') = (I)_IS(XZ') = <I>_1()\Z-xi) = )\Z‘(I)_I(Xi) = )\ZVZ

Thus T" admits an orthonormal eigenbasis, as claimed. O

11.2.3 An Infinite Dimensional Self Adjoint Operator

We now give an example of a self adjoint operator (or linear transformation)
in the infinite dimensional setting. As mentioned in the introduction, self
adjoint operators are frequently encountered in mathematical, as well as
physical, problems.

We will consider a certain subspace of function space C|[a,b] of all con-
tinuous functions f : [a,b] — R with the usual inner product

b
(f,9) :/ f(x)g(x)dz.

The condition for a linear transformation 7' : Cla,b] — C|a,b] to be self
adjoint is that satisfies the condition (T'f,g) = (f,Tg) for all f, g, that is

b b
/ T(f)(@)g(x)dz = / F(@)T(g)(x)dz.
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Now let [a,b] = [0,27], and let P (for periodic) denote the subspace of
C'[0, 27] consisting of all functions f which have derivatives of all orders on
[0, 2] and satisfy the further condition that

FO0) = fD2r)  if i=0,1,2,...,

where £ denotes the ith derivative of f. Among the functions in P are the
trigonometric functions cos Az and sin Az for all A € R. We will show below
that these functions are linearly independent if A > 0, so P is an infinite
dimensional space.

We next give an example of a self adjoint operator on P. Thus symmetric
matrices can have infinite dimensional analogues. By the definition of P,
it is clear that if f € P, then f) € P for all i > 1. Hence the derivative
operator D(f) = f’ defines a linear transformation D : P — P. I claim the
second derivative D?(f) = f" is self adjoint. To prove this, we have to show
(D%(f),9) = (f,D*(g)) for all f,g € P. This follows from integration by
parts. For we have

2
(D*(f),9) = i f!(#)g(t)dt
27

= f'(2m)g(2m) — f'(0)g(0) — [ f'(t)g'(t)dt.

0
But by the definition of P, f/(2m)g(27) — f'(0)g(0) = 0, so

2

(D*(f).9)=— [ f(t)g (t)dt.

0

Since this expression for (D?(f), g) is symmetric in f and g, it follows that

(D*(f),9) = (f,D*(9)),

so D? is self adjoint, as claimed.

We can now ask for the eigenvalues and corresponding eigenfunctions
of D?. There is no general method for finding the eigenvalues of a linear
operator on an infinite dimensional space, but one can easily see that the
trig functions cos Az and sin Az are eigenfunctions for —A? if A # 0. Now
there is a general theorem in differential equations that asserts that if y > 0,
then any solution of the equation

D*(f)+uf=0



305

has the form f = acos /px + bsin /px for some a,b € R. Moreover, A = 0
is an eigenvalue for eigenfunction 1 € P. Note that although D?(z) = 0, z
is not an eigenfunction since x ¢ P.

To summarize, D? is a self adjoint operator on P such that every non
positive real number is an ev. The corresponding eigenspaces are Fy = R
and E_y = Rcos VAz + Rsin vz if A > 0. We can also draw some other
consequences. For any positive Aq,... Ay and any f; € E_y,, f1,..., fi are
linearly independent. Therefore, the dimension of P cannot be finite, i.e. P
is infinite dimensional.

Recall that distinct eigenvalues of a symmetric matrix have orthogonal
eigenspaces. Thus distinct eigenvalues of a self adjoint linear transformation
T : R® — R™ have orthogonal eigenspaces. The proof of this goes over
unchanged to P, so if A\, u > 0 and X\ # p, then

2m
; Ia(E) fu(t)dt =0,
where f\ and f, are any eigenfunctions for —\ and —p respectively. In
particular,
2w
/ sin VAt sin Vutdt =0,
0

with corresponding identities for the other pairs of eigenfunctions f and f,.
In addition, cos v Az and sin v/ Az are also orthogonal.

The next step is to normalize the eigenfunctions to obtain an orthonor-
mal set. Clearly if A # 0, |fA|? = (f, 1) = 7, while |fy|?> = 27. Hence the
functions

1 1
cosVz, =sinvz,
V2 f T

where A > 0 are a farnlly of ON functions in P. It turns out that one usually
considers only the eigenfunctions where A is a positive integer. The Fourier
series of a function f € C|0, 27| such that f(0) = f(2n) is the infinite series
development

o o
1 1 .
~— E Ay COSMIT + — E by, sin ma,
T T
m=1 m=1

where a,, and b,, are the Fourier coefficients encountered in §33. In partic-

ular,
1 2m
Ay = —= f(t) cosmtdt
!
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and
! /%f() a
by, = — t) sin mtdt.
V7 Jo

For a precise interpretation of the meaning =, we refer to a text on Fourier
series. The upshot of this example is that Fourier series are an important
tool in partial differential equations, mathematical physics and many other
areas.
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Exercises

Exercise 11.14. Show that if V' is a finite dimensional inner product space,
then 7' € L(V) is self adjoint if and only if for every orthonormal ba-
sis ui,...,u, OF V, (T(u;),u;) = (u;,T(u;)) for all indices i and j.

Exercise 11.15. Let U and V be inner product spaces of the same dimen-
sion. Show that a linear transformation ® : U — V is an isometry if and
only if ® carries every orthonormal basis of U onto an orthonormal basis of
V.

Exercise 11.16. Give an example of a linear transformation® : R? — R?
that isn’t an isometry.

Exercise 11.17. Show that the matrix of an isometry ® : U — U with
respect to and orthonormal basis is orthogonal. Conversely show that given
an orthonormal basis, any orthogonal matrix defines an isometry form U to
itself.

Exercise 11.18. Give the proof of Proposition11.10 .
Exercise 11.19. Describe all isometries ® : RZ2 — R2.

Exercise 11.20. Prove Proposition11.10.
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11.3 The Principal Axis Theorem Hermitian Ma-
trices

The purpose of this section is to extend the Principal Axis Theorem to
Hermitian matrices, which is one of the fundamental mathematical facts
needed in quantum theory.

11.3.1 Hermitian Inner Products and Hermitian Matrices
Let A= (Oéij) € Cnxn,
Definition 11.4. The Hermitian transpose of A = («;;) is defined to be the

matrix

A = ZT,

where A is the matrix (@;) obtained by conjugating the entries of A.

Definition 11.5. A square matrix A over C is called Hermitian if A7 = A.
In other words, A is Hermitian if and only if a;; = @j;.

Example 11.4. For example,

1 14+ —2
1—1 3 2
) 2 0

is Hermitian.

Clearly, real Hermitian matrices are symmetric, and Hermitian matrices
have real diagonal entries.

To extend the Principal Axis Theorem, we need to modify our notion
of an inner product to take in vector spaces over C. Indeed, the usual
real inner product extended to C™ has the problem that non-zero vectors
may have negative or zero length, e.g. (1,4)7. Instead, we introduce the
Hermitian inner product on C™. For w,z € C", put

W Z: =Wz +W229 + -+ 4+ Wp2p.

In other words,

W-z::WTz:sz.

Obviously the Hermitian inner product coincides with the usual inner prod-
uct if w,z € R™ C C". It is easy to see that the distributivity property still



309

holds: that is, w-(x+y) = w-x+w-y, and (W+x)-y = w-y+x-y. However,
the scalar multiplication properties are slightly different. For example,

(aw) -z =a(w - z),
but
w - (az) = a(w - z).

Another difference is that
Z-W=W:Z.

The length of z € C™ can be written in several ways:
7] = (z-2)'/? = (a"12)!/* = Z [zl 2.

Note that |z| > 0 unless z = 0 and |az| = |a||z]. As usual, z € C" is called
a unit vector if |z| = 1. Note also that

1,7 1,0 =@, -1, =1 -4 =2

o (1,4)T is no longer orthogonal to itself and has positive length /2.

11.3.2 Hermitian orthonormal Bases

Two vectors w and z are said to be Hermitian orthogonal if and only if

w -z = wlz = 0. For example,

')

A set of mutually Hermitian orthogonal unit vectors is called Hermitian
orthonormal. For example, %(1,@') and \/—(1 —i)T are a Hermitian or-
thonormal basis of C2.

There is a projection formula in the Hermitian case, but it is slightly
different from the real case. Suppose uy,us,...,u, form a Hermitian or-
thonormal basis of C". Then any z € C" can be written z = Y . | a;u;.

Then
n n
_ — H.. _
u;-zZ=1u;- o;a; = aiuj u; = &j.
i=1 i=1

Thus we have
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Proposition 11.12. Let uy,us,...,u, be a Hermitian orthonormal basis
of C" and suppose z € C". Then

n

z = Z:(uZ cz)u; = Z(UZHZ)W-
i=1

i=1
Projections and the Gram-Schmidt method work for complex subspaces
of C™ with the obvious modifications.

Proposition 11.13. Every complex subspace Wof C" admits a Hermitian
orthonormal basis, which can be included in a Hermitian orthonormal basis
of C™. If uy,us,...,u,, is a Hermitian orthonormal basis of W, then the
projection of z € C" onto W is given by

k n

Py (z) = Z(ul czZ)u; = Z(uZ-Hz)ui.

i=1 i=1

That is, z has the unique orthogonal decomposition
2= Py (z) + (z - Py (2))

into a component in W and a component orthogonal to W .
The proof is just like the proofs of the corresponding statements in the

real case.

Definition 11.6. We will say that U € C™*" is unitary if UYU = I,,. The
set of all n X n unitary matrices will be denoted by U(n,C).

Proposition 11.14. U € C™*" is unitary if and only if U=! = UH if and
only if the columns of U are a Hermitian orthonormal basis of C". Moreover,
U(n,C) is a matrix group containing O(n,R).

Some of the properties of unitary matrices are given in the next
Proposition 11.15. Let U be unitary. Then:

(i) every eigenvalue of U has absolute value 1,
(ii) | det(U)| = 1, and

(iii) if U is diagonal, then each diagonal entry has absolute value 1.

Proof. This is left as an exercise. O
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11.3.3 Properties of Hermitian matrices

Hermitian matrices are exactly those matrices which satisfy complex ver-
sion of the fundamental property symmetric matrices (cf. Proposition11.2).
Namely,

Proposition 11.16. Let K € C"*", Then K = K if and only ifu? Kv =
vH Ku if and only ifu- Kv = Ku-v for all u,v € C". Moreover, if K is
Hermitian, then u” Ku is real for all u € C".

We also get Hermitian versions of the fundamental properties of sym-
metric matrices.

Proposition 11.17. Let K € C"*™ be Hermitian. Then the eigen-values
of K are real and eigen-vectors corresponding to distinct eigen-values are
Hermitian orthogonal. Moreover, if K leaves a complex subspace W of C™
stable, that is T (W) C W, then K has an eigen-vector in W.

The proof is identical to that of the real case, exept that here it is more
natural, since we applied the Hermitian identity A” = A and (11.16) for
real symmetric matrices without mentioning it.

Example 11.5. Consider J = (% §). The characteristic polynomial of .J
is A2 — 1 so the eigenvalues are +1. Clearly Ey = C(—i,1)T and E_; =

C(i,1)T. Normalizing gives the Hermitian orthonormal eigenbasis u; =
%(_?7.1)11 and uy = %(z, DT, Hence JU = Udiag(1,—1), where U =
%(‘12 t). Therefore J = Udiag(1, —1)U*.

11.3.4 Principal Axis Theorem for Hermitian Matrices

Theorem 11.18. Every Hermitian matrix is similar to a real diagonal ma-
trix via a unitary matrix. That is, if K is Hermitian, there exist a unitary
U and a real diagonal D such that K = UDU~' = UDU". Equivalently,
every Hermitian matrix has a Hermitian ON eigen-basis.

Since the proof is exactly the same as in the real symmetric case, so we
don’t need to repeat it. It would be a good exercise to reconstruct the proof
for the Hermitian case in order to check that it does indeed work.

Note that in the complex case, the so called principal azes are actually
one dimensional complex subspaces of C™. Hence the principal axes are real
two planes (an R?) instead of lines as in the real case.



312

11.3.5 Self Adjointness in the Complex Case

A Hermitian inner product (, ) on a general C-vector space V is defined in
the same way as a Hermitian inner product on C™. The key difference from
the real case is that

(ax,y) = a(x,y)
and

(x,ay) = a(x,y).

Note that a Hermitian inner product is still an inner product in the real
sense. Every finite dimensional C-vector space admits a Hermitian inner
product. If (, ) is a Hermitian inner product on V', then a C-linear trans-
formation T : V — V is said to be Hermitian self adjoint if and only
if

for all x,y € V.
The Principal Axis Theorem for Hermitian self adjoint operators is the
same as in Theorem 11.11, except for the obvious modifications.
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Exercises

Exercise 11.21. Find the eigen-values of K = ( 3_242- 3f§i) and diagonalize
K.

. . . . . . 0 —sinf
Exercise 11.22. Unitarily diagonalize Ry = (';’rf 0 oosp )
Exercise 11.23. Show that the trace and determinant of a Hermitian ma-
trix are real. In fact, show that the characteristic polynomial of a Hermitian

matrix has real coefficients.

Exercise 11.24. Prove that the Hermitian matrices are exactly the complex
matrices with real eigen-values that can be diagonalized using a unitary
matrix.

Exercise 11.25. Show that U(n,C) is a matrix group. Can you find a
general description for U(2,C)?

Exercise 11.26. Show that two unit vectors in C” coincide if and only if
their dot product is 1.

Exercise 11.27. Give a description of the set of all 1 x 1 unitary matrices.
That is, describe U(1,C).

Exercise 11.28. Consider a 2 x 2 unitary matrix U such that one of U’s
columns is in R?. Is U orthogonal?

Exercise 11.29. Prove assertions (i)-(iii) in Proposition11.14.

Exercise 11.30. Supppose W is a complex subspace of C™. Show that the
projection Py is Hermitian.

Exercise 11.31. How does one adjust the formula Py = A(AAT)~1AT to
get the formula for the projection of a complex subspace W of C™?

Exercise 11.32. Give a direct proof of the Principal Axis Theorem in the
2 x 2 Hermitian case.
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11.4 Normal Matrices and Schur’s Theorem

The result that any Hermitian matrix K can be expressed in the form K =
UDUH | where D is real diagonal and U unitary, suggests that we can ask
which other matrices A € C™*™ can be unitarily diagonalized. To answer
leads us to a beautiful class of matrices.

11.4.1 Normal matrices

Theorem 11.19. An n x n matrix A over C is unitarily diagonalizable if
and only if
AAT = Af 4, (11.2)

Definition 11.7. A matrix A € C"*™ for which (11.2) holds is said to be
normal.

The only if part of the above theorem is straightforward, so we’ll omit
the proof. The if statement will follow from Schur’s Theorem, proved below.

Clearly Hermitian matrices are normal. We also obtain more classes
of normal matrices by putting various conditions on D. One of the most
interesting is given in the following

Example 11.6. Suppose the diagonal of D is pure imaginary. Then N =
UDUM satisfies NH = UDHUH = —UDUH = —N. A matrix S such that

SH = S is called skew Hermitian. Skew Hermitian matrices are clearly
normal, and writing N = UDU¥ | the condition N¥ = —N obviously implies
DM = —D, i.e. the diagonal of D to be pure imaginary. Therefore, a matrix

N is skew Hermitian if and only if 2/V is Hermitian.

Example 11.7. A real skew Hermitian matrix is called skew symmetric. In

other words, a real matrix S is skew symmetric if S7 = —S. For example,
let
0o 1 2
S=1-1 0 2
-2 -2 0

The determinant of a skew symmetric matrix of odd order is 0 (see Exercise
11.33 below). The trace is obviously also 0, since all diagonal entries of a
skew symmetric matrix are 0. Since S is 3 x 3, t its characteristic polynomial
is determined by the sum o5(.S) of the principal 2 X 2 minors of S. Here,
02(8) =9, so the characteristic polynomial of S up to sign is A> —9\. Thus
the eigenvalues of S are 0, £3:.
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Since the characteristic polynomial of a skew symmetric matrix S is real,
the nonzero eigenvalues of S are pure imaginary and they occur in conjugate
pairs. Hence the only possible real eigenvalue is 0. Recall that a polynomial
p(z) is called even if p(—z) = p(z) and odd if p(—x) = —p(z). Only even
powers of x occur in an even polynomial, and only odd powers occur in an
odd one.

Proposition 11.20. Let A be n x n and skew symmetric. Then the char-
acteristic polynomial is of A is even or odd according to whether n is even
or odd.

Proof. Since the characteristic polynomial is real, if n is even, the eigenvalues
occur in pairs p # fi. Thus the characteristic polynomial p 4(A) factors into
products of the form A2 — |u|?, pa()\) involves only even powers. If n is odd,
then the characteristic polynomial has a real root u, which has to be 0 since
0 is the only pure imaginary real number. Hence p4(A) = Aga()), where g4
is even, which proves the result. [l

Example 11.8. Let A = UDU! | where every diagonal entry of D is a
unit complex number. Then D is unitary, hence so is A. Conversely, every
unitary matrix is normal and the eigenvalues of a unitary matrix have mod-
ulus one (see Exercise 11.35), so every unitary matrix has this form. For
example, the skew symmetric matrix

0 —1
o= )
is orthogonal. U has eigenvalues +i, and we can easily compute that F; =
C(1,—i)T and E_; = C(1,9)T. Thus

-5 )6 DG )

As a complex linear transformation of C2, the way U acts can be inter-
preted geometrically as follows. U rotates vectors on the principal axis
C(1,4)" spanned by (1,7)” through % and rotates vectors on the orthogonal
principal axis spanned by (1, —z’)T by —%. Note, U = R/, considered as a
transformation on C2.

The abstract formulation of the notion of a normal matrix of course uses
the notion of the adjoint of a linear transformation.
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Definition 11.8. Let V be a Hermitian inner product space with inner
product (, ), and let T': V — V be C-linear. Then T is said to be normal
if and only if TT* = T*T, where T* is the adjoint of T

We leave it to the reader to formulate the appropriate statement of
Theorem 11.19 for a normal operator 1.

11.4.2 Schur’s Theorem

The Theorem on normal matrices, Theorem 11.19, is a consequence of a
very useful general result known as Schur’s Theorem.

Theorem 11.21. Let A be any n X n complex matrix. Then there exists
an n X n unitary matrix U and an upper triangular T so that A = UTU 1.

Schur’s Theorem can also be formulated abstractly as follows:

Theorem 11.22. IfV is a finite dimensional C-vector space andT : V — V
is linear over C, then there exists a Hermitian orthonormal basis U of V for
which the matrix MY(T) of T is upper triangular.

We will leave the proof Theorem 11.21 as an exercise. The idea is to
apply the same method used in the first proof of the Principal Axis Theorem.
The only essential facts are that A has an eigenpair (A1, uy), where u; can
be included in a Hermitian orthonormal basis of C”, and the product of
two unitary matrices is unitary. The reader is encouraged to write out a
complete proof using induction on n.

11.4.3 Proof of Theorem 11.19

We will now finish this section by proving Theorem 11.19. Let A be normal.
By Schur’s Theorem, we may write A = UTUH | where U is unitary and
T is upper triangular. We claim that T is in fact diagonal. To see this,
note that since A7 A = AAH it follows that TTH = THT (why?). Hence
we need to show that an upper triangular normal matrix is diagonal. The
key is to compare the diagonal entries of TTH and TTH. Let t; be the ith
diagonal entry of T', and let a; denote its ith row. Now the diagonal entries
of TTH are |aj|?, |az|?,...|a,|?. On the other hand, the diagonal entries of
THT are [t11]?, [ta2|?, ..., [tan|?. It follows that |a;|? = |t;|? for each 4, and
consequently T has to be diagonal. Therefore A is unitarily diagonalizable,
and the proof is complete. O
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Exercises

Exercise 11.33. Unitarily diagonalize the skew symmetric matrix of Ex-
ample 11.7.

Exercise 11.34. Let S be a skew Hermitian n x n matrix. Show the fol-
lowing:

(a) Every diagonal entry of S is pure imaginary.

(b) All eigenvalues of S are pure imaginary.

(c) If n is odd, then |S| is pure imaginary, and if n is even, then |S] is real.
(d) If S is skew symmetric, then |S| = 0 if n is odd, and |S| > 0 if n is even.
Exercise 11.35. Let U be any unitary matrix. Show that

(a) |U| has modulus 1.

(b) Every eigenvalue of U also has modulus 1.

(c) Show that U is normal.

Exercise 11.36. Are all complex matrices normal? (Sorry)

Exercise 11.37. Formulate the appropriate statement of Theorem 11.19
for a normal operator T'.

Exercise 11.38. The Principle of Mathematical Induction says that if a
S(n) is statement about every positive integer n, then S(n) is true for all
positive integers n provided:

(a) S(1) is true, and

(b) the truth of S(n — 1) implies the truth of S(n).
Give another proof of Schur’s Theorem using induction. That is, if the
theorem is true for B when B is (n —1) x (n — 1), show that it immediately
follows for A. (Don’t forget the 1 x 1 case.)
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11.5 The Jordan Decomposition

The purpose of this section is to prove a fundamental result about an ar-
bitrary linear transformation T : V' — V', where V is a finite dimensional
vector space over an algebraically closed field F. What we will show is that T’
can be uniquely decomposed into a sum S+ N of two linear transformations
S and N, where S is a semi-simple and N is nilpotent and, moreover, T
commutes with both S and N. This decomposition, which is called the Jor-
dan decomposition of T', is a very useful tool for understanding the structure
of T and has many applications. One of the main applications is, in fact, the
Cayley-Hamilton Theorem, which says that T satisfies its own characteristic
polynomial .

11.5.1 The Main Result

Let T be a linear transformation from V to itself, that is, an element of L(V').
Recall that we call T' semi-simple if it admits an eigen-basis or, equivalently,
if the matrix ME(T) is diagonalizable. Recall that T is called nilpotent if
T* = 0 for some integer k > 0. We will prove the following fundamental

Theorem 11.23. Let F be an arbitrary algebraically closed field, and con-
sider a linear transformation T : V. — V  where V is a finite dimensional
vector space over F of dimension n, say. Let Ay,...,\, be the distinct
eigenvalues of T', and suppose ; denotes the multiplicity of A\;. Thus

pr(@) = (=1)"(z = M) - (2 = M)
Then there exist subspaces C1,...,C,, of V with the following properties:
(1) dim C; = p; and V' is the direct sum
V=CiaCy® - & Cp.
In particular, dim'V = """ p;.

(2) We may define a semi-simple element S € L(V') by the condition that
S(v) = \jv if v € C;. Furthermore, the element N =T — S of L(V')
is nilpotent, that is N¥ = 0 for some k > 0.

(3) S and N commute, and both commute with T: SN = NS, NT =TN
and ST =TS.

(4) Finally, the decomposition T = S + N of T into the sum of a semi-
simple transformation and a nilpotent transformation which commute
is unique.
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Definition 11.9. The decomposition T' = S + N is called the Jordan de-
composition of T.

For example, if T' is semi-simple, then the uniqueness (4) says that its
nilpotent part N = O, while if T is nilpotent, its semi-simple part is O.
We also know, for example, that if 7" has distinct eigenvalues, then T is
semi-simple. The Jordan decomposition is necessary when 71" has repeated
eigenvalues. Of course, if F = C and T' € M,,(C) is a Hermitian matrix,
then we know that T is semi-simple.

Before proving the result, let’s consider an example.

Example 11.9. Let F = C take V = F3. Let T be the matrix linear
transformation

5 12 6
T=|(-2 -5 -3
1 4 4

The characteristic polynomial of T is —(x — 1)%(x — 2), so the eigenvalues
are 1 and 2, which is repeated. Now the matrices T'— I3 and T — 2[5 row
reduce to

1 0 -2 1 0 -3
01 1 and 0 1 3/2
00 O 00 O

respectively. Hence T is not semi-simple. eigenvectors for 2 and 1 are

2 3
-1 and -3/2
1 1

It isn’t clear how to proceed, so we will return to the example after we give
the proof.

Proof of Theorem 11.23. First of all, notice that if R : V — V is linear,
then ker(R") C ker(R®) for all positive integers r» < s. Since V is finite
dimensional, , it follows that for some r > 0, ker(R") = ker(R"*!), and thus
ker(R") = ker(R?) if r < s. In this case, we say that ker(R") is stable. Now
define

C; = ker(R"),

where R; =T — NI, and r; is large enough so that ker(R:i) is stable.
Lemma 11.24. Let U; = R;*, and choose k > 0 such that (Uy - - - Um)k =

7 7

(Uy -+ Up)*+L. Then the element U = (Uy - - - U,,)* of L(V) is zero.
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Proof. Let W = ker(U). Obviously, T(W) C W, so T induces a linear
transformation 7" : V/W — V/W. Suppose W # V| so that dim V/W > 0.
Since F is algebraically closed, it follows that 7’ has an eigenvalue in F,
hence an eigenvector in V/W. By definition, it follows that there is a yu € F
and v € V such that

T'v+W)=pv+W)=(uv)+ W =T(v)+ W.

It follows from this that x = T'(v) — pv € W. If u is not an eigenvalue of
T, then (T — pl,) ! exists and

(T = plp) " (x) € W,

since (T — ul,)(W) C W (why?). But this is impossible, since it implies
(T — ul,) Y (x) = v € W, which we know is impossible (for otherwise
v+ W =W). It follows that p is an eigenvalue of 7. But then the fact
that T'(v) — uv € W gives us that U?(v) = 0, which again says that v € W.
This is another contradiction, so V = W. O

Lemma 11.25. Ifi # j, then R; is one to one on ker(Uj).

Proof. Let v € ker(R;) Nker(U;). By the kernel criterion for one to oneness,
it suffices to show v = 0. Note first that ker(R;) N ker(R;) = 0. But
since R;R; = R;R;, Rj(ker(R;) C R;. Thus, R; is a one to one linear
transformation of ker(R;). Hence so is R} for any s > 0. Therefore ker(R;)N
ker(U;) = 0. O

It follows immediately that U; is one to one on ker(U;). We now come
to the final Lemma.

Lemma 11.26. Suppose Q1,...,Qm € L(V) are such that Q1 ---Q,, =0
in L(V'), and, for all i # j, ker(Q;) Nker(Q;) = 0. Then

V= i ker(Q;).
i=1

Proof. We will prove the Lemma by induction. The key step is the following
Claim: Suppose P and @ are elements of L(V) such that PQ = O and
ker(P) Nker(Q) = 0. Then V = ker(P) + ker(Q).

To prove the claim, we will show that dim(ker(P) + ker(Q)) > dim V.
By the Hausdorff Intersection Formula,

dim ker(P) + dimker(Q) = dim(ker(P) + ker(Q)) — dim(ker(P) Nker(Q)).
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Since dim(ker(P) Nker(Q)) = 0, all we have to show is that dimker(P) +
dimker(Q) > dim V. Now

dimV = dim ker(Q) + dim Im(Q).

But as PQ = O, Im(Q) C ker(P), so we indeed have the claim.
To finish the proof, we induct on m. If m = 1, there is nothing to prove,
so suppose the Lemma holds for m — 1. Then

ker(Q2 - Qm) = Z ker(Q;).
=2

Thus the result follows from the claim applied with P = Q1. O

Thus we get the crucial fact that V = 3", C;. In order to prove (1),
we have to show that the sum is direct. By definition, we therefore have to

show that if
m
i=1

where each v; € C;, then in fact, every v; = 0. If there is such a sum where
some v; # 0, let Z:’il v; = 0 be such a sum where the number of non-zero
components is minimal, and let v,. be any non-zero component in this sum.
Since there have to be at least two non-zero components, and since U, is
one to one on Cj if j # r but Uy(v,) = 0, U, (31", v;) has one less non-
zero component. This contradicts the minimality of >, v;, hence the sum
V =3%"", C;is direct. Now let v; = dim C;. Then >, p; = dim V.

To finish the proof of (1), we have to show that v; is the multiplicity of
A; as an eigenvalue, i.e. v; = ;. By choosing a basis of each C;, we get a
basis B of V' for which the matrix A = M%(T) has block form

A, O -~ O
O Ay - O

A= 7 |, (11.3)
O -~ O A,

where A; is v; X v;, and each O is a zero matrix. It follows from this that

pa(z) =pa, () pa, (o). (11.4)

But the only eigenvalue of A; is \; since R; =T — A;1,, is one to one on Cj
if i # j. Thus pa,(z) = (z — X\i)"*, so we conclude that the multiplicity of
A; is v;, which proves (1). Note that since pp(z) = pa(x), we have shown

pr(z) = (& — A)H - (= AP (11.5)
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We next prove (2). The transformation S is well defined, and, by
definition, S(C;) C C; for all i. Clearly, T'(C;) C C; also, thus N(C;) C C;.
To show N is nilpotent, we only need to show that N is nilpotent on each
C;. But for v € C;, we have

N"(v) = (T = 8)"(v) = (T = Xiln)"(v) = 0,

by the definition of C;. Hence N is nilpotent.

To prove (3), it suffices to show that if v € C;, then NS(v) = SN(v).
But this is obvious, since S(v) = A;v.

To finish the proof, suppose T = S’ + N’ is another decomposition of
T, where S’ is semi-simple, N’ is nilpotent, and S'N' = N'S’. Now as S’ is
semi-simple, we can write

k
V=3 B, (11.6)
i=1
where pi1, ...,y are the distinct eigenvalues of S’ and E,,(S") denotes the

eigenspace of S’ for p1;. Since N' and S’ commute, N'(E,, (S")) C E,,(5").
Therefore, we can assert that for any v € E,,,(S’),
N"(v) = (T =8 (v) = (T = pilp)"(v) = 0

if r is sufficiently large. But this says p; is an eigenvalue); of T', and further-
more, E,,(S) C Cj. Thus, S = S’ on E,,(5"), and therefore (11.6) implies
S’ = S. Hence, N = N’ too, and the proof is complete. O

Definition 11.10. The subspaces C1,...,C), associated to T : V — V are
called the invariant subspaces of T'.

Corollary 11.27. Any n X n matrix A over F can be expressed in one and
only one way as a sum A = S + N of two commuting matrices S and N in
M, (F), where S is diagonalizable and N is nilpotent.

Proof. This follows immediately from the Theorem. U

Let’s compute an example.

Example 11.10. Let 7 : C3 — C3? be the matrix linear transformation of
Example 11.9, and recall that pr(z) = —(z — 1)?(z — 2). We have to find
the invariant subspaces. Since 2 is a simple root, its invariant subspace is
simply the line Fo(T) = C(2,—1,1)T. Now

(T-I3)?*=|1 0 -3],
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which clearly has rank one. Its kernel, which is spanned by

0 3
1 and 0],
0 1

is therefore T”s other invariant subspace. Hence the semi-simple linear trans-
formation S is determined

0 0 3 3 2 2
s(lih=1(1], s(loh=[o], s(|-1])=2[-1
0 0 1 1 1 1

The matrix of S (as usual found by SP = PD) is therefore

-1 0 6
Mg=11 1 =-3]|,
-1 0 4
and we get N by subtraction:
6 12 0
N=|-3 -6 0
2 4 0

Thus the decomposition of T" as the sum of commuting diagonalizable and
a nilpotent matrices is

5 12 6 -1 0 6 6 12 0
-2 -5 3|=11 1 3|+(-3 -6 0
1 4 4 -1 0 4 2 4 0

Notice that if P is the matrix which diagonalizes 5, i.e.

03 2
P=[10 -1},
01 1
then
-5 =9 0
Plrp=|(4 7 0
0 0 2

This gives us the matrix ./\/lg(T) of T" consisting of blocks down the diagonal.
We will also see that by choosing P more carefully, we can even guarantee
that P~'TP is upper triangular.
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11.5.2 The Cayley-Hamilton Theorem

The Jordan decomposition has at least one exciting consequence.

Theorem 11.28. Let F be algebraically closed, and let V be finite di-
mensional over F. Then every T € L(V') satisfies its own characteristic
polynomial .

Proof. This follows almost immediately from the Jordan decomposition. We
have to show that for every v € V,

(T — M) - (T — N\ Ip)Pm(v) = 0. (11.7)
Since V' = > Cj, it is enough to show (11.7) if v € C; for some 7. What we
need is

Lemma 11.29. Let W be a finite dimensional vector space and assume
T € L(W) is nilpotent. Then T%™W = O,

Proof. We will leave this as an exercise. O

To finish the proof, suppose v € C;. Then as dim C; = p;, the Lemma
says that (T — A\;I,)*(v) = 0. But this implies (11.7) for v since the
operators (T — \;I,)* commute. Hence the proof is complete. O

Corollary 11.30. A linear transformation T : V — V is nilpotent if and
only if every eigenvalue of T is 0.

Proof. We leave this as an exercise. O

One of the big questions is how do you tell whether a linear transforma-
tion T : V' — V is semi-simple. In fact, there’s a very simple characterization
of this property. As usual, let A1,..., A, be the distinct eigenvalues of T'.
Theorem 11.31. A linear transformation T : V — V is semi-simple if and
only if

(T —MIp)--- (T — A1) = O. (11.8)

Proof. If T is semi-simple, then in the Jordan decomposition 7" = S + N,
we have N = O. Therefore, by the definition of N given in the proof of
Theorem 11.23, T'— A\;I,, = O on C;. Hence (T'— M\ 1I,) -+ (T — A\pdp) = O
on V. Conversely, if (T'— A1) - (T — A1) = O, I claim N(v) = 0 for
all v e V. As always, it suffices show this for v € C; for some i. To simplify
the notation, suppose ¢ = 1. Then

(T = ML) (T = Anl) (V) = (T —=XoLn) - (T = Ao ) (T — ML) (v)
= (T =Xalp) (T = AnIp)N(V)
= 0.
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But (' — Xol,)--- (T — Ay 1y) is one to one on Cy, so N(v) = 0. Thus,
N = O and the proof is done. O

Example 11.11. Let’s reconsider 7' : C3 — C? from Example 11.9. By
direct computation,

—6 —12 0
(T-L)T-2L)=[3 6 o0
2 —4 0

This tells us that 7' is not semi-simple, which of course, we already knew.

Notice that the Cayley-Hamilton Theorem tells us that there is always
a polynomial p(z) € F[z] for which p(T') = O.

Definition 11.11. Let 7' : V — V be a non-zero linear transformation.
Then the non-zero polynomial p(z) € Flx] of least degree and leading coef-
ficient one such that p(T") = O is called the minimal polynomial of T.

Of course, it isn’t clear that a unique minimal polynomial exists. How-
ever, let p; and po each be a minimal polynomial. By a general property of
Flz], we can find polynomials ¢(x) and r(z) in F[z] such that

p2(z) = q(x)p1(x) + 7(z),

where either » = 0 or the degree of r is less than the degree of py. But as
p1(T) = p2(T) = O, it follows that r(T') = O also. Since either » = 0 or the
degree of r is smaller than the degree of po, we conclude that it must be the
case that »r = 0. But then ¢(z) is a constant since p; and ps have to have
the same degree. Thus ¢ = 1 since p; and py each have leading coefficient
one. Hence p; = ps.

Proposition 11.32. Suppose T : V — V is a non-zero linear transforma-
tion, and assume its distinct eigenvalues are Ai,...,\,,. The minimal poly-
nomial p(x) of T' is unique, it divides the characteristic polynomial pp(z),
and finally, (x — A1) - -+ (x — Ay, divides p(x).

Proof. The uniqueness was already shown. By the Cayley-Hamilton The-
orem, pp(T) = O. Hence writing pr(z) = q(x)p(x) + r(x) as above and
repeating the argument, we get r = 0. The fact that (z — Ay)--- (x — A\p)
divides p(z) is clear from the proof of Theorem 11.23. Indeed, we can factor
p(z) into linear factors p(z) = (x — a1)--- (x — ag) where all a; € F. If a
Aj is not among the a;, we know p(T") cannot be zero on C;. Hence each
(z — ;) has to be a factor. O
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Corollary 11.33. A nonzero linear transformation T :V — V is semi-
simple if and only if its minimal polynomial is (x — A1) -+ (z — A\pp).

Proof. Just apply Theroem 11.31 and Propositionref  MINPOLYPROP. [

Example 11.12. Let’s reconsider 7' : C? — C? from Example 11.9. We
have Pr(r) = —(z — 1)?(z — 2). Now by direct computation,

—6 —12 0
(T—L)T-2)=|3 6 0
2 —4 0

This tells us that T is not semi-simple, which of course, we already knew.

11.5.3 The Jordan Canonical Form

The Jordan decomposition 7' = S + N of a T' € L(V) can be extensively
improved. The first step is to find a basis for which T is upper triangular.
In fact, it will suffice to show that there exists a basis of each C; for which
N is upper triangular.

For this we may as well suppose C; = V. Let k be the least positive
integer for which N*¥ = O. Now

ker(N) C ker(N?) C --- C ker(N*) = V.

Since k is the least integer such that N*¥ = O, each of the above inclusions
is proper. Notice that for each 7 > 0, N(ker(N")) C ker(N"~!). Thus we
can construct a basis of V' by first selecting a basis of ker(N), extending this
basis to a basis of ker(N?), extending the second basis to a basis of ker(N3)
and so forth until a basis B of V' = ker(N*) is obtained. Since N (ker(N")) C
ker(N"1), it follows that the matrix Mg(N ) is upper triangular. Since S
is a multiple of A\;I,, on C;, we can infer

Proposition 11.34. Every n X n matrix over an algebraically closed field
F is similar to a upper trianglar matrix over F.

This result is reminiscent of Schur’s Theorem and could in fact have been
proven in a similar way. We next introduce the famous Jordan Canonical
Form of a matrix.

Theorem 11.35 (The Jordan Canonical Form). As usual, let V be a
finite dimensional vector space over the algebraically closed field F, and
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suppose T' € L(V'). Then there exists a basis B of V' for which

J O - O
5 O J, - O

MEm = T T (11.9)
o -~ 0 J,

where the matrices J; (the Jordan blocks) have the form
Ji = My, + N;,

where N; is the upper trianglar n; x n; matrix with 0’s on the diagonal, 1’s
on the super diagonal and 0’s above the super diagonal. Furthermore, we
may suppose ni > no > --- > ng. In particular, when V = F", we get the
result that every A € M, (F) is similar to a matrix having the form (11.9).

The proof requires that we play around a bit more in the manner of
the discussion before Proposition11.34. We will skip the details. Note that
there is no connection between the n; and the eigenvalues \; of T, except
that if J; = AI,,, + N;, then n; cannot exceed the multiplicity of A as a root
of pr(x). note also that each eigenvalue A; of T" appears p; times on the
diagonal of ME(T).

11.5.4 A Connection With Number Theory

One of the surprising conclusions that can be drawn from the Jordan Canon-
ical Form has to do with the partitions of n.

Definition 11.12. Let n be a positive integer. Then a partition of n is a non-
increasing sequence of positive integers a1, as,- - - , a, such that 22:1 a; =n.
The partition function w(n) is the function which counts the number of
partitions of n.

Thus 7(1) =1, 7(2) =2, 7(3) = 3 and 7(4) = 5.
Example 11.13. The partitions of 6 are

6=14+1+1+14+14+1=24+1+14+1=242+1+1=3+2+1=

242+4+2=3+3=4+1+1=4+2=5+1.

Thus there are 10 partition of 6, so 7(6) = 10.
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The partition function grows very rapidly. The upshot of the Jordan
Canonical Form is that to each partition (ni,ng,...,n,) of n, there is a
nilpotent matrix of the form (11.9) (with only zeros on the diagonal, of
course), and every n X n nilpotent matrix is similar to one of these matrices.
This seemingly accidental connection has lead to some astoundingly deep
results in algebra

We intend to revisit the Jordan Decomposition when we take up ring
theory.
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Exercises

Exercise 11.39. Use the Cayley-Hamilton Theorem to prove directly that
the minimal polynomial of a linear transformation T : V' — V divides the
characteristic polynomial of T'. (Hint: write pr(z) = a(x)p(z) 4+ r(x) where
either 7 = 0 or the degree of r(z) is smaller than the degree of p(z).)

Exercise 11.40. Prove Corollary 11.30 directly using the fact that

ker(T) C ker(T?) C ker(T?) C --- .
Exercise 11.41. Compute the minimal polynomials of the following matri-
ces:
Exercise 11.42. Show that if A = diag[dy,...,d,] is a diagonal matrix,
then for any polynomial f(z),

Use this to conclude the Cayley-Hamilton Theorem for diagonal matrices.

Exercise 11.43. Show that if F = C, the Cayley-Hamilton Theorem follows
from the fact any element of L(V') is the limit of a sequence of semi-simple
elements of L(V). How does one construct such a sequence?

Exercise 11.44. List all 10 6 x 6 nilpotent matrices in Jordan Canonical
Form.
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Chapter 12

Applications of Symmetric
Matrices

The purpose of this chapter is to present an assortment of results and appli-
cations for symmetric matrices. We will begin on with the topic of quadratic
forms, study the QR algorithm and finish by giving a brief introduction to
graph theory.

12.1 Quadratic Forms

12.1.1 The Definition

The most basic functions of several variables in algebra are linear functions.
A linear function is a polynomial in several variables in which every term has
degree one, such as f(z1,...,z,) = 2?21 a;r;. The coeflicients aq,...,a,
are usually interpreted as elements of some field F. Polynomials in which
every term has degree two are called quadratic forms. An arbitrary quadratic
form over a field F has the form

n
q(wl,...,xn) = Z hijZL'Z'ZL'j (121)
ij=1
where each h;; € IF. Notice that by putting
@ij = 1/2(hsj + hji),

we can always assume that the coefficients of a quadratic form are symmetric
in the sense that ¢;; = ¢;; for all indices 1, j.

331
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The following Propositionpoints out an extremely simple yet very pow-
erful way of representing a quadratic form.

Proposition 12.1. For every quadratic form q over F, there exists a unique
symmetric matrix A € F"*™ such that

g(x) = x" Ax,
for all x € F". Conversely, every symmetric matrix A € F"*™ defines a
unique quadratic form over F by ¢(x) = x” Ax.
Proof. This is left as an exercise. ]

12.1.2 Critical Point Theory

For the remainder of the the section, we will assume F is the reals R. Every

quadratic form ¢(x1,...,q,) has a critical point at the origin 0. That is,
dq
0,...,0) =0,
3 xi( )

for all ¢. One of the basic applications of quadratic forms is to the problem of
determining the nature of the citical point. In particular, one would usually
like to know if 0 is a max or a min or neither. In vector calculus, one usually
states the second derivative test, which says which of the possibilities occurs.

Let’s consider the two variable case. Let q(z,y) = az? + 2bxy + cy?,
where a,b,c € R. Then

e =G (5 1) (3):

a
b
a local minimum at 0 if ¢ > 0 and a local maximum if a < 0. Moreover,
if § < 0, there can’t be either a local max or min at 0. We can easily see
what’s going on. The first thing to do is to diagonalize our symmetric matrix
e
b ¢)’
In fact, suppose A = QDQT, where Q is orthogonal. Then ¢(z,y) > 0
for all (z,y) # 0 if and only if both eigenvalues of A are positive. Similarly,

q(z,y) < 0 for all (z,y) # 0 if and only if both eigenvalues of A are negative.
If the one eigenvalue is positive and the other is negative, then there neither

The second derivative test says that if 6 = det(< i)) > 0, then ¢ has
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inequality holds for all (z,y) # 0. Indeed, this follows easily by putting
(u,v) = (z,y)Q. For then

o) =) (3 ) (1) =+t

and (u,v) # 0 if and only if (z,y) # 0.
Example 12.1. Let f(z,y) = 2% + 2y + y?. The associated symmetric

matrix is /
1 1/2
A= <1/2 1 >’

and f(z,y) = (z y)A(z y)*. Both rows sum to 3/2, so 3/2 is obviously an
eigenvalue. Since the trace of A is 2, the other eigenvalue is 1/2. Then A
can then be expressed as QDQ ™!, where Q = % (% _11) Putting (u v) =
(z y)Q, gives f(z,y) = 3/2u? +1/2v%. Thus f(x,y) can be expressed as the
sum of squares 3/2u? + 1/2v2, so Since the eigenvaluesare both positive f
has a local minimum at (0,0).

Example 12.2. The analysis above also works on the question of determin-
ing the nature of the curve az? + 2bzy + cy? = d. In the above example,

2+ zy + y? = 3/2u® + 1/20%,
provided x,y,u and v are related by

(uv) = (zy)Q.

The last equation gives (z 3)” = Q(u v)T since @ is orthogonal. Now if we
consider the orthonormal basis of R? defined by the columns q; and qs of

Q, this tells us
T
= uqy + vqs.
<y> q1 q2

In other words, u and v are the coordinates of (z y)” with respect to the
orthonormal basis q; and q2. What this means is that if instead of using
the = and y axis as he coordinate axes, if we use the coordinate axes along
q1 and qo, then the original curve looks like an ellipse. Even more, one can
certainly choose q; and g9 such that det(Q) = 1. Then @ is a rotation,
and q; and qq are gotten by rotating e; and ey Notice that in this example,
det(Q) = —1, so we can for example instead use the rotation

1
Q*sz/ﬁﬁ(%‘f)-
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The curve 22 4+ 2y + y? = 1 has its major and minor axes along the v and
u axes respectively.

Passing to the new expression for f(z,y) in terms of v and v is a change
of variables. The matrix ) is the change of variables matrix. In the new
uv-coordinates, the curve 3/2u? 4+ 1/2v? = 1 is an ellipse.

What the above example shows is the following important fact:

Proposition 12.2. Every real quadratic form q(z1,...,x,) can be written
as a sum of squares

n
q(z1,...,x,) = Z N,
1=1

where Aq,..., A\, are the eigenvaluesof the matrix associated to q. The
coordinates rq,...,r, are obtained from a orthogonal change of variables,
(r1 - rp) = (21 - 2,)Q, ie. T = QTx.

12.1.3 Positive Definite Matrices
Let’s start with a definition.

Definition 12.1. Suppose A € R™*" is symmetric and let ¢(x) = xAx” be
its associated quadratic form. Then we say A is positive definite if and only
if g(x) > 0 whenever x € 0. Similarly, we say ¢ is negative definite if and
only if ¢(x) < 0 whenever x € 0. Otherwise, we say that ¢ is indefinite.

Of course, if A is positive definite, then the quadratic form ¢ has a
minimum at the origin and a maximum if A is negative definite. As in the
above examples, we have the

Proposition 12.3. Let A be an n X n symmetric matrix over R. Then the
associated quadratic form q(x) = x* Ax is positive definite if and only if all
the eigenvalues of A are positive and negative definite if and only if all the
eigenvalues of A are negative.

Proof. This is an execise. O

Example 12.3. Consider

2 3 -7 4 4 1

and denote the associated quadratic polynomials by fi, fo and f3. Since
|A1| < 0, f1 has one positive and one negative ev, so f1 has neither a max
nor min at (0,0). Here we say that f; has a saddle point at (0,0). Both
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eigenvalues of A, are negative and both eigenvalues of Ag are positive. So
f2 has a local maximum at (0,0) and f3 has a local minimum at (0,0).

To decide when a real symmetric matrix is positive definite, we have
to test whether its eigenvalues are all positive or not. There are tests for
determining the signs of the roots of a polynomial, but they are somewhat
difficult to implement. For a satisfactory result, we need to return to the
LDU decomposition.

12.1.4 Positive Definite Matrices and Pivots

Suppose A € R™ " is symmetric. We now want to determine the signs of the
eigenvalues of A. If we recall the result that the characteristic polynomial of
A can be written in terms of the principal minors of A, we can ask if there
is a way of determining the signs of the eigenvalues from the behavior of
the principal minors. It turns out that there is indeed a way of doing this,
which involves the LDU decomposition of A.

Recall that if A has an LDU decomposition, say A = LDU, then in fact
U=1L" so A= LDL". As aresult, we can write ¢(x) = x? LDL"x, which
will allow us below to express ¢ as a sum of squares but with non-orthogonal
axes. Note that the decomposition A = LDL”, which is found simply by
row operations, has nothing to do with the Principal Axis Theorem and
eigenvalues.

Before proceeding, here are a couple of examples.

Example 12.4. Let q(z,y,2) = 22 + 20y + 42z + 2y% + 6yz + 222, The
associated symmetric matrix is

1 1 2
A=1{(1 2 3
2 3 2

A routine calculation gives

11 2 10 O 11 2
L*A=101 1 ]=101 0 011
00 -3 0 0 -3 0 1

Thus the LDU decomposition is

1 00 10 0 1 1 2
A=(1 1 0 01 0 011},
211 0 0 -3 0 01
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and the pivots are 1,1,-3. Changing coordinates according to

gives the sum of squares expression

1 0 O U
gz, y,2)=wow) [0 1 0| |v]|=0u®+0>=3u?
00 -3/ \w

from which it is obvious that A is positive definite.
If we make a slight change, we run into a problem.

Example 12.5. Let ¢/(z,y,2) = 2% + 22y + 4wz + y? + 6yz + 222. The
associated matrix is

1 1 2
B=|11 3
2 3 2
Subtracting the first row from the second and third gives
11 2
0 0 1
0 1 -1

Thus, to get a symmetric reduction, we need to consider PBPT, where
100
P=10 0 1
010

The reader is asked to finish this example in Exercise 12.6.
In general, suppose a symmetric matrix A can be expressed as A =
LDL" with pivots di,...,d,. Putting u = LTx, we have
n
q¢(x) =xTLDL"x = uTDu = Z diu?.
i=1

From this we easily get
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Proposition 12.4. Consider a real quadratic form q(x) with associated
symmetric matrix A, which admits an LDU decomposition A = LDL™ with
pivots dy, . ..,d,. Then A is positive definite if and only if all the pivots are
positive and negative definite if and only if all the pivots are negative.

This classifies the positive definite matrices with an LDU decoposition.
We will now prove a result that implies every positive definite (or negative
definite) matrix has an LDU decomposition. Suppose A is positive definite.
We want to consider the sequence of matrices A,, consisting of the first m
rows and columns of A. Thus A,, is clearly a m x m symmetric matrix.
In fact, a key observation (left as an exercise) is that A,, is also positive
definite on R™.

Before proving the main result, let us make some comments on the pivots
of a matrix A € F"*". Recall that if A can be written A = LDU, with
L,D,U as usual, then the mth pivot of A is the mth diagonal entry of D.
Moreover, it’s easy to see that A,, = L,,,D,,U,,. This just uses the fact the
L is lower triangular and U is upper triangular. Hence the first m pivots of
A are just those of A,,. Moreover, since det(L) = det(U) = 1, we see that
det(A) = det(D), so the determinant of A is the product of the pivots of A.
More importantly, we have

Proposition 12.5. Suppose det(A,,) # 0 for each m between 1 and n.
Then A has an LDU decomposition, and in fact, the mth pivot d,, of A is
given by d, = det(A,,)/det(A4;,—1).

Proof. We will leave this proof as an exercise. O

The main result about positive definite matrices is

Theorem 12.6. A real symmetric A € R™*" is positive definite if and only
if det(Ay,) > 0 for all indices m, 1 < m < n. Similarly, A is negative definite
if and only if (—1)"det(A,,) > 0 for all such indices.

Proof. Suppose first that A is positive definite. Then A,, is positive definite
for each m with 1 < m < n. But every eigenvalue of a positive definite
matrix is positive, so the determinant of a positive definite matrix is positive.
Therefore, det(A,,) > 0 for all m.

Conversely, suppose det(4,,) > 0 for all m with 1 < m < n. I claim
this implies all pivots of A are positive. Let us prove this by induction.
Certainly, the first pivot d;y = a11 > 0. Since A,,_1 is positive definite, our
induction assumption is that if m < n, the pivots dq,...,d,,—1 of A,,_1 are
positive. We have to show that the mth pivot d,, > 0 also. But the pivots of
Ay, are dy,...,dy—1 and (by Proposition12.5) d,, = det(4,,)/det(A;,—1).
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Since each det(A,,) > 0, this shows d,, > 0. Therefore we can conclude
by induction that all pivots of A are positive. It follows that A is positive
definite.

The proof of the negative definite claims are similar and will be omitted.
O

Certainly the test for positivity in the above Theorem is much simpler
to apply than directly computing the signs of the eigenvalues of A. Keep in
mind however, that the simplest test is the positivity of the pivots.

Let us compute another example.

Example 12.6. Consider the matrix

1 1 0 1
1 2 -10
A= 0 -1 2 0
1 0 0 2

By row operations using lower triangular elementary matrices of the third
kind, we get

11 0 1
. lo1 -1 -1
FA=100 1 21
00 0 -1

Hence A has an LDU decomposition, but only three pivots are positive.
Therefore A is indefinite. In this example, |A;] = |A2| = |43] = 1 and
|A4| = —1. But to discover this, we already had to compute the pivots.
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Exercises

Exercise 12.1. Show that if 4 = <Z

then both eigenvaluesof A are positive. In other words, justify the second
derivative test.

IC)> satisfies @ > 0 and ac — b% > 0,

Exercise 12.2. Put the matrices A, B, C in the last example into the form
LDLT,

Exercise 12.3. Decide whether g(z,vy,2) = 22+ 62y + 212 + 3y? — 22 + 22
has a max, min or neither at (0,0,0).

Exercise 12.4. Suppose A is a symmetric matrix such that |A| # 0 and
A has both positive and negative diagonal entries. Explain why A must be
indefinite.

Exercise 12.5. Show that if A is a positive definite 3 x 3 symmetric matrix,
then the coefficients of its characteristic polynomial alternate in sign. Also
show that if A is negative definite, the coefficients are all positive.

Exercise 12.6. Determine the signs of the eigenvaluesof B Example 12.5.

Exercise 12.7. Give an example of a 3 x 3 symmetric matrix A such that
the coefficients of the characteristic polynomial of A are all negative, but A
is not negative define. (Your answer could be a diagonal matrix.)

Exercise 12.8. Show that if A € R™" is positive definite, then every
diagonal entry of A is positive. Also show that rA is positive definite if
r > 0 and negative definite if < 0.

Exercise 12.9. Let A € R™*" be positive definite and suppose S € R"*™
is nonsingular.

(1) When is SAS™! positive definite?

(2) Is SAST positive definite?

Exercise 12.10. Prove Proposition12.5.

Exercise 12.11. Describe the surface (z y 2)A(x y 2)” = 1 for the following
choices of A:

(Be careful here.)
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Exercise 12.12. Suppose that F(z,y,z) is a real valued function that is
smooth near the origin and has a critical point at (0,0,0). Formulate the
second derivative test for F' at (0,0,0).

Exercise 12.13. Suppose A; = 0 for some i < n. Does this mean A has a
zero eigenvalue?

Exercise 12.14. Show that if A is positive definite or negative definite,
then A has an LDU decomposition.

Exercise 12.15. When is e? positive definite? Can e?

definite or indefinite?

ever be negative

Exercise 12.16. A symmetric real matrix A is called positive semi-definite
if its quadratic formgq satisfies g(x) geO for all x € R™. Prove that A is
positive semi-definite if and only if every eigenvalue of A is non-negative.
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12.2 Symmetric Matrices and Graph Theory

12.2.1 Introductory Remarks

The purpose of this section is to give a very brief introduction to the subject
of graph theory and to show how symmetric matrices play a fundamental
role. A graph is a structure that consists of a finite set of vertices and a
finite set of bonds or edges joining pairs of vertices. We will always assume
that any pair of vertices are joined by at most one edge, and no edge joins
a single vertex to itself.

Graphs arise in all sorts of situations. For example, one version of the
travelling salesman problem poses the following question: suppose a travel-
ling salesman has to visit n cities any one of which is conected to any other
city by a flight. Assuming the cost of the flight between any two cities is
the same, find the least expensive route. Another well known problem, this
one with an 18th century origin, was the question of whether there exists a
path which allows one to cross all seven bridges over the Prugel River in the
city of Konigsberg without ever crossing the same bridge twice. This was
settled in the negative by L. Euler in 1736. Another problem with graph
theoretic connections is the problem of electrical networks which is solved
by Kirkhoft’s Laws. However, in this problem, one has to consider graphs in
a slightly different context. For more information about the above topics, 1
suggest consulting Introduction to Graph Theory by B. Bollobas.

Here are some examples of graphs.

FIGURE

12.2.2 The Adjacency Matrix and Regular Graphs

Every graph has an symmetric matrix matrix with 0,1 entries called the
adjacency matriz of the graph. Let I' be a graph with vertices labelled
V1,V2,...,V,. The adjacency matrixAr is the n x n matrix A;; with A;; is
1 if there exists an edge joining v; and v; and 0 if not. It’s clear from the
definition that A;; = Aj;, so A is symmetric as claimed. For example, a
moment’s reflection tells us that the number of 1’s in the first row is the
number of edges containing v;. The same holds for any row, in fact. The
number of edges d(v;) at a vertex v; is called the degree of v;.

Many graphs have the property that any two vertices have the same de-
gree. Duch graphs are called regular. More particularly, a graph is called
k-regular if any every vertex has degree k. To test k-regularity, it is conve-
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nient to single out the vector 1,, € R™ all of whose components are 1. The
next Propositiondetermines which graphs are k-regular.

Proposition 12.7. A graph I' with n vertices is k-regular if and only if
(k,1,) is an eigenpair for Ar.

Proof. A graph I is k-regular if and only if every row of Ar has exactly k 1’s,
i.e. each row sum is k. This is the same as saying (k, 1,) is an eigenpair. [

We can improve significantly on this result in the following way. A graph
I' is said to be connected if any two of its vertices v,v’ can be joined by a
path in I'. That is, there exists a sequence of vertices xq, x1,...,Ts such that
xg = v, rs = v, and x; and x;,1 are distinct vertices which lie on a common
edge for each 7 with 0 <+¢ <r — 1.

Let A(T") denote the largest degree d(v;), and let §(I") denote the smallest
d(v;). Then we have

Theorem 12.8. Let " be a connected graph with adjacency matrix Ar,
and let A(T") and §(I") denote respectively the maximum and minimum of
the degrees d(v;) over all vertices of I'. Then we have the following.

(i) Every eigenvalue A of Ar satisfies |\| < A(T).

(13) The largest eigenvalue \ps satisfies 6(I') < Ay < A(T).

(7i1) T is k = A(T)-regular if and only if \py = A(T).
)

(tv) Finally, if T is regular, then multiplicity of Ay = A(T") as an eigenvalue
is 1.

Proof. Let X be an eigenvalue and choose an eigenvector u for A with the
property the |uj| <1 for each component while u, = 1 for some component
us. Then

A = sl = 1D agus| < aglus] < ag < A(T).
J J J
This proves (i). For (ii), recall the result of Exercise 11.13, namely if A,, is
also the smallest eigenvalue of Ar, then for any u € R, we have
Apulu < ulAru < Apu’u.

But certainly
1ZL-‘AF1” = Zaij > né(F)
Z"j
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Hence
niy = 121, > 17 Ap1,, > né(1),

so we have (ii).

We now prove (iii). (This is the only claim which uses the hypothesis
that T is connected.) The claim that if T" is A(T")-regular, then Ay = A(T)
is obvious. Suppose that A\p; = A(T'). Using the eigenvector u chosen above,
we have

A(T) = A(D)ug = Zasjuj < Zasj\uj\ < Zasj < AD).
J J J

Hence for every j such that as; # 0, we have u; = 1. Since every vertex
can be joined to vs by a path, it follows that u = 1,,. But this implies I is
A(T)-regular. It also follows that the multiplicity of A(T") as an eigenvalue
is 1, which proves (iv). O

Another nice application of the adjacency matrix is that it answers the
question of how many paths join two vertices v; and v; of I'. Let us say that
a path v; = zg,21,...,2, = v; with r edges has length r. Here, we don’t
require that v; and v; are distinct.

Proposition 12.9. The number of paths of length r > 1 between two not
necessarily distinct vertices v; and vj of T' is (Ar)j;.

Proof. This is just a matter of applying the definition of matrix multiplica-
tion. [l

Example 12.7. Consider the connected graph with two vertices. Its adja-
(1) é).NOWAm:IQ if miseven and A™ = Aifm
is odd. Thus, as is easy to see directly, there is one path of any even length
from each vertex to itself and one of any odd length from each vertex to the
other.

cency matrix is A = (
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12.3 The QR Algorithm

12.3.1 Introduction to the QR Algorithm

The QR algorithm is an important technique for approximating eigenvalues
which is based on the fact that an invertible matrix A can be factored as A =
QR, where () is orthogonal and R is upper triangular with nonzero diagonals,
i.e. R € GL(n,R). Although this was only proven for real matrices, we can
also use the Gram-Schmidt method for the Hermitian inner product on C™
to establish the QR factorization for invertible complex matrices. Thus, any
element A € GL(n,C) can be written in the form A = QR, where Q is
unitary and R € GL(n,C) is upper triangular.

The QR algorithm starts from the QR factorization and uses the follow-
ing nice observation. If A and B are a pair of invertible n x n matrices, then
AB and BA have the same eigenvalues. In fact, AB and BA are similar,
since

A1 (AB)A = (A71A)(BA) = BA.

Thus, A = QR and A; = RQ have the same eigenvalues. Now A; is still
invertible, so it also has a QR factorization A1 = Q1 Ry, and Ay = R1Q1
is similar to Aj, hence As is also similar to A. Continuing in this manner,
we get a sequence of similar matrices A1, As, A3, ..., which in many cases
tends to an upper triangular matrix as ¢ tends to co. Thus, the eigenvalues
of A will be the elements on the diagonal of the limit.

12.3.2 Proof of Convergence

To understand why the QR algorithm works, we first need to study conver-
gence in the unitary group U(n,C).

Definition 12.2. A sequence U,, = (ugjm)) of unitary matrices is said to
(m)

converge if and only if all the component sequences u, ; converge. Suppose

all the component sequences ul(jm) converge, and let limy, . ugn) = Zij.

Then we say that lim,, ..o Uy = X, where X = (25).

Proposition 12.10. Let U,, be a sequence of unitary matrices such that
lim,, o0 Uy, exists, say limy, oo Uy, = X. Then X € U(n,C).

The following proof uses the fact that limits of sequences of matrices
behave exactly like limits of sequences of real or complex numbers. In par-
ticular, the product rule holds. (This isn’t verify, since the sum and product
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rules hold in C.) Since UXU,, = I,, for all m, it follows that

I, = lim UYU,, = lim UY lim U, = X7X.

m—0o0 m—0o00
Hence, X is unitary.
The second fact we need to know is:

Proposition 12.11. Every sequence of n X n unitary matrices has a con-
vergent subsequence.

This proposition follows from the fact that the components of a unitary
matrix are bounded. In fact, since the columns of a unitary matrix U are
unit vectors in C", every component u;; of U must satisfy |u;;| < 1. Thus,
every component sequence has a convergent subsequence, so every sequence
of unitary matrices has a convergent subsequence.

Now let us return to the QR algorithm. Let A = Ag, A1, As,... be the
sequence matrices similar to A defined above. Thus,

Ay = QoRo,

A = Qy AQy = RoQo = Q1 Ry,
Ay = Q7'Qp AQoQ1 = R1Q1 = Q2Ry, . ..
The (m + 1)st term of this sequence is
Apmi1 = U AU = Qi1 R 1, (12.2)
where
Un = QOQI te Qm

Each U,, € U(n,C), so a subsequence converges, say lim,, ..o U, = X. By
Proposition 12.10, X € U(n,C). Again taking the algebraic properties of
limits for granted, we see that

lim Ay = lim U, AU, = X 'AX.

Now consider the limit on the right hand side of (12.2). Since Q11 =
U,;lUmH, it follows that

lim Qi1 = lim Uy, lim Uppy = X 71X = I,

Since limy,_,o0 Ay, exists, limg, oo QmRm must also exist, so limy, oo Rm
exists. Call the limit 7. It’s clear that T is upper triangular since each
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R,, is. Hence, we have found a unitary matrix X and an upper triangular

matrix 7" so that
X 'AX =T.

But this is exactly the conclusion of Schur’s Theorem, written in a slightly
different form, so we now have the second proof of this result. To summarize,
the argument above gives the following result.

Theorem 12.12. The sequence of unitary matrices U,, obtained in the QR
algorithm for A € GL(n,C) converges to a unitary matrix X so that X "1 AX
is upper triangular. Moreover, T = lim,, .o R, so if the diagonal entries
of R,, are denoted TZ-(ZH)
are the eigenvalues of A.

and we put A\; = lim;, Tgn), then A, s, ..., A\n

The above result can be modified so that it also applies when A is sin-
gular. For if r € C is not an eigenvalue of A, then A’ = A —rI, is invertible,

so the result applies to A’. But the eigenvalues of A’ are just the eigenvalues
of A shifted by 7.

12.3.3 The Power Method

There is another method for approximating the eigenvalues of a complex ma-
trix called the power method which can also be explained after we make a few
more definitions. First, define a flag F in C" to be a sequence (Fy, Fs, ..., Fy,)
of subspaces of C™ such that Fy € F, C --- C F, of C" and, for all ¢,
dim F; = i. An ordered basis (vi,vs,...,v,) of C" is a flag basis for F if
V1, Va,...,V; is a basis of F; for each i. Given A € GL(n,C), the associated
flag F(A) is the flag for which F; is the span of the first ¢ columns of A.
Using column operations, it is not hard to see

Proposition 12.13. Two matrices A and B in GL(n,C) have the same flag
if and only if A = BT for an upper triangular matrix T € GL(n,C).

Each A € GL(n,C) acts on a flag F = (F, F3, ..., F},) by
AF = (AFy, AP, ..., AF,).

Thus elements of GL(n,C) permute flags. A flag F such that AF = F is
call a fized flag or eigenflag for A.

Example 12.8. Let A be diagonal, say A = diag(ay,ag,...a,), where
a; # aj if i # j and all a; # 0. Let P be any permutation matrix. Then
the flag F(P) is fixed by A, and since the eigenvalues of A are distinct, the
F(P), where P runs over II,, (§22) are the only flags fixed by A. Hence A
has exactly n! fixed flags.
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Theorem 12.14. Let A € GL(n,C). Then the sequence of flags F(A¥) for
k=0,1,... has the property that

Jim F(AY) = F(X),
where X € U(n,C) is the unitary matrix of Schur’s Theorem such that
A= XTX~'. In particular,

lim F(A%)

k—o00

is a fixed flag for A.

Before giving the proof, we have to discuss the meaning of convergence
for flags, we will do so now before giving the proof. Every flag F is the flag
F(U) associated to some unitary matrix U. We will say that a sequence of
flags F,,,, lim,, oo F,, = F if for each m > 0, there exists a unitary matrix
U, such that:

(i) F<Um) =Fn,

(i1) limyy,— 00 Uy, exists, say it is U, and

(iii) F(U) =F.

Alternatively, we could say lim,,_,, F,, = F if for each m, there exists a
flag basis vgm),vgm), e ,ng) of F,,, such that v%m),vgm), . ,ng) converge
to a flag basis vi,vs,...,v, of F as m tends to oco.

Let us now prove the theorem. Let A be given as in the previous theorem,
and let Q;, R; and U, all be as in that proof. The key point, which is
certainly not obvious, is that the QR factorization of A1 is

AL = (QoQ1 -+ Q1 Q) (R Rn1 -+ RiRo).  (12.3)

Hence, letting T, := R Rpy—1 -+ - R1 Ry, we have
AT = UL T

Therefore
F(A™) = F(U,,T,,) = F(Uyn),

since T;,, is upper triangular. But we may assume that

lim F(Uy,) = F(X).

m—0o0

Therefore lim,, oo F(A™) = F(X) as claimed. Since AX = XT, it is
immediate that F(X) is a fixed flag for A. To complete the proof, we
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must show (12.3). But this is just a matter of using the identities R;Q; =
Qir1Ripq for i =0,1,2,... starting from

Am-i—l — (QORO)m+1-

Throughout the above discussion, there was no assumption that A is
diagonalizable. However, if F(X) is a fixed flag for A, then F; is spanned
by an eigenvector of A for the eigenvalue with the largest modulus. This is,
roughly, the power method.

We can end the section with a comment about the LP DU decomposition.
The set of all flags in C™ is usually called the variety of flags in C™, or, simply,
the flag variety of C". We will denote it by F(n). The LPDU decomposition
of a matrix A is actually a partition of the set of invertible n x n matrices
into what are called ”cells”, each cell consisting of all matrices with the
same permutation matrix P. The subsets of the form F(LPDU) = F(LP)
in F(n) are known as Schubert cells. They contain important geometrical
information about F(n).



