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Preface

Linear algebra is the most widely studied branch of mathematics after calculus.
There are good reasons for this. If you, the reader, pursue the study of mathematics,
you will find linear algebra used everywhere from number theory to PDEs (partial
differential equations). If you apply mathematics to concrete problems, then again
linear algebra is a powerful tool. Obviously you must start by grasping the principles
of linear algebra, and that is the aim of this book. The readership we had in mind
includes majors in disciplines as widely separated as mathematics, engineering and
social sciences. The notes at the end of the book on further reading may be useful,
and allow for many different directions for further studies. Suggestions from readers
on this or any other aspect of the book should be sent to {baker@math.byu.edu}.

We have used Maple for longer computations (an appendix at the back addresses
Maple for beginners). There are, of course, other options.

Occasionally, a sequence of adjacent exercises will have each exercise depending
on the preceding exercise. We will indicate such dependence by a small vertical
arrow.

There are supplementary exercise sets at the web site

https://math.byu.edu/ klkuttle /Linear AlgebraMaterials

Click on the chapter and then click on any of the pdf files which appear. The
first ten exercise sets each have a key. The second ten exercise sets do not.
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Numbers, vectors and fields

1.1 Functions and sets

A set is a collection of things called elements of the set. For example, the set of
integers, the collection of signed whole numbers such as 1,2,-4, and so on. This set,
whose existence will be assumed, is denoted by Z. Other sets could be the set of
people in a family or the set of donuts in a display case at the store. Sometimes
parentheses, { } specify a set by listing the things which are in the set between
the parentheses. For example, the set of integers between -1 and 2, including these
numbers, could be denoted as {—1,0, 1,2}. The notation signifying z is an element
of a set S, is written as © € S. We write + ¢ S for ‘@ is not an element of S’.
Thus, 1 € {-1,0,1,2,3} and 7 ¢ {—1,0,1,2,3}. Here are some axioms about sets.
Axioms are statements which are accepted, not proved.

1. Two sets are equal if and only if they have the same elements.

2. To every set, A, and to every condition S (z) there corresponds a set, B, whose
elements are exactly those elements « of A for which S (z) holds.

3. For every collection of sets there exists a set that contains all the elements
that belong to at least one set of the given collection.

The following is the definition of a function.

Definition 1.1.1 Let X,Y be nonempty sets. A function f is a rule which yields
a unique y € Y for a given x € X. It is customary to write f (z) for this element
of Y. It is also customary to write

f: X->Y

to indicate that f is a function defined on X which gives an element of Y for each
e X.

Example 1.1.2 Let X =R andf (z) = 2z.

The following is another general consideration.
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Definition 1.1.3 Let f : X — Y where f is a function. Then f is said to be one
to one (injective), if whenever x1 # xa, it follows that f (x1) # f (x2). The function
is said to be onto, (surjective), if whenever y € Y, there exists an x € X such that
f(x) =y. The function is bijective if the function is both one to one and onto.

Example 1.1.4 The function f (z) = 2z is one to one and onto from R to R. The
function f: R — R given by the formula f () = 22 is neither one to one nor onto.

1.2 Three dimensional space

We use R to denote the set of all real numbers. Let R? be the set of all ordered
triples (1, 2, x3) of real numbers. (‘Ordered’ in the sense that, for example, (1,2, 3)
and (2,1, 3) are different triples.) We can describe the three-dimensional space in
which we move around very neatly by specifying an origin of coordinates 0 and
three axes at right angles to each other. Then we assign a point of R? to each point
in space according to perpendicular distances from these axes, with signs showing
the directions from these axes. If we think of the axes as pointing east, north and
vertically (Fig. 1), then (2,6, —1)is’ the point with distances 2 (units) from the N
axis in direction F, 6 from the F axis in direction IV, and 1 vertically below the
plane containing the E and N axes. (There is, of course, a similar identification of
R? with the set of points in a plane.)

The triples (x1,x2,x3) are called vectors. You can mentally identify a vector
with a point in space, or with a directed segment from 0 = (0,0, 0) to that point.

(.’II17$2,$3)

€3

€1
€2

Let us write e; = (1,0,0),e2 = (0,1,0),e3 = (0,0, 1) for the unit vectors along
the axes.

Vectors (1,2, 3), (y1,Y2,y3) are ‘abbreviated’ using the same letter in bold
face:

X = ($17I27I3)7 y= (yla y27y3)'
(Similarly in R™; see below.) The following algebraic operations in R? are helpful.
Definition 1.2.1 The sum of x andy is
X +y = (21 +y1, 22 + Y2, 73 + y3).

For c € R, the scalar multiple cx is

cx = (cxy, cxa, cx3).

There are algebraic rules that govern these operations, such as

c(x+y)=cx+cy.
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We defer the list of rules until §1.6, when we treat a more general situation; see
Axioms 1,...,8.

Definition 1.2.2 The inner product, sometimes called the dot product of x and
y s
(X,¥) = z1y1 + T2y2 + T3Y3.

Note that for this product that the ‘outcome’ (x,y) is a scalar, that is, a member
of R. The algebraic rules of the inner product (easily checked) are

(L.1) (x+z,y)=(xy)+(zy),
(12) (ex,y) = clx,y),

(1.3) (x,y) = (y,x),

(1.4) (x,x) > 0 for x # 0.

Definition 1.2.3 The cross product of x andy is
X Xy = (2y3 — T3Y2, —T1Y3 + L3Y1, T1Y2 — T2Y1)-

For this product, the ‘outcome’ x Xy is a vector. Note that x Xy = —y xx and
x x x = 0, among other ‘rules’ that may be unexpected. To see the cross product in
the context of classical dynamics and electrodynamics, you could look in Chapter 1
of Johns (1992). The above definitions first arose in describing the actions of forces
on moving particles and bodies.

In describing our operations geometrically, we begin with length and distance.
The length of x (distance from 0 to x) is

x| = /a3 + 23 + 23 = V/{x,x).

This follows from Pythagoras’s theorem (see the Exercises). Note that the di-
rected segment cx points in the same direction as x if ¢ > 0; the opposite direction
if ¢ < 0. Moreover,

|ex| = [e[x].

(multiplication by ¢ ‘scales’ our vector).

The sum of u and v can be formed by ‘translating’ the directed segment u, that
is, moving it parallel to itself, so that its initial point is at v. The terminal point is
then at u + v, as shown in the following picture.
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u+v

The points 0,u, v,u + v are the vertices of a parallelogram.
Note that the directed segment from x to y, which we write [x,y], is obtained
by ‘translating’ y — x, because
x+(y-—x)=y.
Hence the distance d(x,y) from x to y is

Example 1.2.4 Find the coordinates of the point P, a fraction ¢ (0 < ¢t < 1) of
the way from x to y along [x,y].

We observe that P is located at
x+tly —x) =ty + (1 —t)x.
Example 1.2.5 The midpoint of [x,y] is 3(x +y) (take t = 1/2).

The centroid ""‘Tb“ of a triangle with vertices a, b, ¢ lies on the line joining a

to the midpoint % of the opposite side. This is the point of intersection of the
three lines in the following picture.

a b

For 1 2(b+c) 1
+c
— (a+b+c).
3 3 3 3(a+ +c)

The same statement is true for the other vertices, giving three concurrent lines
intersecting as shown.




1.2. THREE DIMENSIONAL SPACE 5

Example 1.2.6 The set
(1.5) L(a,b) = {x:x=a+tbh, t € R}
is a straight line through a pointing in the direction b (where b # 0).

Example 1.2.7 Write in the form [1.5 the straight line through (1,0,—1) and
(4,1,2).

Solution 1.2.8 We can take b = (4,1,2)—(1,0,—1) = (3,1, 3). The line is L(a,b)
with a = (1,0,—1),b = (3,1,3).

Observation 1.2.9 The inner product is geometrically interpreted as follows. Let
0 be the angle between the directed segments a and b, with 0 < § < mw. Then

(1.6) (a,b) = |a||b| cos .

To see this, we evaluate [ = |a — b| in two different ways.

b

By a rule from trigonometry,
(1.7) I =1|b—al*> =|a]* + |b|* — 2|a||b| cos 6.
On the other hand, recalling [1.1-1.3]
(1.8) b —al?>=((b—a),(b—a)) = (b,b) —2(a,b) + (a,a)
= |b|? — 2(a,b) + |a|®.

Comparing 1.7/ and [1.8 yields [1.6.
Note that nonzero vectors x and y are perpendicular to each other, or orthog-
onal, if
<X, Y> =0.

For then cosf = 0, and 6 = 7/2, in [1.6l
In particular, x x y is orthogonal to (perpendicular to) both x and y. For
example,

(x,x X y) = z1(z2ys — x3y2) + 2(—x1Yy3 + x3y1) + x3(z1y2 — 2231) = 0.

The length of x x y is
x| [y]sind,

with 8 as above. To see this,

(1.9) x X y|? = (z1y2 — 2211) + (2193 + 2391)* + (212 — T201)7,
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while
(L10)  pxly[*sin® 0 = [y * — xly* cos™0
= (27 + @3 + 23) (YT + 3 + ¥3) — (@151 + 22y2 + T3Y3)°,

and the right-hand sides of [1.9, [1.10 are equal.

We close our short tour of geometry by considering a plane P through a = (a1, as, as)
with a normal u; that is, u is a vector perpendicular to P. Thus the vectors x — a
for x € P are each perpendicualr to the given normal vector u as indicated in the

picture.
u
x \D/

a

Thus the equation of the plane P is
(uyx—a) =wuy (r1 —a1) +ug (x2 —ag) +uz (x3 —az) =0

Example 1.2.10 Find the equation of the plane P’ through a = (1,1,2),b =
(2,1,3) and ¢ = (5,-1,5).

A normal to P’ is
u=(b—a)x(c—a)=(2,1,-2)
since u is perpendicular to the differences b — a and ¢ — a. Hence P’ has equation
(x—a),u) =0,

reducing to
201 4+ 1o — 203 = —1.

1.3 An n—dimensional setting

In the nineteenth century (and increasingly after 1900) mathematicians realized
the value of abstraction. The idea is to treat a general class of algebraic or other
mathematical structures ‘all in one go’. A simple example is R™. This is the set of
all ordered n— tuples (z1,...,2,), with each z; € R. We cannot illustrate R"on
paper for n > 4, but even so, we can think of R as having a geometry. We call the
n— tuples vectors.

Definition 1.3.1 Let x = (z1,...,2,) andy = (y1,-..,Yn) be vectors in R™. We
let

x+y=(z14+y1,-,Tn+Yn),

cx = (cxy,...,cxy,) forc € R



1.4. EXERCISES 7

Clearly R! can be identified with R. There is no simple way to extend the idea
of cross product for n > 3. But we have no difficulty with inner product.

Definition 1.3.2 The inner product of x and 'y is

(X,¥) = x1y1 + Taya + -+ + TpYn.

You can easily check that the rules|1.1+1.4 hold in this context. This product is also
called the dot product.

We now define orthogonality.

Definition 1.3.3 Nonzero vectors x,y in R™ are orthogonal if (x,y) = 0. An
orthogonal set is a set of nonzero vectors X, ...,x; with (x;,x;) = 0 whenever

i .

Definition 1.3.4 The length of x in R™ is

x| = /2 + -+ 2k =/ (x,x).

The distance from x toy is d(x,y) = |y — x|.

Several questions arise at once. What is the largest number of vectors in an
orthogonal set? (You should easily find an orthogonal set in R™ with n members.)
Is the ‘direct’ route from x to z shorter than the route via y, in the sense that

(1.11) d(x,z) <d(x,y)+d(y,z)?
Is it still true that

(1.12) (6, ¥)] < [x]ly]

(a fact obvious from [1.6/in R3)?

To show the power of abstraction, we hold off on the answers until we discuss
a more general structure (inner product space) in Chapter 6. Why give detailed
answers to these questions when we can get much more general results that include
these answers? However, see the exercises.

1.4 Exercises

1. Explain why the set {(:my, 2)ERY: (z—1)° + (y—2)° +22 = 4} , usually

written simply as (z — 1)2 +(y— 2)2 + 22 = 4, is a sphere of radius 2 which
is centered at the point (1,2,0).

2. Given two points (a,b,c),(x,y,z), show using the formula for distance be-
tween two points that for ¢ € (0,1),

t(z—a,y—bz—c)

=1.
\(m—a,y—b,z—cﬂ
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Explain why this shows that the point on the line between these two points
located at
(a,b,c) +t(x—a,y—b,z—c)

divides the segment joining the points in the ratio ¢ : 1 — ¢.

3. Find the line joining the points (1,2,3) and (3,5,7). Next find the point on
this line which is 1/3 of the way from (1,2,3) to (3,5,7).

4. A triangle has vertices (1,3),(3,7),(5,5) . Find its centroid.

5. There are many proofs of the Pythagorean theorem, which says the square
of the hypotenuse equals the sum of the squares of the other two sides, ¢ =

a® + b? in the following right triangle.

a

Here is a simple one! It is based on Vgriting the area of the following trapezoid
two ways. Sum the areas of three triangles in the following picture or write
the area of the trapezoid as (a + b) a+ 3 (a + b) (b — a) , which is the sum of a
triangle and a rectangle as shown. Do it both ways and see the pythagorean

theorem appear.
a

b
6. Find the cosine of the angle between the two vectors (2,1, 3) and (3, -1, 2).

7. Let (a,b,c) and (x,y, z) be two nonzero vectors in R3. Show from the prop-
erties of the dot product that

a,b,¢) - (x,y,2)

(
(CL, b? C) - ) + yg ¥+ 22 (LL', y,Z)

is perpendicular to (x,y, 2).

8. Prove the Cauchy-Schwarz inequality using the geometric description of the
inner product in terms of the cosine of the included angle. This inequality
states that |(x,y)| < |x||y|. This geometrical argument is not the right way
to prove this inequality but it is sometimes helpful to think of it this way.

1This argument involving the area of a trapezoid is due to James Garfield, who was one of the
presidents of the United States.
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11.

12.

13.

14.

15.
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. The right way to think of the Cauchy-Schwarz inequality for vectors a and b

in R™ is in terms of the algebraic properties of the inner product. Using the
properties of the inner product, [1.1]- [1.4 show that for a real number ¢,

0<p(t) = (a+tb,a+tb) = |a]> + 2t (a,b) + 1 |b|*.

Choose t in an auspicious manner to be the value which minimizes this non-
negative polynomial. Another way to get the Cauchy-Schwarz inequality is to
note that this is a polynomial with either one real root or no real roots. Why?
What does this observation say about the discriminant? (The discriminant is
the b* — 4ac term under the radical in the quadratic formula.)

Define a nonstandard inner product as follows.
n
(a,b) = wja;b;
j=1

where w; > 0 for each j. Show that the properties of the innner product [1.1
- 1.4l continue to hold. Write down what the Cauchy-Schwarz inequality says
for this example.

The normal vector to a plane is n =(1,2,4) and a point on this plane is
(2,1,1). Find the equation of this plane.

Find the equation of a plane which goes through the three points,

(1,1,2),(-1,3,0),(4,—-2,1).

Find the equation of a plane which contains the line (z,y,z) = (1,1,1) +
t(2,1,—1) and the point (0,0,0).

Let a, b be two vectors in R?. Think of them as directed line segments which
start at the same point. The parallelogram determined by these vectors is

P(a,b) = {x € R® : x = sja+s,b where each s; € (0,1)}.
Explain why the area of this parallelogram is |a x b|.

Let a, b, c be three vectors in R3. Think of them as directed line segments
which start at 0. The parallelepiped determined by these three vectors is the
following.

P(a,b,c) = {x € R?: x = s;a+s3b + s3c where each s; € (0, 1)}

A picture of a parallelepiped follows.

Note that the normal N is perp%ndicular to both a and b. Explain why the
volume of the parallelepiped determined by these vectors is |(a x b) -c|.
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There is more to the cross product than what is mentioned earlier. The vectors
a,b,a x b satisfies a right hand rule. This means that if you place the fingers
of your right hand in the direction of a and wrap them towards b, the thumb
of your right hand points in the direction of a x b as shown in the following
picture.

Show that with the definition of the cross product given above, a,b,a x b
always satisfies the right hand rule whenever each of a, b is one of the standard
basis vectors e1, es, es.

Explain why any relation of the form {(z,y, 2) : az + by + cz = d} where a® +
b2 + ¢ # 0 is always a plane. Explain why (a,b,c) is normal to the plane.
Usually we write the above set in the form ax + by 4+ cz = d.

Two planes in R3are said to be parallel if there exists a single vector n which is
normal to both planes. Find a plane which is parallel to the plane 2z+3y—z =
7 and contains the point (1,0, 2).

Let ax + by + cz = d be an equation of a plane. Thus a? 4 b% + c® # 0. Let
Xo = (x0,¥o0, 20) be a point not on the plane. The point of the plane which
is closest to the given point is obtained by taking the intersection of the line
through (xg, Yo, 2z0) which is in the direction of the normal to the plane and
finding the distance between this point of intersection and the given point.

. . |lazo+byo+czo—d|
Show that this distance equals BV~ s v

(%0, Y0, 20) = Xo

1.5 Complex numbers

It is very little work (and highly useful) to step up the generality of our studies by
replacing real numbers by complex numbers. Many mathematical phenomena (in
the theory of functions, for example) become clearer when we ‘enlarge’ R. Let C be
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the set of all expressions a + bi, where i is an abstract symbol, a € R, b € R, with
the following rules of addition and multiplication:

(a+bi)+ (c+di) =a+c+ (b+d)i,
(a+ bi)(c+ di) = ac — bd + (be + ad)i.
We write a instead of a + 0i and identify R with the set {a + 0i : @ € R}, so that
R cC.

Notation 1.5.1 We write X C Y if every member of the set X is a member of
the set Y. Another symbol which means the same thing and which is often used is

XCY.

Note that if we ignore the multiplication, C has the same structure as R?, giving
us a graphical representation of the set of complex numbers C.

We write ci instead of 0 + ci. Note that i2 = —1. Thus the equation
(1.13) 2?+1=0,

which has no solution in R, does have solutions ¢, —i in C. There is a corresponding
factorization
2?2+ 1= (z419)(z—1i).
In fact, it is shown in complex analysis that any polynomial of degree n, (written
deg P = n),
P(z) = apx™ + a1x™ ' + -+ a,_ 17 +a,
with ag # 0, and all coefficients a; in C, can be factored into linear factors:
P(z)=ag(z —21)...(z — z)

for some zi,...,2z, in C. The z; are the zeros of P, that is, the solutions of
P(z) = 0. The existence of this factorization is the fundamental theorem of
algebra. Maple or some other computer algebra system can sometimes be used to
find z1,...,z, if no simple method presents itself.

Example 1.5.2 To find the zeros of a polynomial, say z3 — 1, enter it as
Solve (x A3 —1=0,1)
and type ‘Enter’. We get
1 1
1,-1/2+ 15\/3, -1/2— 15\/5.
(Maple uses I for 7). If we type in 23 — 1 and right click, select ‘factor’, we get
(z— 1) (x> +x+1).

This leaves to you the simple step of solving a real quadratic equation.
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Little expertise in manipulating complex numbers is required in this book. To
perform a division, for example,

a+bi  (a+bi)(c—di) ac+bd ,(bc—ad)

ct+di (c+di)(c—di) T2t o c2 4 d?

Here of course z = z1/2z2 means that
o2 = Z1.

(We suppose z2 # 0.) The absolute value |z| of z = a+ bi is Va? + b? (its length,
if we identify C with R?). The complex conjugate of z = a +ib is z = a — ib.
You can easily verify the properties

- 5
21+ 20 =Z1 + 73, Ziz2 = Z1 22, 2Z = |z|%,

and writing
R(z) =R(a+1ib) =a, J(z) =T(a+ib) =,
1

1 _ o\~
S(+2) =R(), 5 (:-2) = 32),

MR(z) is the ‘real part of 2’ J(z) is the ‘imaginary part of z’.

A simple consequence of the above is |z122| = |21]|22]. (The square of each side
is z1Z129%3.)

Now C" is defined to be the set of

z=(21,...,%n) (z; € C).

You can easily guess the definition of addition and scalar multiplication for C™:

w = (wi,...,Wy),
Z+W:(Z1 +w17-~-azn+wn)7
cz = (cz1,...,C2) (ceC).

The definition of the inner product in C" is less obvious, namely
(2, W) = 217 + - - + 2,0y

The reason for this definition is that it carries over the property that (z,z) > 0. We
have

(z,2) >0ifz #0,

because
(z,2) = 21>+ + |20,

We shall see in Chapter |6/ that C™ is an example of a complex inner product
space.
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1.6 Fields

To avoid pointless repetition, we step up the level of abstraction again. Both R and
C are examples of fields. Linear algebra can be done perfectly well in a setting
where the scalars are the elements of some given field, say F.

Definition 1.6.1 A field is a set F' containing at least two distinct members, which
we write as 0 and 1. Moreover, there is a rule for forming the sum a + b and the
product ab whenever a,b are in F. We require further that, for any a,b,c in F,

1. a+b and ab are in F.

2. a+b=>b+a and ab = ba.

3. a+ (b+c¢)=(a+b)+c and a(bc) = (ab)c.
4. a(b+c¢) =ab+ ac

5. a+0=a.

6. al = a.

7.

For each a in F, there is a member —a of F' such that
a+(—a)=0.
8. For each a in F,a # 0, there is a member a~ ' of F such that aa™* = 1.

It is well known that F' = R has all these properties, and it is not difficult to
check that F' = C has them too.
The following proposition follows easily from the above axioms.

Proposition 1.6.2 The additive identity 0 is unique. That is if 0' + a = a for all
a, then 0" = 0. The multiplicative identity 1 is unique. That is if al’ = a for all a,
then 1/ = 1. Also if a +b =0 then b = —a, so the additive inverse is unique. Also
ifa # 0 and ab = 1, then b = a~ ', so the multiplicative inverse is unique. Also
0a =0 and —a = (—1) a.

Proof: (We will not cite the uses of [1l - 8.)First suppose 0" acts like 0. Then
0'=0+0=0.
Next suppose 1’ acts like 1. Then
'=11=1.
If a+ b =0 then add —a to both sides. Then
b=(—a+a)+b=—-a+ (a+b) =—a.

If ab =1, then
a'=a"'(ab) = (a'a)b=1b=0b.
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Next, it follows from the axioms that
0a = (04 0)a = Oa + Oa.
Adding — (0a) to both sides, it follows that 0 = Oa. Finally,
a+(—la=1la+(-1)a=(1+—-1)a=0a=0,

and so from the uniqueness of the additive inverse, —a = (—1) a. This proves the
proposition. O
We give one further example, which is useful in number theory and cryptography.

Example 1.6.3 Congruence classes.

Let m be a fixed positive integer. We introduce congruence classes 0,1,
2,...,m — 1 in the following way; k consists of all integers that leave remainder k
on division by m. That is, [ € k means

l=mj+k
for some integer j. The congruence classes are also called residue classes. If h is
an integer with h € k, we write h = k, e.g. 26 = 2 if m = 8.
Thus if m =8,
5=1{..,—11,-3,5,13,21,.. .}.

To add or multiply congruence classes, let

a+b=a+0b,ab=ab.

For instance, if m = 11, then 9 +7 = 5,97 = 8. It is not hard to see that
the set Z,, = {0,1,...,m — 1} obeys the rules 1 - [7 above. To get the rule 8, we
must assume that m is prime. This is seen to be necessary, e.g. if m = 10, we will
never have 5k = 1 since 5k € {0,5}. For a prime p, we write F), instead of Z,. See
Herstein (1964) for a detailed proof that F), is a field. See also the Exercises 25 - 27
on Page 21, We display in Figure 1.7 a multiplication table for F7. It is clear from
the table that each nonzero member of F; has an inverse.

S U= W DN |
LW = O DN N
= = Ot N Oy W Wi
W O N U R
DN = O = W Uy o
=N W R OO o

[« G {ISNRJUIE T

Figure 1.7: Multiplication table for Fr.

It is convenient to define the dot product as in Definition [1.3.2/for any two vectors
in F™ for F an arbitrary field. That is, for x = (21, ,2n),y = (Y1, ,Yn), the
dot product x -y is given by

Xy =@y 4+ T
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1.7 Ordered fields

The real numbers R are an example of an ordered field. More generally, here is a
definition.

Definition 1.7.1 Let F be a field. It is an ordered field if there exists an order, <
which satisfies

1. For any x # vy, either x <y ory < x.
2. If x <y and either z < w or z =w, then, r+ z < y + w.

3. If0 < 2,0 <y, then xy > 0.

With this definition, the familiar properties of order can be proved. The follow-
ing proposition lists many of these familiar properties. The relation ‘a > b’ has the
same meaning as ‘b < a’.

Proposition 1.7.2 The following are obtained.
1. Ifr<yandy < z, then x < z.
2. Ifx >0 andy >0, then x +y > 0.
3. Ifx >0, then —z < 0.

If x # 0, either x or —x is > 0.

If x <y, then —x > —y.

If x # 0, then 22 > 0.

XS &

If0 <z <y then 2=t >y~ L.

Proof. First consider [1, called the transitive law. Suppose that x < y and
y < z. Then from the axioms, z + y < y + z and so, adding —y to both sides, it
follows that = < z.

Next consider 2. Suppose z > 0 and y > 0. Then from 2|

0=04+0<2+y.
Next consider 3. It is assumed x > 0, so
O=—-24+2>0+(—2)=—=z.
Now consider [4. If x < 0, then
O=z+(—2z) <0+ (—z) = —=.
Consider 5. Since = < y, it follows from 2/ that

0=+ (—a) < y+ (~a),
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and so by 4 and Proposition [1.6.2}
(=1 (y + (=) <0.
Also from Proposition 1.6.2! (—1) (—z) = — (—z) = z, and so
—-y+x<0.

Hence
-y < —x.

Consider 6. If z > 0, there is nothing to show. It follows from the definition.
If x < 0, then by 4, —x > 0 and so by Proposition [1.6.2] and the definition of the
order,

(—z)? = (=1) (~1) 2% > 0.
By this proposition again, (—1) (—=1) = — (=1) = 1, and so 22 > 0 as claimed. Note
that 1 > 0 because 1 = 12.

Finally, consider 7. First, if 2 > 0 then if z7! < 0, it would follow that
(=1)27! > 0, and so x(=1)z~! = (—=1)1 = —1 > 0. However, this would re-
quire

0>1=1*>0

from what was just shown. Therefore, 27! > 0. Now the assumption implies

y+ (=1)x > 0, and so multiplying by =1,

yr '+ (=D az =y + (1) > 0.

1

Now multiply by y~!, which by the above satisfies y~! > 0, to obtain

T (-Dy >0,

and so

This proves the proposition. O
In an ordered field the symbols < and > have the usual meanings. Thus a < b
means a < b or else a = b, etc.

1.8 Division
The following theorem is called the Euclidean algorithm.

Theorem 1.8.1 Suppose 0 < a and let b > 0. Then there exists a unique integer p
and real number r such that 0 < r < a and b = pa + r.

Proof: Let S = {n €N:an > b}. By the Archimedian property this set is
nonempty. Let p+ 1 be the smallest element of S. Then pa < b because p+ 1 is the
smallest in S. Therefore,

r=b—pa>0.

If r > a then b — pa > a, and so b > (p+ 1) a contradicting p + 1 € S. Therefore,
r < a as desired.
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To verify uniqueness of p and r, suppose p; and r;, ¢ = 1,2, both work and
ro > r1. Then a little algebra shows

o —T1

p1—Dp2 = €(0,1).

Thus p; — p2 is an integer between 0 and 1 and there are none of these. The case
that 1 > 7o cannot occur either by similar reasoning. Thus r; = r5 and it follows
that p; = po. This theorem is called the Euclidean algorithm when a and b are
integers.

That which you can do for integers often can be modified and done to polyno-
mials because polynomials behave a lot like integers. You add and multiply poly-
nomials using the distributive law and with the understanding that the variable
represents a number, and so it is treated as one. Thus

(22 4 52 — 7) + (32° + 2® 4 6) = 32 + 5z — 1 4 32,
and
(22° + 52 — 7) (32° + 2° + 6) = 62° 4+ 172" + 52 — 162> + 302 — 42.
The second assertion is established as follows. From the distributive law,
(21:2 + 5z — 7) (3x3 + 2%+ 6)
(22® + 52— 7) 32° + (22° 4+ 5z — 7) 2* 4 (22° + 52— 7) 6
= 22? (31:3) + bx (333‘3) -7 (3m3) + 222 (zZ)
+52 (2°) — 7 (2°) + 122% + 302 — 42

which simplifies to the claimed result. Note that z223 = 2° because the left side

simply says to multiply x by itself 5 times. Other axioms satisfied by the integers
are also satisfied by polynomials and like integers, polynomials typically don’t have
multiplicative inverses which are polynomials. In this section the polynomials have
coeflicients which come from a field. This field is usually R in calculus but it doesn’t
have to be.

First is the Euclidean algorithm for polynomials. This is a lot like the Euclidean
algorithm for numbers, Theorem [1.8.1. Here is the definition of the degree of a
polynomial.

Definition 1.8.2 Let a,x™ + -+ - 4+ a1x + ag be a polynomial. The degree of this
polynomial is n if a, # 0. The degree of a polynomial is the largest exponent on
x provided the polynomial does not have all the a; = 0. If each a; = 0, we don’t
speak of the degree because it is mot defined. In writing this, it is only assumed
that the coefficients a; are in some field such as the real numbers or the rational
numbers. Two polynomials are defined to be equal when their degrees are the same
and corresponding coefficients are the same.

Theorem 1.8.3 Let f (x) and g (x) be polynomials with coefficients in a some field.
Then there exists a polynomial, q (x) such that

f(@) =q(x)g(z) +r(x)
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where the degree of r(x) is less than the degree of g (x) or r(xz) = 0. All these
polynomials have coefficients in the same field. The two polynomials q (z) and r (z)
are unique.

Proof: Consider the polynomials of the form f(z) — g (x)!(x) and out of all
these polynomials, pick one which has the smallest degree. This can be done because
of the well ordering of the natural numbers. Let this take place when [ (z) = ¢; (z)
and let

r(x) = f(x) —g(x)q ().

It is required to show that the degree of r (x) < degree of g () or else r (z) = 0.

Suppose f (z) — g (z)1(x) is never equal to zero for any [ (x). Then r (z) # 0.
It is required to show the degree of r (x) is smaller than the degree of ¢ (x) . If this
doesn’t happen, then the degree of r > the degree of g. Let

r(x) = bpa™+---+bix+bo
g(@) = apz"+---+ a1z +ag

where m > n and b, and a,, are nonzero. Then let r; (z) be given by

xnm441b7n

PR ()

r(z) =r(z) -

mm—nbm

= (bpa™ + -+ bix+by) — (ana”™ + - -4+ a1z + agp)

n

which has smaller degree than m, the degree of r (z). But
r(x)
ri(e) = f2)—g@)a () -

xﬂl—nbm

n

— 1@ =9 (w0 + ),

an

g9 ()

and this is not zero by the assumption that f (z) — ¢ (x) (x) is never equal to zero
for any [ (x), yet has smaller degree than r (x), which is a contradiction to the choice
of r (x).

It only remains to verify that the two polynomials ¢ (z) and 7 (z) are unique.
Suppose ¢’ (x) and ' (z) satisfy the same conditions as ¢ (z) and r (z). Then

(@) —d (2)) g () =1"(z) —r(z)
If ¢ (x) # ¢’ (x), then the degree of the left is greater than the degree of the right.
Hence the equation cannot hold. It follows that ¢’ () = ¢ (x) and ' (z) = r(x).
This proves the Theorem. O
1.9 Exercises

1. Find the following. Write each in the form a + b.

(a) (2+i)(4—2i)"
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10.

11.
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(b) (1414)(2+3i) " +4+6i
(c) (2+1)

. Let z=5+19. Find 27 1.
. Let z =2+ i7 and let w = 3 —48. Find 2w, z + w, 2%, and w/z.
. Give the complete solution to z* + 16 = 0.

. Show that for z,w complex numbers,

TW=ZW, 2 +w=7%+w.

Explain why this generalizes to any finite product or any finite sum.

. Suppose p (x) is a polynomial with real coefficients. That is

p(z) = ayz" + An_12" L+ 4 a1z + ag, each ay real.

As mentioned above, such polynomials may have complex roots. Show that if
p(z) =0 for z € C, then p(Z) = 0 also. That is, the roots of a real polynomial
come in conjugate pairs.

. Let z = a+1b be a complex number. Show that there exists a complex number

w = ¢+ id such that |w| = 1 and wz = |z|. Hint: Try something like Z/ |z|
if z #£ 0.

. Show that there can be no order which makes C into an ordered field. What

about F37 Hint: Consider 7. If there is an order for C then either ¢ > 0 or
1< 0.

. The lexicographic order on C is defined as follows. a +ib < x 4 ¢y means that

a <z orif a =z, then b < y. Why does this not give an order for C? What
exactly goes wrong? If S consists of all real numbers in the open interval (0, 1)
show that each of 1 — in is an upper bound for S in this lexicographic order.
Therefore, there is no least upper bound although there is an upper bound.

Show that if a + b is a complex number, then there exists a unique r and
0 € [0,27) such that

a+ib=r(cos () + isin(0)).

Hint: Try r = va? + b? and observe that (a/r,b/r) is a point on the unit

circle.
Show that if z € C, z = r (cos (#) +isin()), then

Z =1 (cos (—0) +isin(—0)).

Show that if z = 1 (cos (0) +isin (0)) and w = rz (cos («) + isin (a)) are two
complex numbers, then

zw = 7173 (cos (0 + ) +isin (0 + a)) .
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
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Prove DeMoivre’s theorem which says that for any integer n,
(cos (0) +isind)" = cos (nf) + isin (nf) .
Suppose you have any polynomial in cosf and sinf. By this we mean an

expression of the form

m n

Z Z A cos® sin” 0

a=0 =0

where aqg € C. Can this always be written in the form

m—+n n+m
Z b cos vl + Z ¢, sinT07?
y=—(n+m) T=—(n+m)

Explain.

Using DeMoivre’s theorem, show that every nonzero complex number has
exactly k k*" roots. Hint: The given complex number is

r (cos (0) + isin (0)) .
where r > 0. Then if p (cos (@) +isin (a)) is a k™" root, then by DeMoivre’s

theorem,
k

p" =, cos(ka) + isin (ka) = cos (0) + isin (0) .
What is the necessary relationship between ko and 67

Factor x® + 8 as a product of linear factors.

Write 2% + 27 in the form (z + 3) (22 + ax + b) where 2% 4 az + b cannot be
factored any more using only real numbers.

Completely factor z% + 16 as a product of linear factors.

Factor % 4 16 as the product of two quadratic polynomials each of which
cannot be factored further without using complex numbers.

It is common to see ¢ referred to as v/ —1. Let’s use this definition. Then
1= =y-1y/-1=v1=1,

so adding 1 to both ends, it follows that 0 = 2. This is a remarkable assertion,
but is there something wrong here?

Give the complete solution to 24 + 16 = 0.

Graph the complex cube roots of 8 in the complex plane. Do the same for the
four fourth roots of 16.
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23.

24.

25.

26.

27.

This problem is for people who have had a calculus course which mentions the
completeness axiom, every nonempty set which is bounded above has a least
upper bound and every nonempty set which is bounded below has a greatest
lower bound. Using this, show that for every b € R and a > 0 there exists
m € N, the natural numbers {1,2,---} such that ma > b. This says R is
Archimedean. Hint: If this is not so, then b would be an upper bound for
the set S = {ma : m € N}. Consider the least upper bound g and argue from
the definition of least upper bound there exists ma € (g — %, 9) . Now what
about (m + 1) a?

Verify Lagrange’s identity which says that

(32) (52) oo

Now use this to prove the Cauchy Schwarz inequality in R".

2

=> (aib; — ajb;)”

1<j

Show that the operations of + and multiplication on congruence classes are
well defined. The definition says

ab = ab.
If @ = a7y and b = by, is it the case that
a1b1 = %7

A similar question must be considered for addition of congruence classes. Also
verify the field axioms [1/ - [7.

An integer a is said to divide b, written alb, if for some integer m,
b= ma.

The greatest common divisor of two integers a, b is the integer p which divides
them both and has the property that every integer which does divide both
also divides p. The greatest common divisor of a and b is sometimes denoted
as (a,b). Show that if a,b are any two positive integers, there exist integers
m,n such that

(a,b) = ma + nb.

Hint: Consider S = {m,n € Z: ma +nb > 0}. Then S is nonempty. Why?
Let g be the smallest element of S with associated integers m,n. If ¢ does not
divide a then, by Theorem [1.8.1, a = gp + r where 0 < r < ¢q. Solve for r and
show that r € S, contradicting the property of ¢ which says it is the smallest
integer in S. Since ¢ = ma + nb, argue that if some [ divides both a, b then it
must divide ¢g. Thus ¢ = (a, b).

A prime number is an integer with the property that the only integers which
divide it are 1 and itself. Explain why the property |8 holds for F}, with p a
prime. Hint: Recall that F, = {0,1,--- ,p—1}.If m € F,, m # 0, then
(m,p) = 1. Why? Therefore, there exist integers s,¢ such that

1 =sm+tp.



22

28.

29.

30.

31

32.
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Explain why this implies
1=sm.

TProve Wilson’s theorem. This theorem states that if p is a prime, then
(p— 1)!'+ 1 is divisible by p. Wilson’s theorem was first proved by Lagrange
in the 1770’s. Hint: Show that p — 1 = —1 and that if a € {2,--- ,p — 1},
then @' # @. Thus a residue class @ and its multiplicative inverse for a €
{2,--+,p— 1} occur in pairs. Show that this implies that the residue class of
(p — 1)! must be —1. From this, draw the conclusion.

If p (z) and ¢ (z) are two polynomials having coefficients in F' a field of scalars,
the greatest common divisor of p (z) and ¢ (x) is a monic polynomial [ (x) (Of
the form " + a,_12" ' + -+ 4+ a1 + ag) which has the property that it
divides both p (x) and ¢ (x), and that if r (z) is any polynomial which divides
both p (x) and ¢ (x), then r (z) divides [ (x). Show that the greatest common
divisor is unique and that if [ (x) is the greatest common divisor, then there
exist polynomials n (z) and m (x) such that I (x) = m (x) p (z) + n (x) ¢ (z).

Give an example of a nonzero polynomial having coefficients in the field F5
which sends every residue class of F to 0. Now find all polynomials having
coefficients in F3 which send every residue class of F3 to 0.

Show that in the arithmetic of F),, (Z +3)" = (Z)"+(7)", a well known formula
among students.
Using Problem 27 above, consider (@) € F), for p a prime, and suppose (a) #

1,0. Fermat’s little theorem says that (@)”~' = 1. In other words (a)’~' —

1 is divisible by p. Prove this. Hint: Show that there must exist r >
1,r < p—1 such that (@" = 1. To do so, consider 1, (@), (@)®, -+ . Then
these all have values in {1,2,---,p—1}, and so there must be a repeat in

{T, @), - ,(a)P—l}, sayp—12>1>kand (@ = (@". Then tell why
(@)"" =T =0. Let r be the first positive integer such that (@) = T. Let G =
{T, @, (E)Tfl} . Show that every residue class in G has its multiplicative
inverse in G. In fact, (@)" (@) = 1. Also verify that the entries in G must
be distinct. Now consider the sets bG = {5 (E)k k=0, ,r— 1} where

b e {1,2,---,p—1}. Show that two of these sets are either the same or
disjoint and that they all consist of r elements. Explain why it follows that
p — 1 = Ir for some positive integer [ equal to the number of these distinct
sets. Then explain why (@)’~' = (@) = 1.
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2.1 Systems of equations

Sometimes it is necessary to solve systems of equations. For example the problem
could be to find x and y such that

(2.1) x+y=7T7and 2z —y =8.

The set of ordered pairs, (z,y) which solve both equations is called the solution set.
For example, you can see that (5,2) = (x,y) is a solution to the above system. To
solve this, note that the solution set does not change if any equation is replaced by
a non zero multiple of itself. It also does not change if one equation is replaced by
itself added to a multiple of the other equation. For example, z and y solve the
above system if and only if z and y solve the system

—3y=—6

(2.2) r4+y="720—y+(=2)(z+y)=8+(-2) (7).

The second equation was replaced by —2 times the first equation added to the
second. Thus the solution is y = 2, from —3y = —6 and now, knowing y = 2, it
follows from the other equation that x +2 =7, and so z = 5.

Why exactly does the replacement of one equation with a multiple of another
added to it not change the solution set? The two equations of 2.1 are of the form

(2.3) Ey = fi,E2=fo

where F; and FEs are expressions involving the variables. The claim is that if a is a
number, then 2.3/ has the same solution set as

(2.4) Ei=fi1, Ex+aEy = fa+afi.

Why is this?

If (z,y) solves 2.3, then it solves the first equation in 2.4. Also, it satisfies
aFE1 = afi and so, since it also solves Ey = fs, it must solve the second equation
in 2.4l If (z,y) solves 2.4, then it solves the first equation of 2.3l Also aE; = af;
and it is given that the second equation of 2.4! is satisfied. Therefore, F5 = fo, and
it follows that (x,y) is a solution of the second equation in [2.3 This shows that
the solutions to 2.3 and 2.4 are exactly the same, which means they have the same

23
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solution set. Of course the same reasoning applies with no change if there are many
more variables than two and many more equations than two. It is still the case that
when one equation is replaced with a multiple of another one added to itself, the
solution set of the whole system does not change.

Two other operations which do not change the solution set are multiplying an
equation by a nonzero number or listing the equations in a different order. None
of these observations change with equations which have coefficients in any field.
Therefore, it will always be assumed the equations have coefficients which are in F,
a field, although the majority of the examples will involve coefficients in R.

Here is another example.

Example 2.1.1 Find the solutions to the system

r+ 3y + 62 =25
(2.5) 2x + Ty + 14z = 58
2y +52=19

To solve this system, replace the second equation by (—2) times the first equation
added to the second. This yields. the system

z+ 3y + 62 =25
(2.6) y+22=8
2y +52=19

Now take (—2) times the second and add to the third. More precisely, replace
the third equation with (—2) times the second added to the third. This yields the
system

r+3y+62=25
(2.7) y+22=28
z=23

At this point, you can tell what the solution is. This system has the same solution as
the original system and in the above, z = 3. Then using this in the second equation,
it follows that y + 6 = 8, and so y = 2. Now using this in the top equation yields
r+6+4+ 18 =25, and so x = 1.

It is foolish to write the variables every time you do these operations. It is easier
to write the system 2.5 as the following “augmented matrix”

13 6 25
2 7 14 58
02 5 19
It has exactly the same information as the original system, but here it is understood
1 3 6
there is an x column, [ 2 |,ay column, | 7 |, and a z column, | 14 |. The
0 2 5

rows correspond to the equations in the system. Thus the top row in the augmented
matrix corresponds to the equation,

x + 3y + 6z = 25.
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Now when you replace an equation with a multiple of another equation added to
itself, you are just taking a row of this augmented matrix and replacing it with a
multiple of another row added to it. Thus the first step in solving [2.5] would be
to take (—2) times the first row of the augmented matrix above and add it to the
second row,

136 25
012 8
0 25 19

Note how this corresponds to 2.6l Next take (—2) times the second row and add to
the third,

1 3 6 25
012 8
001 3

which is the same as 2.7. You get the idea, we hope. Write the system as an
augmented matrix and follow the procedure of either switching rows, multiplying a
row by a non zero number, or replacing a row by a multiple of another row added
to it. Each of these operations leaves the solution set unchanged. These operations
are called row operations.

Definition 2.1.2 The row operations consist of the following
1. Switch two rows.
2. Multiply a row by a nonzero number.

3. Replace a row by the same row added to a multiple of another row.

Example 2.1.3 Give the complete solution to the system of equations, 5z 4+ 10y —
Tz2=-2,2x+4y — 3z = —1, and 3x + 6y + 5z = 9.

The augmented matrix for this system is

2 4 -3 -1
5 10 =7 =2
3 6 5 9

Now here is a sequence of row operations leading to a simpler system for which the
solution is easily seen. Multiply the second row by 2, the first row by 5, and then
take (—1) times the first row and add to the second. Then multiply the first row
by 1/5. This yields

2 4 -3 -1

00 1 1

36 5 9
Now, combining some row operations, take (—3) times the first row and add this to
2 times the last row and replace the last row with this. This yields.

2 4 -3 -1
00 1 1
00 1 21
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Putting in the variables, the last two rows say that z = 1 and z = 21. This is
impossible, so the last system of equations determined by the above augmented
matrix has no solution. However, it has the same solution set as the first system of
equations. This shows that there is no solution to the three given equations. When
this happens, the system is called inconsistent.

It should not be surprising that something like this can take place. It can even
happen for one equation in one variable. Consider for example, x = x + 1. There is
clearly no solution to this.

Example 2.1.4 Give the complete solution to the system of equations, 3x—y—5z =
9,y—10z =0, and -2z +y = —6.

Then the following sequence of row operations yields the solution.

3 -1 -5 9 3 -1 -5 9
0 1 10 0 2><t0p+i;<bottom 0 1 10 0
-2 1 0 -6 0 1 —-10 0

3 -1 -5 9 10 -5 3

-0 1 =100 |—-(01 —10 O

0 O 0 0 00 0 O

This says y = 10z and x = 3 + 5z. Apparently z can equal any number. Therefore,
the solution set of this system is x = 3+ 5¢,y = 10¢, and z = ¢ where t is completely
arbitrary. The system has an infinite set of solutions and this is a good description
of the solutions. This is what it is all about, finding the solutions to the system.

Definition 2.1.5 Suppose that a system has a solution with a particular variable
(say z) arbitrary, that is z =t where t is arbitrary. Then the variable z is called a
free variable.

The phenomenon of an infinite solution set occurs in equations having only one
variable also. For example, consider the equation x = x. It doesn’t matter what x
equals. Recall that

Za.j:a1+a2+--~+an.

j=1

Definition 2.1.6 A system of linear equations is a list of equations,
n
Zai]‘l‘j = fi; = 1,2,3,-" ,m
j=1

where a;;, fi are in F, and it is desired to find (z1,---,x,) solving each of the
equations listed. The entry a;; is in the it row and j*" column.

As illustrated above, such a system of linear equations may have a unique solu-
tion, no solution, or infinitely many solutions. It turns out these are the only three
cases which can occur for linear systems. Furthermore, you do exactly the same
things to solve any linear system. You write the augmented matrix and do row
operations until you get a simpler system in which the solution is easy to find. All



2.2. MATRIX OPERATIONS AND ALGEBRA 27

is based on the observation that the row operations do not change the solution set.
You can have more equations than variables or fewer equations than variables. It
doesn’t matter. You always set up the augmented matrix and so on.

2.2 Matrix Operations And Algebra

2.2.1 Addition And Scalar Multiplication Of Matrices

You have now solved systems of equations by writing them in terms of an augmented
matrix and then doing row operations on this augmented matrix. It turns out that
such rectangular arrays of numbers are important from many other different points
of view. As before, the entries of a matrix will be elements of a field F' and are
called scalars.

A matrix is a rectangular array of scalars. If we have several, we use the term
matrices. For example, here is a matrix.

1 2 3 4
5 2 87
6 -9 1 2

The size or dimension of a matrix is defined as m X n where m is the number of
rows and n is the number of columns. The above matrix is a 3 X 4 matrix because
there are three rows and four columns. The first row is (1 2 3 4), the second row
1
is (528 7) and so forth. The first column is | 5 | . When specifying the size of a
6
matrix, you always list the number of rows before the number of columns. Also, you
can remember the columns are like columns in a Greek temple. They stand upright
while the rows just lay there like rows made by a tractor in a plowed field. Elements
of the matrix are identified according to position in the matrix. For example, 8 is
in position 2,3 because it is in the second row and the third column. You might
remember that you always list the rows before the columns by using the phrase
Rowman Catholic. The symbol (a;;) refers to a matrix. The entry in the i'" row
and the 5% column of this matrix is denoted by ai;. Using this notation on the
above matrix, as3 = 8,a32 = —9,a12 = 2, etc.
We shall often need to discuss the tuples which occur as rows and columns of a
given matrix A. When you see
(ar---ay),
this equation tells you that A has p columns and that column j is written as a;.
Similarly, if you see
ry
A= : ,
Tq
this equation reveals that A has ¢ rows and that row 7 is written r;.
For example, if
2
2

1
A=1| 3
1 -2
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we could write

A:(alag), a; = 3 , Ay = 2

and

A= Iro

Wherer1:(1 2),1'2:(3 2),andr3:(1 -2 )

There are various operations which are done on matrices. Matrices can be
added, multiplied by a scalar, and multiplied by other matrices. To illustrate scalar
multiplication, consider the following example in which a matrix is being multiplied
by the scalar, 3.

1 2 3 4 3 6 9 12
315 2 87 | =|16 6 24 21
6 -9 1 2 18 =27 3 6

The new matrix is obtained by multiplying every entry of the original matrix by
the given scalar. If A is an m x n matrix, —A is defined to equal (—1) A.

Two matrices must be the same size to be added. The sum of two matrices is a
matrix which is obtained by adding the corresponding entries. Thus

1 2 -1 4 0 6
34 |+ 2 8 = 5 12
5 2 6 —4 11 -2

Two matrices are equal exactly when they are the same size and the corresponding

entries are identical. Thus
00
00 | # (8 8>
00

because they are different sizes. As noted above, you write (¢;;) for the matrix C
whose 5" entry is ¢;;. In doing arithmetic with matrices you must define what
happens in terms of the ¢;;, sometimes called the entries of the matrix or the
components of the matrix.

The above discussion, stated for general matrices, is given in the following defi-
nition.

Definition 2.2.1 (Scalar Multiplication) If A = (a;;) and k is a scalar, then kA =
(kaij) .

Definition 2.2.2 (Addition) Let A = (a;;) and B = (b;;) be two m x n matrices.
Then A+ B = C, where
C = (cij)

fOT Cij = Q45 + blj
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To save on notation, we will often abuse notation and use A;; to refer to the
i7" entry of the matrix A instead of using lower case a;;.

Definition 2.2.3 (The zero matriz) The m X n zero matriz is the m X n matriz
having every entry equal to zero. It is denoted by 0.

Example 2.2.4 The 2 X 3 zero matrix is ( 8 8 8 )

Note that there are 2 x 3 zero matrices, 3 X 4 zero matrices and so on.

Definition 2.2.5 (Equality of matrices) Let A and B be two matrices. Then A= B
means that the two matrices are of the same size and for A = (ai;) and B = (b;;),
aij =bij foralll<i<mand1 <j<n.

The following properties of matrices can be easily verified. You should do so.
They are called the vector space axioms.

e Commutative law for addition,
(2.8) A+ B=B+ A,
e Associative law for addition,
(2.9) (A+B)+C=A+(B+0O),
e Existence of an additive identity,
(2.10) A+0=A4,
e Existence of an additive inverse,
(2.11) A+ (—A) =0,

Also for scalars «, 3, the following additional properties hold.
e Distributive law over matrix addition,

(2.12) a(A+ B)=aA+ aB,
e Distributive law over scalar addition,

(2.13) (a+ B)A=aA+ pA,
e Associative law for scalar multiplication,

(2.14) o (BA) = ap (4),
e Rule for multiplication by 1,

(2.15) 1A = A
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2.2.2 Multiplication Of Matrices

Definition 2.2.6 Matrices which are n x 1 or 1 x n are called vectors and are
often denoted by a bold letter. Thus the n x 1 matrix

T

Tn
is also called a column vector. The 1 X n matriz
(21 )
is called a row vector.

Although the following description of matrix multiplication may seem strange,
it is in fact the most important and useful of the matrix operations. To begin with,
consider the case where a matrix is multiplied by a column vector. We will illustrate
the general definition by first considering a special case.

7
12 3 1 2 3
i) () ()= ()
In general, here is the definition of how to multiply an (m x n) matrix times a
(n x 1) matrix.

Definition 2.2.7 Let A be an m X n matriz of the form
A=(a;---ap)
where each ay, is a vector in F'™. Let

U1

<
|

Un
Then Av is defined as the following linear combination.
(2.16) Av = via; +veas + -+ + vpa,

Note that the j** column of A is

Agj
a; = . ’
A
s012.16 reduces to
A Aro Ain ZZ:l Ayjvj
Ay Az Az, Zj:l Ajv;
V1 . + (%] . + -+ Un . =

n
Aml Am2 Anm, Zj:l Amjvj
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Note also that multiplication by an m X n matrixz takes as input an n X 1 matriz,
and produces an m x 1 matriz.

Here is another example.

Example 2.2.8 Compute

121 3 ;
021 =2 0
214 1 1

First of all this is of the form (3 x 4) (4 x 1), and so the result should be a
(3 x 1). Note that the inside numbers cancel. The product of these two matrices
equals

1 2 1 3 8
110 )+21 2 |+0(1 |4+1 -2 |=1] 2
2 1 4 1 )

The next task is to multiply an m x nm matrix times an n X p matrix. Before
doing so, the following may be helpful.

For A and B matrices, in order to form the product AB, the number of columns
of A must equal the number of rows of B.

These numbers must match!
—_—

(mxn)(nxp) =mxp.

Note that the two outside numbers give the size of the product. Remember that
to multiply,

The middle numbers must be the same.‘

Definition 2.2.9 When the number of columns of A equals the number of rows of
B the two matrices are said to be conformable and the product AB is obtained as
follows. Let A be an m x n matriz and let B be an n X p matrixz. Then B is of the
form

B=(b;--b,)

where by, is an n X 1 matriz or column vector. Then the m X p matriz AB is defined
as follows:

(2.17) AB = (Ab; - -- Ab,)
where Aby, is an m x 1 matriz or column vector which gives the k" column of AB.
Example 2.2.10 Multiply the following.

191 1 20
02 1 0 31
-2 11
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The first thing you need to check before doing anything else is whether it is
possible to do the multiplication. The first matrix is a 2 x 3 and the second matrix
is a 3 x 3. Therefore, is it possible to multiply these matrices. According to the
above discussion it should be a 2 x 3 matrix of the form

First column Second column Third column

2

(121)3 (121)3<121)(1)
0 21 9 021 1 021 1

You know how to multiply a matrix times a vector, and so you do so to obtain each
of the three columns. Thus

<121> oo (_193>
021)\ 7} -2 73

Example 2.2.11 Multiply the following.

First check if it is possible. This is of the form (3 x 3) (2 x 3). The inside
numbers do not match, and so you can’t do this multiplication. This means that
anything you write will be absolute nonsense because it is impossible to multiply
these matrices in this order. Aren’t they the same two matrices considered in the
previous example? Yes they are. It is just that here they are in a different order.
This shows something you must always remember about matrix multiplication.

Order Matters!

Matrix Multiplication Is Not Commutative!

This is very different than multiplication of numbers!

2.2.3 The ij'* Entry Of A Product

It is important to describe matrix multiplication in terms of entries of the matrices.
What is the 35" entry of AB? It would be the i*" entry of the j** column of AB.
Thus it would be the i*" entry of Ab,. Now
Blj
bj=1|
an

and from the above definition, the i entry is

(218) ZA”“B]W
k=1
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In terms of pictures of the matrix, you are doing

A A - A, Bii B2 - By
A1 Ay oo Ay, By1 Bay -+ By
Aml Am2 e Amn Bnl Bn2 e Bnp

Then as explained above, the 5% column is of the form

Ay A - Ay, By
Ay Agp - Ay, Bs;
Aml Am2 e Amn an

which is a m x 1 matrix or column vector which equals

An A1z Ain
Aoy Az Aoy,

By; + : Byj +---+ : nj
Aml Am2 Amn

The second entry of this m x 1 matrix is
A1 Bij + AxoBoj + - - -+ A By = ZAszkj~
k=1
Similarly, the i** entry of this m x 1 matrix is
AnBij+ AixBaj+ -+ AinBpj = ZAikBkj~
k=1

This shows the following definition for matrix multiplication in terms of the ;"
entries of the product coincides with Definition [2.2.9.

Definition 2.2.12 Let A = (A;;) be an m xn matriz and let B = (B;;) be an nxp
matriz. Then AB is an m X p matriz and

(2.19) (AB),; = ZAMBM.
k=1

Another way to think of this is as follows. To get the ij'" entry of the product AB,
you take the dot product of the i row of A with the j*" column of B.

Although matrix multiplication is not commutative, there are some properties
of matrix multiplication which will appear familiar.

Proposition 2.2.13 If all multiplications and additions make sense, the following
hold for matrices A, B,C and a,b scalars.

(2.20) A(aB +bC) = a(AB) + b (AC).
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(2.21) (B+C)A=BA+CA.

(2.22) A(BC)=(AB)C.
Proof: Using Definition 2.2.12]

(A(@B+1bC)),; = > Aw(aB+1bC),,
k

= Y Au (aBy; +bChy)
k

= azAikBkj-FbZAikaj
% %

— a(AB),; +b(AC),

= (a(AB) +b(AC)),,

Thus A (B + C) = AB + AC as claimed. Formula [2.21]is entirely similar.
Formula [2.22] is the associative law of multiplication. Using Definition [2.2.12)

(A (BC))ij ZAz‘k (Bc)kj
%

Z Ak Z B Cy;
k 1

Z (AB)il Clj

l
(AB)C),,.

This proves 2.22.0

12 2 31
Example 2.2.14 Multiply if possible [ 3 1 .
2 6 7 6 2

First check to see if this is possible. It is of the form (3 x 2) (2 x 3) and since
the inside numbers match, the two matrices are conformable and it is possible to
do the multiplication. The result should be a 3 x 3 matrix. The answer is of the

1 2 1 2 1 2
s () (s ) (8) (2] (s)
2 6 2 6 2 6

where the commas separate the columns in the resulting product. Thus the above
product equals

16 15 5
13 15 5 ,
46 42 14

a 3 x 3 matrix as desired. In terms of the ij*" entries and the above definition, the
entry in the third row and second column of the product should equal

g azrbre = azibia + azaban
J

= 2Xx3+6x6=42.
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You should try a few more such examples to verify that the above definition in
terms of the ij*" entries works for other entries.

1 2 2 31
Example 2.2.15 Find if possible | 3 1 7 6 2
2 6 000

This is not possible because it is of the form (3 x 2) (3 x 3) and the middle
numbers don’t match. In other words the two matrices are not conformable in the
indicated order.

2 31 1 2
Example 2.2.16 Multiply if possible [ 7 6 2 31
000 2 6

This is possible because in this case it is of the form (3 x 3) (3 x 2) and the mid-
dle numbers do match, so the matrices are conformable. When the multiplication
is done it equals

13 13
29 32
0 0

Check this and be sure you come up with the same answer.

1
Example 2.2.17 Multiply if possible | 2 ( 1210 ) .
1

In this case you are trying to do (3 x 1) (1 x 4) . The inside numbers match, so
you can do it. Verify that

1 1 210
2 (1 2 1 O): 2 4 20
1 1210
Definition 2.2.18 Let I be the matriz
1 0 0
I = 0
0
0 O 1

That is 1;; = 1 if i = j and I;; = 0 if ¢ # j. We call I the n x n identity matriz.
The symbol 6;; is often used for the ijt" entry of the identity matriz. It is called
the Kronecker delta symbol. Thus 6;; equals 1 ifi=j and 0 ifi # j.
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100
Example 2.2.19 Let I =| 0 1 0 |,the3x3identity matrix. Then you should
001
verify the following equations.
5 1 2 1 00 5 1 2
3 4 3 010 }|=13 4 3
2 -5 4 001 2 -5 4
100 5 1 2 5 1 2
010 3 4 3 |=(3 4 3
001 2 -5 4 2 -5 4

More generally, if A is an m x n matrix and [ is the m x m identity matrix, then

(IA),; = ZfikAkj = Ayj
k=1

because [;; in the sum is equal to zero unless k = ¢ when it is equal to 1. Similarly,
if I is the n x n identity matrix,

(AD);; = Ay = Ayj.
k

Thus the identity matrix acts like 1 in the sense that when it is multiplied on either
side of a matrix A then the result of the multiplication yields A.

2.2.4 The Transpose

Another important operation on matrices is that of taking the transpose. The
following example shows what is meant by this operation, denoted by placing a ¢
as an exponent on the matrix.

t

1) ( 13 2 )

9 6 4 16
What happened? The first column became the first row and the second column
became the second row. Thus the 3 x 2 matrix became a 2 x 3 matrix. The number

3 was in the second row and the first column and it ended up in the first row and
second column. Here is the definition.

Definition 2.2.20 Let A be an m x n matriz. Then At denotes the n X m matrizc
which is defined as follows.
(A7), = Ay

Example 2.2.21



2.3. EXERCISES 37

The transpose of a matrix has the following important properties.
Lemma 2.2.22 Let A be an m X n matriz and let B be a n X p matriz. Then
(2.23) (AB)' = BtA!
and if o and (B are scalars,
(2.24) (eA+ 8B)" = aA' + 3B,

Proof: From the definition,

((4B)), = (4B),
Z A By
k

> (B, (A,

- (Y

ij

The proof of Formula 2.24] is left as an exercise and this proves the lemma.

Definition 2.2.23 An n x n matriz A is said to be symmetric if A = At. It is
said to be skew symmetric if A = —A".

Example 2.2.24 Let

2 1 3

A=11 5 =3

3 -3 7
Then A is symmetric.
Example 2.2.25 Let

0 1 3

A= -1 0 2

-3 -2 0

Then A is skew symmetric.

2.3 Exercises

1. Find the general solution of the system whose augmented matrix is

120 2
1 3 4 2
1021

2. Find the general solution of the system whose augmented matrix is

1 20 2
2011
3213
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10.

11.

12.

13.

14.

MATRICES

Find the general solution of the system whose augmented matrix is
1101
104 2 )"

r+2y+z—w=2

r—y+z+w=1
2e+y—2=1
dr+2y+2=5

Solve the system

Solve the system
r+2y+z—w=2
r—y+z+w=0
2e+y—2=1
dr+2y+2z=3

Find the general solution of the system whose augmented matrix is

0

—_ = O
—_ O O N
OO = =
N~ N~
DN W = DN

1
2
0

Find the general solution of the system whose augmented matrix is

1 0 211 2
01 0121
0 2 0013
1 -12 2 20

Give the complete solution to the system of equations, 7x + 14y + 15z = 22,
2z + 4y + 3z = 5, and 3z + 6y + 10z = 13.

Give the complete solution to the system of equations, 3x — y + 42 = 6,
y+82=0,and -2z +y = —4.

Give the complete solution to the system of equations, 9z — 2y 4+ 4z = —17,
13z — 3y + 62 = —25, and —2z — z = 3.

Give the complete solution to the system of equations, 8z +2y+3z = —3,8x+
3y+3z=—1,and 4 +y + 32 = —9.

Give the complete solution to the system of equations, —8x + 2y + 5z =
18, —8x + 3y + bz = 13, and —4x +y + 5z = 19.

Give the complete solution to the system of equations, 3z — y — 2z = 3,
y—4z=0,and -2z +y = —2.

Give the complete solution to the system of equations, —9z+15y = 66, —11x+
18y =79 ,—z4+y =4, and z = 3.
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15.

16.

17.

18.

19.

20.

Consider the system —bx + 2y — z = 0 and —5x — 2y — z = 0. Both equations
equal zero and so —5x + 2y — z = —bx — 2y — 2z which is equivalent to y = 0.
Thus x and z can equal anything. But when x = 1, 2 = —4, and y = 0 are
plugged in to the equations, it does not work. Why?

Here are some matrices:
1 2 3 3 -1 2
A_(217>’B_<—3 2 1)’
1 2 -1 2 2
o= (51)r=(5 5)#=(3)

Find if possible —3A4,3B — A, AC,CB, AE, EA. If it is not possible, explain
why.
Here are some matrices:

1 2

A = 3 2 ,B:(23 _25 %)
1 -1
1 2 -1 1 1

(35)2=(3 45)=-(3)

Find if possible —3A4,3B — A, AC,CA, AE, FA, BE, DE. If it is not possible,
explain why.

C

Here are some matrices:
1 2
A= 1|3 2 ,B:(_23 _25 f)
1 -1

(33)2= (3 5)==()

Find if possible —3A!, 3B — A, AC,CA, AE,E'B, BE, DE, EE', E'E. If it is
not possible, explain why.

C

Here are some matrices:

W =
[\

A= ’B(—23 _25§>
1 -1

- (1) (2) ()

Find the following if possible, and explain why it is not possible if this is the
case. AD,DA,D'B,D'BE,E'D, DE".

11 L o 1 1 -3
Let A = -2 -1 ,B:(2 1 _2>7andC’: -1 2 0
1 2 -3 -1 0

Find if possible:
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(a) AB
(b) BA
(c) AC
(d) CA
(e) CB
(f) BC

21. Suppose A and B are square matrices of the same size. Which of the following
are correct?

(a) (A— B)* = A% —2AB + B>
(b) (AB)* = A2B?
(c) (A+ B)* = A2+ 2AB + B2
(d) (A+B)> =A%+ AB+ BA+ B?
(e) A2B%2 = A(AB)B
(f) (A4 B)’ = A3 4 3A2B + 3AB? + B?
(g) (A+B)(A-B)=A>-B?
22. Let A = < _31 _31 ) Find 2 x 2 matrices B such that AB = 0.

23. Let x =(—1,-1,1) and y =(0,1,2) . Find x'y and xy! if possible.

12 12
24. Let A=( 5, ).B={( 5 1

BA? If so, what should k& equal?

. Is it possible to choose k such that AB =

12 12
25. Let A= 5, ).B=( 1

BA? If so, what should k& equal?

. Is it possible to choose k such that AB =

26. In 2.8 - 2.15 describe —A and 0.

27. Let A be an n x n matrix. Show that A equals the sum of a symmetric and a
skew symmetric matrix. (M is skew symmetric if M = —M?. M is symmetric
if M' = M.) Hint: Show that % (A’ + A) is symmetric and then consider
using this as one of the matrices.

28. Show that every skew symmetric matrix has all zeros down the main diagonal.
The main diagonal consists of every entry of the matrix which is of the form
a;- It runs from the upper left down to the lower right.

29. Suppose M is a 3 x 3 skew symmetric matrix. Show that there exists a vector
Q such that for all u € R3
Mu=Qxu
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Hint: Explain why, since M is skew symmetric, it is of the form

0 —Wws3 w2
M = w3 0 —Ww1
—Ww2 W1 0

where the w; are numbers. Then consider wii 4 waj + wsk.
Using only the properties 2.8 - 2.15, show that —A is unique.
Using only the properties 2.8 - 2.15, show that 0 is unique.

Using only the properties 2.8 - [2.15, show that 0A = 0. Here the 0 on the left
is the scalar 0 and the 0 on the right is the zero for m x n matrices.

Using only the properties2.8-2.15/and previous problems, show that (—1) A =
—A.

Prove 2.24.
Prove that I,,,A = A where A is an m X n matrix.

Give an example of matrices A, B,C such that B # C, A # 0, and yet
AB = AC.

Give an example of matrices A, B such that neither A nor B equals zero and
yet AB = 0.

Give another example of two square matrices A and B such that AB # BA.

T1 — T2 + 273 1
Write 2ws + a1 in the form A | 2 | where 4 is an appropriate
3%3 I3
3%4 + 3$2 + T4
matrix.
1 + 32 + 223 T
. 2 . . .
Write T3+ o1 in the form A | 2 | where A4 is an appropriate
61‘3 T3
T4+ 39 + 21 T4
matrix.
T1+ 22+ a3 L1
. 2 . . .
Write T3+ o1+ 22 in the form A | “? | where A4 is an appropriate
xr3 — 1 €3
3:1?4 + 21 Ty
matrix.
Let A and be a real m X n matrix and let x € R™ and y € R™. Show that

(AX,¥)gm = (x,Aly)p. where (-, )p. denotes the dot product in R¥. In the
notation above, Ax -y = x-Aty. Use the definition of matrix multiplication
to do this.

Use the result of Problem 42 to verify directly that (AB)" = B!A! without
making any reference to subscripts.
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Row reduced echelon form

3.1 Elementary Matrices

The elementary matrices result from doing a row operation to the identity matrix.

Definition 3.1.1 The row operations consist of the following

1. Switch two rows.
2. Multiply o row by a nonzero number.

3. Replace a row by the same row added to a multiple of another row.

We refer to these as the row operations of type 1,2, and 3 respectively.

The elementary matrices are given in the following definition.

Definition 3.1.2 The elementary matrices consist of those matrices which result
by applying a row operation to an identity matrixz. Those which involve switching

rows of the identity are called permutation matrices.

As an example of why these elementary matrices are interesting, consider the
following.

010 a b c d Ty z w
1 00 ry z w |=]a b c d
001 f g h i f g h i

A 3 x 4 matrix was multiplied on the left by an elementary matrix which was
obtained from row operation 1 applied to the identity matrix. This resulted in
applying the operation 1 to the given matrix. This is what happens in general.

1More generally, a permutation matrix is a matrix which comes by permuting the rows of the
identity matrix, not just switching two rows.

43
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Now consider what these elementary matrices look like. First P;;, which involves

switching row 7 and row j of the identity where ¢ < j. We write

9

rp

r;

I'n

where
r;=(0--1---0)

with the 1 in the j** position from the left.
This matrix P¥ is of the form

ry

r n

Now consider what this does to a column vector.

r (%1 (%1}
r; Vi Uy
r; Uj B V;
r, Un Un,

Now we try multiplication of a matrix on the left by this elementary matrix P%¥.
Consider

al 1 a12 ... . e “ .. e alp

a/ll a7/2 ... e e .« . alp
pi

a]l a/]2 .« .. “ e e .« . ajp

An1 Qp2 - e e ce. anp
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From the way you multiply matrices this is a matrix which has the indicated
columns.

a11 a12 A1p
a1 ;2 Qip
1% . 77 . iJ
P |, S TR &
aj1 aj2 jp
an1 Apn2 Anp
ail a12 Q1p
a1 a;2 jp
= ’ ’ ’
Qi1 ;2 Qip
anl an2 Qpp
a’ll a/12 PR ... PR ... alp
ajl a]2 ... ... ... e a]p
a'Ll a12 DY ... DY DR a’lp
anl an2 DY ... DR DR anp

This has established the following lemma.

Lemma 3.1.3 Let P¥Y denote the elementary matriz which involves switching the
ith and the j* rows of I. Then if P, A are conformable, we have

PYA=B
where B is obtained from A by switching the it and the j** rows.

Next consider the row operation which involves multiplying the i** row by a
nonzero constant, c. We write
ry
I

I =

ry

where
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with the 1 in the j** position from the left. The elementary matrix which results
from applying this operation to the i** row of the identity matrix is of the form

ry

Now consider what this does to a column vector.

ry U1 U1
Ccr; V; = CU;
r’ﬂ U’I’L Un

Denote by E (c, i) this elementary matrix which multiplies the i*" row of the identity
by the nonzero constant, c. Then from what was just discussed and the way matrices
are multiplied,

aix ai2 -+ Qlp
E (07 @) a1 Q2 o Gip
Qnl1 QAp2 - App

equals a matrix having the columns indicated below.

a1 a2 -+ Alp
= Ca;; €Az -+ Clgp
Gp1  Gp2 Qpp

This proves the following lemma.

Lemma 3.1.4 Let E (c,i) denote the elementary matriz corresponding to the row
operation in which the i*" row is multiplied by the nonzero constant c. Thus E (c,1)
involves multiplying the i*" row of the identity matriz by c. Then

E(c,i)A=B
where B is obtained from A by multiplying the i row of A by c.

Finally consider the third of these row operations. Letting r; be the j* row of
the identity matrix, denote by E (¢ X i + j) the elementary matrix obtained from
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the identity matrix by replacing r; with r; 4 cr;. In case ¢ < j this will be of the

form

Now consider what this does to a column vector.

rp
r;

cry +r;

rn

Ir U1
r; V;
Ccr; —|— r; Vj
ry Un

U1
(%

cv; + v;

Un

Now from this and the way matrices are multiplied,

E(cxi+}j)

equals a matrix of the following form having the indicated columns.

E(cxi+j)

a1

anl

a1 a2
Qi1 a;2
aj2  Gj2
Apl  Gp2

JE (¢ x i+ j)

@12

an2

Q1p

Qjp

Qpp

o E(exitj)

alp
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a1 a2 e aip
a1 ai2 s Qip

R ajo —|— Cai1  Qj2 + Cag2 -+ Qjp + Clip
an1 an?2 Tt Anp

The case where ¢ > j is similar. This proves the following lemma in which, as above,
the i*" row of the identity is r;.

Lemma 3.1.5 Let E (¢ x i+ j) denote the elementary matriz obtained from I by
replacing the j" row of the identity r; with cr; +r;. Letting the k' row of A be
ag,

E(cxi+j)A=DB
where B has the same rows as A except the j*" row of B is ca; + a;.

The above lemmas are summarized in the following theorem.

Theorem 3.1.6 To perform any of the three row operations on a matriz A it suf-
fices to do the row operation on the identity matriz, obtaining an elementary matrix
E, and then take the product, EA. In addition to this, the following identities hold
for the elementary matrices described above.

(3.1) E(exi+j)E(—exi+j)=FE(-cxi+j)E(exi+j)=1I.
(3.2) E(c,i)E (¢ i) =E (¢ i) E(c,i)=1.

(3.3) PYUpPd =],

Proof: Consider 3.1. Starting with I and taking —c times the i** row added
to the j** yields E (—c x i+ j) which differs from I only in the j** row. Now
multiplying on the left by E (c x i + j) takes c times the i*" row and adds to the j**
thus restoring the j* row to its original state. Thus E (¢ x i + j) E (—¢ x i+ j) =
I. Similarly E (—c¢x i+ j) E (¢ x i+ j) = I. The reasoning is similar for [3.2| and

Definition 3.1.7 For an nxn matriz A, an n xn matriz B which has the property
that AB = BA = I is denoted by A~'. Such a matriz is called an inverse. When
A has an inverse, it is called invertible.

The following lemma says that if a matrix acts like an inverse, then it is the
inverse. Also, the product of invertible matrices is invertible.

Lemma 3.1.8 If B, C are both inverses of A, then B = C. That is, there exists at
most one inverse of a matriz. If Ay,---, Ay are each invertible m x m matrices,
then the product A1As --- A, is also invertible and

AAg - Ayt = AP AT AT
m m—1 1
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Proof. From the definition and associative law of matrix multiplication,
B=BI=B(AC)=(BA)C=IC=C.

This proves the uniqueness of the inverse.
Next suppose A, B are invertible. Then
AB(B'ATY) =ABB ')A '=AIAT = AAT =1
and also
(BT'A™YAB=B'(A"'A)B=B'IB=B"'B=1.
It follows from Definition [3.1.7 that AB has an inverse and it is B~'A~!. Thus the
case of m = 1,2 in the claim of the lemma is true. Suppose this claim is true for k.

Then
AjAg - ApApgr = (A1Ag - Ap) At

By induction, the two matrices (A1 Ay -+ Ag), Axy1 are both invertible and
(A Ag - Ap) t = A AT AT
By the case of the product of two invertible matrices shown above,
(A1Az- - Ap) Ap) ™ = Al (AjAy - Ay
= A A ATTAT

This proves the lemma. O

We will discuss methods for finding the inverse later. For now, observe that
Theorem 3.1.6/ says that elementary matrices are invertible and that the inverse of
such a matrix is also an elementary matrix. The major conclusion of the above
Lemma and Theorem is the following lemma about linear relationships.

Definition 3.1.9 Let vy, --,vg,u be vectors. Then u is said to be a linear com-
bination of the vectors {vy,--- , vy} if there exist scalars c1,--- ,cx such that
k
u = Z CiV;.
i=1
We also say that when the above holds for some scalars ci,--- ,ck, there exists a
linear relationship between the vector u and the vectors {vi,--- ,vi}.

We will discuss this more later, but the following picture illustrates the geometric
significance of the vectors which have a linear relationship with two vectors u, v
pointing in different directions.
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The following lemma states that linear relationships between columns in a ma-
trix are preserved by row operations. This simple lemma is the main result in
understanding all the major questions related to the row reduced echelon form as
well as many other topics.

Lemma 3.1.10 Let A and B be two m X n matrices and suppose B results from a
row operation applied to A. Then the k*" column of B is a linear combination of the
i1, ,ip columns of B if and only if the k** column of A is a linear combination of
the iy, ,i, columns of A. Furthermore, the scalars in the linear combinations are
the same. (The linear relationship between the k' column of A and the iy,--- ,i,
columns of A is the same as the linear relationship between the k™ column of B
and the iy, i, columns of B.)

Proof. Let A be the following matrix in which the aj are the columns
(a1 ar -+ a, )
and let B be the following matrix in which the columns are given by the by
(b1 by -+ b, )

Then by Theorem [3.1.6/ on Page 48, by, = Faj where F is an elementary matrix.
Suppose then that one of the columns of A is a linear combination of some other
columns of A. Say

ap = clail 4+ 4 C,«air.

Then multiplying by F,
bk = Eak = clEail 4+ 4+ c,.EaiT = Clbi1 —+ -4 Cr'biT~
This proves the lemma.O

Example 3.1.11 Find linear relationships between the columns of the matrix

1 3 11 10 36
A=112 8 9 23
11 5 8 10

It is not clear what the relationships are, so we do row operations to this matrix.
Lemma [3.1.10 says that all the linear relationships between columns are preserved,
so the idea is to do row operations until a matrix results which has the property
that the linear relationships are obvious. First take —1 times the top row and add
to the two bottom rows. This yields

1 3 11 10 36
0 -1 -3 -1 -13
0 -2 -6 -2 -26

Next take —2 times the middle row and add to the bottom row followed by multi-
plying the middle row by —1 :

1
3
0

[
[a—

0 36
13

1 3
01 1
00 0 0
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Next take —3 times the middle row added to the top:

1027 -3
(3.4) 0131 13
0000 0

At this point it is clear that the last column is —3 times the first column added
to 13 times the second. By Lemma [3.1.10, the same is true of the corresponding
columns in the original matrix A. As a check,

1 3 36
3| 1 | +13( 2 =1 23
1 1 10

You should notice that other linear relationships are also easily seen from 3.4l
For example the fourth column is 7 times the first added to the second. This is
obvious from 3.4 and Lemma [3.1.10 says the same relationship holds for A.

This is really just an extension of the technique for finding solutions to a linear
system of equations. In solving a system of equations earlier, row operations were
used to exhibit the last column of an augmented matrix as a linear combination of
the preceding columns. The row reduced echelon form makes obvious all linear
relationships between all columns, not just the last column and those preceding it.
The matrix in (3.4 is an example of a matrix which is in row reduced echelon form.

3.2 The row reduced echelon form of a matrix

When you do row operations on a matrix, there is an ultimate conclusion. It is
called the row reduced echelon form. We show here that every matrix has such
a row reduced echelon form and that this row reduced echelon form is unique. The
significance is that it becomes possible to use the definite article in referring to the
row reduced echelon form. Hence important conclusions about the original matrix
may be logically deduced from an examination of its unique row reduced echelon
form. First we need the following definition.

Definition 3.2.1 Define special column vectors e; as follows.

0
e, = 1
0

Thus e; is the column vector which has all zero entries except for a 1 in the it"
position down from the top.

Now here is the description of the row reduced echelon form.

Definition 3.2.2 An m xn matriz is said to be in row reduced echelon form if,
i viewing successive columns from left to right, the first nonzero column encountered
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is e1 and if, in viewing the columns of the matriz from left to right, you have
encountered ey, eq,- - , €, the next column is either ex41 or this next column is a
linear combination of the vectors, e1,eq, - €.

Example 3.2.3 The following matrices are in row reduced echelon form.

1040 0 1007 010 3
00013

0130, ,{ 001 =5
0001 0 0000 000 O

00000

The above definition emphasizes the linear relationships between columns. How-
ever, it is sometimes easier to use a different description of the row reduced echelon
form, although it is equivalent to the above. This description also employs some

standard terminology.

Definition 3.2.4 The first nonzero entry (element) of a nonzero row (reading from
left to right) is the leading entry of the row. A matriz is row reduced, (or, in row
reduced echelon form) if

(i) zero rows are below nonzero rows,
(ii) all leading entries are 1,

(i1i) the leading entry of row j is to the right of the leading entry of row j — 1, for
all possible j,

(iv) if a column contains a leading entry, its other entries are 0.

The n X n matrix

10 - 0
01 --- 0

I = . ) . (the identity matrix)
00 - 1

is row reduced. So too are, for example,

01 100 1200
AZ(OO)’B: 0 31, C=10010
0 0001

A column of a row reduced matrix is called a pivot column if it contains
a leading entry. The pivot columns of C' (above) are the first, third and fourth

1 0

0 1
columns. Clearly the pivot columns in the identity matrix are 1.1 .|, ete.

0 0

Definition 3.2.5 Given a matriz A, row reduction produces one and only one row
reduced matriz B with A ~ B. See Corollary3.2.12. We call B the row reduced
echelon form of A.
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Theorem 3.2.6 Let A be an m x n matrix. Then A has a row reduced echelon
form determined by a simple process.

Proof. Viewing the columns of A from left to right, take the first nonzero
column. Pick a nonzero entry in this column and switch the row containing this
entry with the top row of A. Now divide this new top row by the value of this
nonzero entry to get a 1 in this position and then use row operations to make all
entries below this equal to zero. Thus the first nonzero column is now e;. Denote
the resulting matrix by A;. Consider the sub-matrix of A; to the right of this
column and below the first row. Do exactly the same thing for this sub-matrix that
was done for A. This time the e; will refer to F~!. Use the first 1 obtained by the
above process which is in the top row of this sub-matrix and row operations, to zero
out every entry above it in the rows of A;. Call the resulting matrix As. Thus As
satisfies the conditions of the above definition up to the column just encountered.
Continue this way till every column has been dealt with and the result must be in
row reduced echelon form. [J

Example 3.2.7 Row reduce the following matrix to row reduced echelon form.

21
0 2
11

[SARNEEN |
Tt Ot

First switch the top row and the bottom row:

11
0 2
21

~N O Ot
~J Ot Ot

Next take —2 times the top row and add to the bottom and then multiply the
middle row by 1/2 :

11 5 5
0 1 3 5/2
0 -1 -3 -3

Next add the middle row to the bottom row and then take —1 times the middle
row and add to the top:

102 5/2
013 3
000 —1/2

Next take 6 times the bottom row and add to the middle row and then take 5 times
the bottom row and add to the top row. Finally, divide the bottom row by —1/2:

1
0
0

o = O
O W N

0
0
1

This matrix is in row reduced echelon form.
Now here is some terminology which is often used.
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Definition 3.2.8 The first pivot column of A is the first nonzero column of A
which becomes ey in the row reduced echelon form. The next pivot column is the
first column after this which becomes ey in the row reduced echelon form. The third
s the next column which becomes ez in the row reduced echelon form and so forth.

The algorithm just described for obtaining a row reduced echelon form shows
that these columns are well defined, but we will deal with this issue more carefully
in Corollary [3.2.12] where we show that every matrix corresponds to exactly one
row reduced echelon form.

Example 3.2.9 Determine the pivot columns for the matrix

213 6 2

(3.5) A=1178 4 0
134 -2 2

As described above, the k** pivot column of A is the column in which e, appears

in the row reduced echelon form for the first time in reading from left to right. A
row reduced echelon form for A is

4
1010 &
0110 —=

9
0001 —

It follows that columns 1,2, and 4 in A are pivot columns.
Note that from Lemma [3.1.10] the last column of A has a linear relationship to
the first four columns. Namely

2 2 1 6
4 4

0= %5 1|+ (—35) 7|+ (—395> 4

2 1 3 —2

This linear relationship is revealed by the row reduced echelon form but it was not
apparent from the original matrix.

Definition 3.2.10 Two matrices A, B are said to be row equivalent if B can be
obtained from A by a sequence of row operations. When A is row equivalent to B,
we write A ~ B.

Proposition 3.2.11 In the notation of Definition|3.2.10. A ~ A. If A ~ B, then
B~A. IfA~ B and B~ C, then A~ C.

Proof: That A ~ A is obvious. Consider the second claim. By Theorem [3.1.6}
there exist elementary matrices F, Fs, - - - , E,, such that

B=FBy - EnA.

It follows from Lemma [3.1.8 that (E1Es - - - Em)f1 exists and equals the product of
the inverses of these matrices in the reverse order. Thus

E;'E-Y .. E7'B=(E\E,---E,,) 'B
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= (E\By--Ep) ' (B1Ey---Ep) A= A.

By Theorem 3.1.6, each Ek_1 is an elementary matrix. By Theorem [3.1.6/ again,
the above shows that A results from a sequence of row operations applied to B.
The last claim is left for an exercise. See Exercise (7| on Page [T1. This proves the
proposition.O

There are three choices for row operations at each step in Theorem 3.2.6. A
natural question is whether the same row reduced echelon matrix always results in
the end from following any sequence of row operations.

We have already made use of the following observation in finding a linear re-
lationship between the columns of the matrix A in 3.5, but here it is stated more
formally. Now

T
=z1€1 + -+ Tpep,

Tn

so to say two column vectors are equal, is to say the column vectors are the same
linear combination of the special vectors e;.

Corollary 3.2.12 The row reduced echelon form is unique. That is if B, C are two
matrices in row reduced echelon form and both are obtained from A by a sequence
of row operations, then B = C.

Proof: Suppose B and C are both row reduced echelon forms for the matrix
A. Tt follows that B and C have zero columns in the same position because row
operations do not affect zero columns. By Proposition 3.2.11, B and C' are row
equivalent. Suppose e1,--- ,e, occur in B for the first time, reading from left to
right, in positions i1, --- ,%, respectively. Then from the description of the row
reduced echelon form, each of these columns of B, in positions i1, - , ., is not a
linear combination of the preceding columns. Since C' is row equivalent to B, it
follows from Lemma [3.1.10, that each column of C' in positions i, -- ,4, is not a
linear combination of the preceding columns of C. By the description of the row
reduced echelon form, ey, --- , e, occur for the first time in C' in positions iy, - - , i,
respectively. Therefore, both B and C have the sequence ey, es, - - - , €, occurring for
the first time in the positions, i1, s, - ,4,. Since these matrices are row equivalent,
it follows from Lemma [3.1.10} that the columns between the i; and 541 position in
the two matrices are linear combinations involving the same scalars, of the columns
in the 4q,--- 7 position. Similarly, the columns after the ¢, position are linear
combinations of the columns in the iy, --- 4, positions involving the same scalars
in both matrices. This is equivalent to the assertion that each of these columns is
identical in B and C. O

Now with the above corollary, here is a very fundamental observation. The
number of nonzero rows in the row reduced echelon form is the same as the number
of pivot columns. Namely, this number is r in both cases where ey, - - , e, are the
pivot columns in the row reduced echelon form. Now consider a matrix which looks
like this: (More columns than rows.)
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Corollary 3.2.13 Suppose A is an m x n matriz and that m < n. That is, the
number of rows is less than the number of columns. Then one of the columns of A
is a linear combination of the preceding columns of A. Also, there exists x € F™
such that x # 0 and Ax = 0.

Proof: Since m < n, not all the columns of A can be pivot columns. In reading
from left to right, pick the first one which is not a pivot column. Then from the
description of the row reduced echelon form, this column is a linear combination of
the preceding columns. Say

a; = riax + -4 Tj—1Q5-1.

Therefore, from the way we multiply a matrix times a vector,

X1 T
Tj—1 Tj—1
A —1 :(al"'aj—laj"'an) —1 :OD
0 0
0 0

Example 3.2.14 Find the row reduced echelon form of the matrix

0023
0201
0115

The first nonzero column is the second in the matrix. We switch the third and
first rows to obtain

0 115 -2Xtop+second 1 1 5
0201 — 0 -2 -9
002 3 00 2 3

01 1 5 01 1 5

secondil;)ottom 00 -2 —9 R 00 -2 —9

00 0 -6 00 O 1

Next use the bottom row to obtain zeros in the last column above the 1 and divide
the second row by —2

0110Y) . 0100
00 1 0 | et 1 9
0001 0001

This is in row reduced echelon form.
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Example 3.2.15 Find the row reduced echelon form for the matrix

1 20 2
-1 3 4 3
0 5 45

You should verify that the row reduced echelon form is

_8
5

OO =

0 0
1 1
0 0

Ut

3.3 Finding the inverse of a matrix

We have already discussed the idea of an inverse of a matrix in Definition [3.1.7.
Recall that the inverse of an n X n matrix A is a matrix B such that

AB=BA=1

where [ is the identity matrix discussed in Theorem [3.1.6) it was shown that an
elementary matrix is invertible and that its inverse is also an elementary matrix.
We also showed in Lemma [3.1.8 that the product of invertible matrices is invertible
and that the inverse of this product is the product of the inverses in the reverse
order. In this section, we consider the problem of finding an inverse for a given
n X n matrix.

Unlike ordinary multiplication of numbers, it can happen that A # 0 but A may
fail to have an inverse. This is illustrated in the following example.

11

Example 3.3.1 Let A = ( 11

) . Does A have an inverse?

One might think A would have an inverse because it does not equal zero. How-

ever,
11 -1\ (0
11 1 0
and if A~! existed, this could not happen because you could write
0y ,1/(0Y 1 -1 _
(3) =2 (8)=+(+(3))
-1 -1\ -1\ [ -1
— (47'4) ( () =),
a contradiction. Here we have used the associative law of matrix multiplication

found in Proposition [2.2.13. Thus the answer is that A does not have an inverse.

Example 3.3.2 Let A = ( } ; ) . Show that ( _21 711 ) is the inverse of A.
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To check this, multiply
11 2 -1\ (10
1 2 -1 1 —\0 1)
2 -1 11y (10
-1 1 12) \01)’

showing that this matrix is indeed the inverse of A.
In the last example, how would you find A~'? You wish to find a matrix

(2 ) suchehat
() (0 0)=(o1)

Y
This requires the solution of the systems of equations,

and

r+y=1x+2y=0

and
z4+w=0,z42w=1.

Writing the augmented matrix for these two systems gives

11 ] 1
50 &
for the first system and

1110
. (1110

for the second. Let’s solve the first system. Take (—1) times the first row and add

to the second to get
11 ] 1
01 | -1
Now take (—1) times the second row and add to the first to get

10| 2
01] -1)°

Putting in the variables, this says x = 2 and y = —1.
Now solve the second system, [3.7 to find z and w. Take (—1) times the first row
and add to the second to get
1110
< 011 ) '

Now take (—1) times the second row and add to the first to get

10| -1
01] 1)
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Putting in the variables, this says z = —1 and w = 1. Therefore, the inverse is

2 -1
-1 1 )
Didn’t the above seem rather repetitive? Exactly the same row operations were
used in both systems. In each case, the end result was something of the form (I|v)

where [ is the identity and v gave a column of the inverse. In the above gy: , the

first column of the inverse was obtained first and then the second column ( Z}

To simplify this procedure, you could have written

111]10
12]01

and row reduced till you obtained

1 0] 2 -1
( 01| -1 1 ) '
Then you could have read off the inverse as the 2 x 2 matrix on the right side. You
should be able to see that it is valid by adapting the argument used in the simple
case above.
This is the reason for the following simple procedure for finding the inverse of a
matrix. This procedure is called the Gauss-Jordan procedure.

Procedure 3.3.2 Suppose A is an n x n matrix. To find A~ if it exists, form
the augmented n x 2n matrix

(AlD)

and then if possible, do row operations until you obtain an n x 2n matrix of the
form

(3.8) (1|B).

When this has been done, B = A~!. If it is impossible to row reduce to a matrix of
the form (I|B), then A has no inverse.

The procedure just described actually yields a right inverse. This is a matrix
B such that AB = I. We will show in Theorem [3.3.6/ that this right inverse is
really the inverse. This is a stronger result than that of Lemma [3.1.8 about the
uniqueness of the inverse. For now, here are some examples.

2
2
-1

1 2
Example 3.3.3 Let A=| 1 0 . Find A1 if it exists.
31

Set up the augmented matrix (A|I) :
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Next take (—1) times the first
the first row added to the last.

1
0
0

ROW REDUCED ECHELON FORM

row and add to the second followed by (—3) times
This yields

2 2 | 1 00
2 0 | =110
5 -7 ] =301

Then take 5 times the second row and add to -2 times the last row.

1
0
0

—-10 0

2 2] 1 0 0
| =5 5 0

0 14| 1 5 -2

Next take the last row and add to (—7) times the top row. This yields

-7
0
0

~14 0 | =6 5 —2
-10 0 | =5 5 0
0 14 ] 1 5 -2

Now take (—7/5) times the second row and add to the top.

-7
0
0

0 0 | 1 —2 —2
-10 0 | =5 5 0
0 14| 1 5 =2

Finally divide the top row by -7, the second row by -10 and the bottom row by 14,

which yields

12 2
100 | -5 7 3
010 3 -+ o0
001 | % o —7
Therefore, the inverse is
1 2 2
77T 7
1 1
2 3 0
1 5 1
4 14 7
1 2 2
Example 3.3.4 Let A= 1 0 2 |. Find A" if it exists.
2 2 4

Write the augmented matrix (A|l) :

1
1
2

N O N
N )
SO =
o = O
= o O
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and proceed to do row operations attempting to obtain (I\A‘l) . Take (—1) times
the top row and add to the second. Then take (—2) times the top row and add to

the bottom:
1 2 2| 1 00

020 110
020 201
Next add (—1) times the second row to the bottom row:

1 2 2] 1 00
0 -201] -1 1 0
00 0] -1 -11

At this point, you can see that there will be no inverse. To see this, consider the
matrix

1 2 210
0-201]0
00 011

which is an augmented matrix for a system of equations which has no solution. In
other words, the last column is not a linear combination of the first three. The
inverses of the row operations used to obtain

1 2 2
0 -2 0
0 0 0

from A can be performed in reverse order to obtain an augmented matrix (A|b) and
by Lemma [3.1.10, b is not a linear combination of the columns of A. Thus there is
no solution x to the system

Ax=Db
This is impossible if A has an inverse because you could simply multiply on both
sides by A~! resulting in

x=A"(Ax)= (A'A)x=Ix=A""b

Similar considerations are valid in general. A row of zeros in the row reduced
echelon form for A indicates that A~! does not exist.

1 0 1
Example 3.3.5 Let A= 1 —1 1 |. Find A7'if it exists.
1 1 -1

Form the augmented matrix

1 0 1 | 100
1 -1 1 ]010
1 1 -1]001

Now do row operations until the n X n matrix on the left becomes the identity

matrix. This yields after some computations,

1oo|o0o 3
0101
0011
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and so the inverse of A is the matrix on the right,
1
2
-1 0

Checking the answer is easy. Just multiply the matrices and see if your answer
works.

o & 1
1 0 1 22 100
1 -1 1 1 -1 0 [=([010
11 -1 1 -3 -3 001

Always check your answer because if you are like some of us, you will usually have
made a mistake.

As mentioned earlier, what you have really found in the above algorithm is a
right inverse. Is this right inverse matrix, which we have called the inverse, really
the inverse, the matrix which when multiplied on both sides gives the identity?

Theorem 3.3.6 Suppose A, B are n xn matrices and AB = I. Then it follows that
BA =1 also, and so B = A~'. For n x n matrices, the left inverse, right inverse
and inverse are all the same thing.

Proof. If AB =1 for A, B n x n matrices, is BA = I?7 If AB = I, there exists
a unique solution x to the equation

Bx =y

for any choice of y. In fact,
x = A(Bx) = Ay.

This means the row reduced echelon form of B must be I. Thus every column is a
pivot column. Otherwise, there exists a free variable and the solution, if it exists,
would not be unique, contrary to what was just shown must happen if AB = I. It
follows that a right inverse B~! for B exists. The above procedure yields

(B I)—>(I Bfl).
Now multiply both sides of the equation AB = I on the right by B~!. Then
A=ABB')=AB)B'=B""

Thus A is the right inverse of B, and so BA = I. This shows that if AB = I, then
BA =TI also. Exchanging roles of A and B, we see that if BA = I, then AB = I.
This proves the theorem.O

This has shown that in the context of n X n matrices, right inverses, left inverses
and inverses are all the same and this matrix is called A7!.

The following corollary is also of interest.

Corollary 3.3.7 An n x n matriz A has an inverse if and only if the row reduced
echelon form of A is I.
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Proof. First suppose the row reduced echelon form of A is I. Then Procedure
3.3l yields a right inverse for A. By Theorem [3.3.6/ this is the inverse. Next suppose
A has an inverse. Then there exists a unique solution x to the equation

Ax =y

given by x = A~ly. It follows that in the augmented matrix (A|0) there are no
free variables, and so every column to the left of | is a pivot column. Therefore, the
row reduced echelon form of A is I. This proves the corollary.

Example 3.3.8 In this example, it is shown how to use the inverse of a matrix
to find the solution to a system of equations. Consider the following system of
equations. Use the inverse of a suitable matrix to give the solutions to this system.

r+z=1
rT—y+z2=3
T+y—z2=2

The system of equations can be written in terms of matrices as

1 0 1 T 1
(3.9) 1 -1 1 y =13
1 1 -1 z 2

More simply, this is of the form Ax = b. Suppose you find the inverse of the matrix
A1, Then you could multiply both sides of this equation by A~! to obtain

x=(A""A)x=A""(Ax) = A" 'b.

This gives the solution as x = A~ 'b. Note that once you have found the inverse,
you can easily get the solution for different right hand sides without any effort. The
solution is always A~ 'b. In the given example, the inverse of the matrix is

1 1
2 2
— 0

_1
2

—

0
1
1

=

This was shown in Example [3.3.5. Therefore, from what was just explained, the
solution to the given system is

ARV
y |=11 -1 0 3 1= -2
1 1 3
z L =3 —3 2 3
What if the right side of 3.9/ had been
0
17
3
What would be the solution to
1 0 1 T 0
1 -1 1 y |=111]?
1 1 -1 z 3
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By the above discussion, this solution is

x o &+ 1 0 2
y = 1 -1 O 1 = —1
2 1 -3 -3 3 -2

This illustrates why, once you have found the inverse of a given matrix, you can use
this inverse to solve many different systems easily.

3.4 The rank of a matrix

With the existence and uniqueness of the row reduced echelon form, it is a natural
step to define the rank of a matrix.

Definition 3.4.1 Let A be an m X n matriz. Then the rank of A is defined to
be the number of pivot columns. From the description of the row reduced echelon
form, this is also equal to the number of nonzero rows in the row reduced echelon
form. The nullity of A is the number of non pivot columns. This is the same as
the number of free variables in the augmented matriz (A|0).

The rank is important because of the following proposition.

Proposition 3.4.2 Let A be an m X n matriz which has rank r. Then there exists
a set of v columns of A such that every other column is a linear combination of
these columns. Furthermore, none of these columns is a linear combination of the
other r — 1 columns in the set. The rank of A is no larger than the minimum of m
and n. Also the rank added to the nullity equals n.

Proof. Since the rank of A is r it follows that A has exactly r pivot columns.
Thus, in the row reduced echelon form, every column is a linear combination of these
pivot columns and none of the pivot columns is a linear combination of the others
pivot columns. By Lemma 3.1.10 the same is true of the columns in the original
matrix A. There are at most min (m, n) pivot columns (nonzero rows). Therefore,
the rank of A is no larger than min (m,n) as claimed. Since every column is either
a pivot column or isn’t a pivot column, this shows that the rank added to nullity
equals n. This proves the proposition.

This will be discussed more later when we define the concept of a vector space
and a basis. We will see that the pivot columns form a basis for a vector space
called Col (A), the column space of A.

3.5 The LU and PLU factorization

For A an m x n matrix, the LU factorization is of the form A = LU where L is an
m x m lower triangular matrix which has all ones down the main diagonal and U is
an “upper triangular” m x n matrix, one with the property that U;; = 0 if ¢ > j. It
turns out that not all matrices have an LU factorization, but there are many very
important examples of matrices which do. However, the existence of matrices which
do not have an LU factorization shows that the method lacks generality. Consider
the following example.
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Example 3.5.1 Can you write ( (1) (1) ) in the form LU as just described?

To do so you would need

)G e)=(om ke )=(10)

Therefore, b =1 and a = 0. Also, from the bottom rows, xa = 1 which can’t happen
and have a = 0. Therefore, you can’t write this matrix in the form LU. It has no LU
factorization. This is what we mean above by saying the method lacks generality.

The problem with this example is that in order to row reduce the matrix to row
reduced echelon form, you must switch some rows. It turns out that a matrix has
an LU factorization if and only if it is possible to row reduce the given matrix to
upper triangular form using only row operations of type 3. Recall that this row
operation involves replacing a given row by a multiple of another row added to the
given row.

Lemma 3.5.2 Let L be a lower (upper) triangular matriz m x m which has ones
down the main diagonal. Then L™! also is a lower (upper) triangular matriz which
has ones down the main diagonal. Also L™' is obtained from L by simply multiplying
each entry below the main diagonal in L with —1.

Proof: Consider the usual setup for finding the inverse ( L I ) . Then each
row operation done to L to reduce to row reduced echelon form results in changing
only the entries in I below the main diagonal and also the resulting entry on the
right of the above m X 2m matrix below the main diagonal is just —1 times the
corresponding entry in L. [J

Now let A be an m X n matrix, say

aix a2 - Qip

az1 Q22 -+ A2p
A =

Am1 Am2 - Omn

and assume A can be row reduced to an upper triangular form using only row
operation 3. Thus, in particular, a;; # 0. Multiply on the left by E; =

1 0 -+ 0
_an 1 ... 0
ail

—Gm1 g ... ]

aill
This is the product of elementary matrices which make modifications in the first
column only. It is equivalent to taking —ag1/a11 times the first row and adding to
the second. Then taking —ag;/a1; times the first row and adding to the second and
so forth. Thus the result is of the form

/
aip a2 - Ay
0 a/ PR a/
22 2n
EA= .
0 o al

m2



66 ROW REDUCED ECHELON FORM

By assumption, ab, # 0 and so it is possible to use this entry to zero out all the
entries below it in the matrix on the right by multiplication by a matrix of the form

E, = ( 10 > where F is an (m — 1) x (m — 1) matrix of the form

0 E
1 0 -0
9 1 ...
Aoo
S|
22

Continuing this way, zeroing out the entries below the diagonal entries, finally leads
to

Ep1Epo- - FiA=U

where U is upper triangular. Each F; has all ones down the main diagonal and is
lower triangular. Now multiply both sides by the inverses of the F;. This yields

A=E['Ey'---EL U

By Lemma [3.5.2, this implies that the product of those E;l is a lower triangular
matrix having all ones down the main diagonal.

The above discussion and lemma also gives a convenient way to compute an LU
factorization. The expressions —as1/a11, —ag1/ai1, -+ — am1/a11 denoted respec-
tively by meoq, -+ ,my,1 to save notation which were obtained in building F; are
called multipliers. . Then according to the lemma, to find E; ! you simply write

1 0 - 0
—ma1 1 0
— M1 O --- 1

Similar considerations apply to the other E;° ! Thus L is of the form

1 0 00 1 0 00
—magy 1 ..+ 00 0 1 00
: —m32
“Mm-1n 0 - 10 0 10
MmO e 001 0 Mo 01
10 0 0
01 0 0
0
0 1 0

00 -+ —mmm-1 1
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It follows from Theorem [3.1.6/ about the effect of multiplying on the left by an
elementary matrix that the above product is of the form

1 0 e 0 0
—May 1 . 0 0

: —m32
—M (1)1 : e 1 0
—Mm1 —Mm2 - —Mmm-—1 1

In words, you simply insert, into the corresponding position in the identity
matrix, —1 times the multiplier which was used to zero out an entry in that position
below the main diagonal in A, while retaining the main diagonal which consists
entirely of ones. This is L. The following example shows that begining with the
expression A = [ A, one can obtain LU by updating the identity matrix while doing
the row operations on the original matrix.

12121
_ o 2 0211
Example 3.5.3 Find an LU factorization for A = 931 3 2
10112
Write A =
1000 12121
0100 20211
0010 231 3 2
0001 10112

First multiply the first row by (—1) and then add to the last row in the second
matrix above. Next take (—2) times the first and add to the second and then (—2)
times the first and add to the third.

1000 1 2 1 2 1
2100 0 -4 0 -3 -1
2010 0 -1 -1 -1 0
1001 0 -2 0 -1 1

This finishes the first column of L and the first column of U. Now take — (1/4) times
the second row in the matrix on the right and add to the third followed by — (1/2)
times the second added to the last.

1 0 00 12 1 2 1
2 1 00 0 -4 0 -3 -1
2 1/4 1 0 0 0 —1 —1/4 1/4
11/2 01 00 0 1/2 3/2

This finishes the second column of L as well as the second column of U. Since the
matrix on the right is upper triangular, stop. The LU factorization has now been
obtained. It is also worth noting that, from the above discussion, the product of the
two matrices in the iteration will always equal the original matrix. This technique
is called Dolittle’s method.
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So what happens in general? In general, it may be necessary to switch rows in
order to row reduce A to an upper triangular form. If this happens, then in the
above process you would encounter a permutation matrix. Therefore, you could
first multiply A on the left by this permutation matrix so that the problem will no
longer occur when you follow the above procedure. Thus, it is always possible to
obtain a permutation matrix P such that

L 'PA=U

where U is upper triangular and L~! is lower triangular having all ones down the
diagonal. It follows that A can always be written in the form

A=PLU.

Computer algebra systems are set up to compute a PLU factorization for a given
matrix. For example, in maple 12, you enter the matrix, then right click on it and
select “solvers and forms”. Then choose “LU” followed by “Gaussian elimination”
and finally “Gaussian elimination (P, L, U).

One other thing which is interesting to observe is that LU factorizations are
not necessarily unique. See Problem [39 in the following exercises. Thus they don’t
always exist and they are not even unique when they do exist. How could something
so mathematically inferior be of any interest?

One reason this is of interest is that it takes about half the number of operations
to produce an LU factorization as it does to find the row reduced echelon form, and
once an LU factorization has been obtained, it becomes easy for a computer to find
the solution to a system of equations. This is illustrated in the following example.
However, it must be admitted that if you are doing it by hand, you will have an
easier time if you do not use an LU factorization. Thus this technique is of use
because it makes computers happy.

The existence of an LU factorization is also a hypothesis in certain theorems
involving the QR algorithm for finding eigenvalues. This algorithm is of tremendous
significance and is discussed briefly in a later exercise. In addition, the LU factor-
ization leads to a nice factorization called the Cholesky factorization for positive
definite symmetric matrices.

Example 3.5.4 Suppose you want to find the solutions to

1232 t 1

4311 5:2

1230 3
w

Of course one way is to write the augmented matrix and grind away. However,
this involves more row operations than the computation of the LU factorization
and it turns out that the LU factorization can give the solution quickly. Here is
how. The following is an LU factorization for the matrix.

123 2 1 00 1 2 3 2
4311 )|=(1410 0 -5 —-11 -7
1230 101 0 0 0 -2
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Let Ux =y and consider Ly = b where in this case, b =(1, 2, 3)T. Thus

100 Y1 1
410 ¥y | =1 2
101 Ys 3
1
which yields very quickly thaty = [ —2 | . Now you can find x by solving Ux = y.
2
Thus in this case,
1 2 3 2 * 1
0 —5 —11 -7 Y= -2
0 0 0 -2 2
w
which yields
3,7
—5 T3t
9 _ 114
X = 5 5 ,teR
t
-1

3.6 Exercises

1. Let {uy, - ,u,} be vectors in R™. The parallelepiped determined by these
vectors P (uy,--- ,u,) is defined as

P(ug,--,uy,) = {Ztkuk :tx € (0,1) for all k‘}

k=1

Now let A be an n X n matrix. Show that
{Ax:x € P(uy, - ,u,)}
is also a parallelepiped.

2. In the context of Problem [1, draw P (e;,es) where e1,es are the standard
basis vectors for R2. Thus e; = (1,0)",e; = (0,1)" . Now suppose

11
=(a1)
where FE is the elementary matrix which takes the second row of I and adds

it to the first. Draw
{Ex:x € P(ey,e2)}.

In other words, draw the result left multiplying the vectors in P (eq,ez) by
E. We must regard the vectors in P (e1, e2) as column vectors, so the multi-
plication on the left by the matrix E makes sense. Next draw the results of
applying the other elementary matrices to P (e, e3) in the same sense.
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3. In the context of Problem [1, either draw or describe the result of applying
elementary matrices to P (e1, e, €3).

4. Determine which matrices are in row reduced echelon form.

120
(a)<017>
1000
M 0012
0000
110005
© 001204
000013

5. Row reduce the following matrices to obtain the row reduced echelon form.
List the pivot columns in the original matrix.

1203
@ (2122

1103

1 2 3

21 =2
(b) 30 0

3 2 1

1 213
) 3210

3 211

6. Find the rank of the following matrices.

120
321

@ 571 ¢
021
100
41 1

®) 91 0
020
0102 122

@ | 032121068
0115 023
021 7 03 4
0102010
03260054

Dlo112002:2
0214032
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0102112

(@ 0326151
0112021
0214031

. Recall that two matrices are row equivalent if one can be obtained from the

other by a sequence of row operations. When this happens for two matrices
A, B, we can write A ~ B. Show that A ~ A. Next show that if A ~ B, then
B ~ A. Finally show that if A ~ B and B ~ C, then A ~ C. A relation which
has these three properties is called an equivalence relation.

. Determine whether the two matrices

1 35 3 1 45 2
146 4],{156 3
1131 1 230
are row equivalent.
. Determine whether the two matrices
1 35 3 1 35 3
146 4],]146¢6 4
1131 2595

are row equivalent.

Suppose AB = AC and A is an invertible n x n matrix. Does it follow that
B = C7?7 Explain why or why not. What if A were a non invertible n x n
matrix?

Find your own examples:

(a) 2 x 2 matrices A and B such that A # 0, B # 0 with AB # BA.
(b) 2 x 2 matrices A and B such that A # 0, B # 0, but AB = 0.
(¢) 2 x 2 matrices A, D, and C such that A # 0,C # D, but AC = AD.

Give an example of a matrix A such that A2 = I and yet A # I and A # —1I.

A:(21§>

Find A1 if possible. If A~! does not exist, determine why.

A:(g§>.

Find A1 if possible. If A~! does not exist, determine why.

()

Find A1 if possible. If A~! does not exist, determine why.

Let

Let

Let
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18.

19.

20.

21.

22.
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A:(ié)

Find A~! if possible. If A~! does not exist, determine why.

Let

a b

Let A be a 2 x 2 matrix which has an inverse. Say A = < e d ) . Find a

formula for A~! in terms of a, b, ¢, d.
Let

1
A=1 2
1

O~ N
N B W

Find A1 if possible. If A~ does not exist, determine why.
Let
10 3
A=1 2 3 4
1 0 2
Find A~! if possible. If A~! does not exist, determine why.
Let
3
4
0

A:

N A
(S )
—_

Find A~! if possible. If A~! does not exist, determine why.

Let

A= _3

1

_ N =

N = =N
[\

NN O N

Find A" if possible. If A~! does not exist, determine why.

Using the inverse of the matrix, find the solution to the systems

]
8
[\

<
Il
<
Il
—

I
(an)

N = TS N
O WO O wo
NS
I
|
—

RSO IC RNt
SRR SR
I
N O C R
DA W o e w
3

-2

I

Now give the solution in terms of a,b, and ¢ to

1
2
1

o wo
CRISNJU
<
Il
S
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23. Using the inverse of the matrix, find the solution to the systems

103 x 1 10 3 T 2
2 3 4 y | = 2],(234 yl=(1]:
10 2 z 3 10 2 z 0
103 x 1 103 x
2 3 4 y = 01,12 3 4 y | =1 —1
10 2 z 1 10 2 z -2
Now give the solution in terms of a,b, and ¢ to

1 0 3 T a

2 3 4 y | =

10 2 z

24. Using the inverse of the matrix, find the solution to the system

1 1 1
PU R I T O
3 3 -3 —3 y | _| b
-1 0 0 1 z c
3 1 9
-2 -3 1 1 w d

25. Show that if A is an n X n invertible matrix, and x is a n x 1 matrix such that
Ax = b for b an n x 1 matrix, then x = A~ 'b.

26. Prove that if A~! exists, and Ax = 0 then x = 0.

27. Show that if A~! exists for an n x n matrix, then A~! is unique. That is, if
BA=1Tand AB = I, then B = A~!. If you are stuck, see the proof of this in
the chapter.

28. Show that if A is an invertible n x n matrix, then so is A* and (A*)™' =

(4"
29. Show that (AB)™' = B~1A~! by verifying that
AB(B'A™Y) =1
and B~'A~! (AB) = I. Hint: Use Problem 27.
30. Show that (ABC)f1 = C71B71A~! by verifying that
(ABC) (C™'B7'A ) =1

and
(C'B7'ATY) (ABC) = I.

Generalize to give a theorem which involves an arbitrary finite product of
invertible matrices. Hint: Use Problem [27.
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34.
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37.

38.
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Using Problem [30, show that an m x n matrix A is invertible if and only if
A is the product of elementary matrices. Hint: Recall that from Corollary
3.3.7, a matrix is invertible if and only if its row reduced echelon form is I.
Then recall that every row operation is accomplished by multiplying on the
left by an elementary matrix and that the inverse of an elementary matrix is
an elementary matrix.

What is the geometric significance of Problem 31 which is implied by Problem
37

If A is invertible, show that (AQ)_1 = (A_1)2 . Hint: Use Problem 27,
If A is invertible, show that (A_l)_l = A. Hint: Use Problem 27,

Let the field of scalars be F3. Do the following operations.

t

131 120
@ ([212) +2(021
011 210
T20\ /1121
mloz21||l0oT22
21T0/\20712

Let the field of scalars be F3 and consider the matrix

Sl NI
=l =] Nl
1ol

Find the row reduced echelon form of this matrix. What is the rank of this
matrix? Remember the rank is the number of pivot columns. Deleting the
bar on the top of the numbers and letting the field of scalars be R, what is
the row reduced echelon form and rank? What if F3 is changed to F5?

Let the field of scalars be F3, and consider the matrix

Ol = Ol

2
2
1

| S|

Find the row reduced echelon form and rank. Omitting the bar on the numbers
and letting the field of scalars be R, find the row reduced echelon form and
rank. Remember the rank is the number of pivot columns. Do the same
problem, changing F3 to F3.

Let the field of scalars be F3. Find the inverse of

| O
Sl =l
=1 ol Dol

if this inverse exists.
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Is there only one LU factorization for a given matrix? Hint: Consider the

equation
01y (10 01
01/ \11 00 )"
1 2 3 4
Find an LU factorization for the matrix 20 3 2
1 45 3
1 21
Find a PLU factorization of | 1 2
211
1 21 21
Find a PLU factorizationof | 2 4 2 4 1
1 213 2
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Vector Spaces

We now write down the definition of an algebraic structure called a vector space.
It includes R™ and C™ as particular cases. There is a little initial effort in working
with a general vector space, but the payoff, due to the wide variety of applications,
is incalculably great.

Let F' be a given field.

Definition 4.0.1 A vector space over F is a set V containing at least one element
which we write as 0. Moreover, there are rules for forming the sum v+w, whenever
v,w are in'V, and the product cv (¢ € F,v € V). We have, for u,v,w in'V and a,b
m F,

1. v+weV and av € V (closure),
2. v+w=w+v,

3. u+ (v+w)=(utv)+w,

4. v+0=0,

5. For each v in V, there is a member —v of V' such that

v+ (—v) =0,

. lv=w,

6

7. (ab)v = a(bw),
8. a(lu+v) =au+ av,

9. (a+b)u = au+ bu.

This set of axioms has been found to be enough to do calculations in V' that
resemble those in R™ or C". We refer to the members of V' as vectors and the
members of I’ as scalars.

It is worth noting right away that 0 and —v are unique.

Lemma 4.0.2 There is only one 0 in 'V and for each v, there is only one —v.

7
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Proof. Suppose 0" also works. Then since both 0 and 0’ act as additive identities,
0'=0+0=0
If w+ v =0, so that w acts like the additive inverse for v, then adding —v to both

sides,
w=w+ v+ (-v)) = (w+v)+—v=—v.

This proves the lemma. O
It is easy to verify that R™ is a vector space over R. For instance,

a(u+v) = (auy + avy, ..., au, + avy)
=au+av.

The arguments give a more general example.

Definition 4.0.3 Let F be a field. Then F™ is the set of ordered n—tuples (x1,...,xy,)
with each x; € F, with the following definitions:

(mlw'-axn)—i_(ylw"vyn) = (xl+y1a"'7xn+yn)a
c(x1,y...,xn) = (cx1,...,cTp) (ce F).

It is easy to check that F™ is a vector space. Note that if F is finite, then F™ is
a finite vector space.

The following result shows how we use the axioms to reach some conclusions
that are used constantly in this book.

Lemma 4.0.4 Let V be a vector space over F. Let v,w be in V and a € F.
(i) If v+w = v, then w=0.
(i) a0 = 0.
(i1i) Ov = 0.
(iv) (—a)v = —(av).
(v) If v #0 and av = 0, then a = 0.

Be careful with the interpretation of the zeros here. For example, in (iii) the 0
on the left-hand side is in F' and the 0 on the right-hand side is in V.

Proof. (We will not cite the uses of 1-9 explicitly.)
(i) Add —v to both sides of
v+ w=v.

Then
—v+ (v+w)=-v+v=0.

Regroup the left-hand side:
(—v+v)+w=0

which reads
0+w=0.

Since 0 + w = w, this completes the proof.
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(ii) Since a0 = a(0+ 0) = a0 + a0, we have a0 = 0, by (i).
(iii) Since Ov = (04 0)v = Ov + Ov, we have Ov = 0.
(iv) As 0= (a+ (—a))v by (iii), we get
0=av+ (—a)v.
So (—a)v is the ‘additive inverse’ of av.

(v) If av = 0 and a # 0, we use (ii) to get 0 = a710 = a "} (av) = (a"la)v = 1v =
v. d

Notation 4.0.5 The symbol O, invented by Paul Halmos, shows the end of a proof.

4.1 Some fundamental examples

Our examples in this section are function spaces and sequence spaces. We also
define and illustrate the key notation of a subspace of a vector space.

Let X,Y be non-empty sets. We recall that a function from X into Y is a rule
that assigns a value f(x) € Y whenever z € X is given. We write

f: X->Y

We call X the domain of f and Y the codomain of f. The element f(z) of Y’
is called the image of x under f.
As an example, the function g on R3 defined by

9(x) = [x|

has domain R? and codomain R. Functions are also called mappings.

Example 4.1.1 Let X be a nonempty set and F' a field. The set V(X, F') of all
functions

f: X—>F
is a vector space over F'.

We have to specify the rules of addition and scalar multiplication. These rules
are exactly what you would expect: by definition,

(f +9)(@) = f(z) +9(z), (cf)(z) = cf ()

for f,gin V(X,F) and c € F.
It is straightforward to check all laws (1-9) from §4. The zero vector is the
constant function f = 0. The additive inverse of f is —f, that is, (—1)f.

Definition 4.1.2 Let V be a vector space over F and let W C V. We say that W is

a subspace of V if W is a vector space (using the addition and scalar multiplication
defined in V).
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Example 4.1.3 The plane W with equation
11 + 22 + a3T3 = 0
is a subspace of R3.

The ‘reason’ for this is that if v and u are in W, then u+v € W, and cu € W
whenever ¢ is a scalar. (You can easily verify this.) Because of this, the closure
law 1 is obeyed in W, The other laws give little trouble (We get 2,3, etc. ‘free of
charge’). It is worth summarizing the idea in a lemma.

Lemma 4.1.4 Let W be a subset of the vector space V over F, 0 € W. Suppose
that for any v,w in W and c € F,

(1) v+weW,
(ii) cve W.
Then W is a subspace of V.

Proof. Law 1. has been assumed. Laws 2,3,4, etc. hold because the members
of Warein V. Also —w = (—1)w is in W whenever w € W. This gives the
remaining law 5. O

We can put Lemma 4.1.4 to work in constructing function spaces. Let

[a,b) ={x:a <z < b}

be an interval in R. The following notations will be used.

(4.1) Cla,b] = {f : [a,b] — R : f is continuous},

(4.2) Sla,b] = {f : [a,b] — R : f has a derivative f™ for n > 1}.

(The letter S symbolizes smoothness of the functions.) In the notation used above,
Sla,b] C Cla,b] C V([a,b],R),

the vector space of real valued functions which are defined on [a,b]. Moreover,
Sla,b] and Cla, b] are subspaces of V([a,b], R), as we now explain.

If f,g are continuous on [a,b], so is f + ¢g and so too is ¢f (¢ € R). In view
of Lemma [4.1.4, this implies that Cla,b] is a subspace of V([a,b],R). Very similar
reasoning shows that S[a, b is a subspace of V ([, b],R). Also S[a, b] is a subspace
of Cla,b].

For many applications it is convenient to work with complex functions. We
define Ccla,b], Scla,bljust as in [4.1, 4.2] with R replaced by C. Just as above,
Ccla,b] and Scla, b] are subspaces of V([a, b], C).

Example 4.1.5 Let n € N. Then F™ is the set of all ordered lists of elements of
F

9

(4.3) X = (2) = (€1, , )

with each z; € F'.
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Writing x (n) for x,, we see that one way to think of these tuples is as functions
z:{l,---,n} — F.

Thus F™ is just V({1,--- ,n}, F), and so F™ is a vector space over F' as described
in Example 4.1.1.

Example 4.1.6 Let > be the set of all infinite sequences.
(4.4) x = (z,) = (z1, 22, 23,...)
with each z; € F.

Writing = (n) for z,, we see that a sequence is a function z : N — F, where
N ={1,2,...} is the set of natural numbers. Thus F*° is just V(N, F') and so F'>®
is a vector space over F' as described in Example 4.1.1.

You may think of sequences as signals measured at times t,2¢,3t,.... Then
(2n) + (yn) is the superposition of two signals and ¢(z,,) is an amplified signal.

Example 4.1.7 . Let F*°(q) be the set of x € F> with period ¢, where ¢ is a
given natural number. Thus x in F°*°(gq) has the property

Tntq =op forn=1,2,...
One of the exercises for this section is to show that F*°(q) is a subspace of F'*°.

Notation 4.1.8 Let X,Y be sets. The expression X N'Y means the set of x that
are members of both X and Y .

Example 4.1.9 Let V and W be subspaces of a vector space U over F'. Then
V NW is a subspace of U.

To see this, we note first that 0 € VN W. Now we apply Lemma [4.1.4. Let v, w
be in VNW. Then v+ w and cv are in V (for given ¢ € F'), because v,w are in V.
Similarly v +w and cw are in W. So v 4+ w and cv are in V N W. This shows that
V' NW is a subspace of U.

As a concrete example, let V, W be distinct planes through 0 in U = R3. Then
V NW is a line through 0.

L7

4.2 Exercises

1. Recall that F'*°(¢) consists of periodic sequences in F*, x,4, = ,. Show
that F°°(q) is a subspace of F'*°.
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10.
11.

12.

13.

14.

15.

16.

VECTOR SPACES

Let V be a vector space over F' a field of scalars. Show that a nonempty
subset W C V is a subspace if and only if, whenever a,b € F and u,v € W, it
follows that au + bv € W.

Let M = {u= (u1,uz,u3,us) € R* :ug =uy =0} . Is M a subspace? Ex-
plain.

Let M = {u = (uy,u2,u3,us) € R* : uzg > w1 } . Is M a subspace? Explain.

Let w € R* and let M = {u = (u,uz,uz,us) €ER*: (w,u) =0}.Is M a
subspace? Explain.

Let M = {u: (w1, uz,uz,ug) € R* : u; > 0 for each i = 1,2,3,4}. Is M a
subspace? Explain.

Let w, w; be given vectors in R* and define
M= {u = (uy,ug, uz,ug) € R : (w,u) =0 and (wy,u) = 0}.
Is M a subspace? Explain.
Let M = {u = (u,ug,u3,uq) € R*: |ug| < 4} . Is M a subspace? Explain.

Let M = {u= (u1,uz,us,us) € R* :sin(uy) =1}. Is M a subspace? Ex-
plain.

Let M = {(z,y) : zy = 0} . Is M a subspace of R??

Let w € R3 be a given vector. Let M = {ueR?’:wxuzﬂ}. Is M a
subspace of R3?

Let u, v be given vectors in R and let M = {x ER3: (uxv,x)= O} . Show
that M is a subspace of R and describe M geometrically.

Let M denote all vectors of the form (z + y,x — y) where z,y € R. Show that
M is a subspace of R2. Next show that M actually equals R2.

Let M C R3 consist of all vectors of the form
(z+y—z,x4+y+222x+2y+ 2)

where z,y, z € R. Show that M is a subspace of R3. Is M equal to R3? Hint:
Is (0,0,1) in M?

Suppose {z1, - ,x%} is a set of vectors from a vector space V' with field of
scalars F. The span of these vectors, denoted as span {z1,--- , 2}, consists
of all expressions of the form c¢ix1 + - -+ + ¢y, where the ¢, € F. Show that
span{x1,--- ,xx} is a subspace of V.

Let V be a vector space over the field of scalars F' and suppose W, U are two
subspaces. Define

W+U={wt+u:uelUweW}.

Is W + U a subspace?
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17.

18.

19.

20.

21.

22.

23.

24.

Show that R is a vector space over Q, where Q is the field of scalars consisting
of the rational numbers.

Show that the set of numbers of the form a + bv/2, where a,b € Q is a vector
space over Q. Show that these numbers form a subspace of R where R is a
vector space over the field of scalars Q. Show that the set of numbers of this
form is also a field.

Consider the set of all polynomials of degree no larger than 4 having real
coefficients. With the usual additions and scalar multiplications, show that
this set is a vector space over R.

Let F be a field and consider F [z], the set of all polynomials having coef-
ficients in F. Thus a typical thing in F' [z] would be an expression of the
form

Anx™ + ap_12" P+ -+ a1z + ag

where each ay € F. Define addition and multiplication by scalars in the usual
way and show that F'[z] is a vector space.

Let V, W be vector spaces over the field F and let T : V — W be a function
which satisfies
T (au + bv) = aTu + bTv

whenever a,b € F and u,v € V. Such a function is called a linear transfor-
mation or linear mapping. Let

U={ueV:Tu=0}.

Show that U is a subspace of V. This subspace is called ker (T') . It is referred
to as the kernel of T" and often as the null space of T. Also define

TV ={Tv:veV}.

Show that TV is a subspace of W. This subspace is called the image of T
and will be denoted as Im (7).

TIn the context of the above problem, show that a linear mapping is one to
one if and only if whenever T (v) = 0 it follows that v = 0.

Let D denote the derivative. Thus this is defined on Sa,b] by Df = %.
Show that this is a linear transformation and find ker (D).

Let V, W be two vector spaces having a field of scalars F. Denote by £ (V, W)
the set of linear transformations which map V' to W. For S, T two of these,
define T'+ S as follows.

(T+5S)(u) =T (u) + S (u)
and for c € F, T € L (V,W) define T by
(cT) (u) =c(Tu).

The idea is that if you tell what a function does, you have told what the
function is. With this definition, show that £ (V, W) is a vector space over
the field of scalars F'.
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4.3 Linear span and independence

Throughout this chapter, if we mention V' without qualification, then V is a vector
space over a given field F.

A key idea in describing the ‘structure’ of V' is the linear span of a set of vectors.
Recall that a linear combination of vectors, v1,...,v,, in V is an expression

@11 + - 4 A Um (each a; € F)

Definition 4.3.1 Let vy,...,v,, be in V. The set
span{vi,...,v;m} = {a1v1 + -+ - + amvm © each a; € F}

1s called the linear span of vi,...,Upy,.

Notation 4.3.2 Recall from Chapter!ll that we write {x1,...,xx} for the set whose
members are Ty....,Tk.

The definition is most easily digested via simple examples.

Example 4.3.3 span{0} = {0}.
For the span consists of all a0 (a € F'). This reduces to just one vector, namely
0.

Example 4.3.4 Let v € R?,v # 0. Then span{v} is the straight line (infinite in
both directions) through 0 and v.

Here we are repeating an observation from Chapter (1, since

span{v} = {tv : t € R}.

Example 4.3.5 Let v € R3,w € R3 v # 0, w ¢ span{v}. Let P be the plane
through the points 0, v, w. Then

(4.5) span{v,w} = P.

Observation 4.3.6 It is obvious that span{v,w} C P. To get the ‘reverse inclu-
sion’ P C span{v,w} required to complete the proof of[4.5, we take any p in P and
‘draw’ the line {p+tv : t € R}. At some point, say uw, this line crosses span{w}.

Now p = —tv + uw.
| &
g

0 UW
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Example 4.3.7 Let v = (1,1,2) and w = (0,2,1) in F2. Both v and w lie in the
‘plane’
P={veF?: z +2r+ax3=0}

which has 25 elements. There is no repetition among the list a;v 4+ asw, a1, as in
F5 (otherwise w would be a scalar multiple of v). So span{v,w} C P, and both
sets in this ‘inclusion’ have 25 elements. We get

span{v,w} = P.
Example 4.3.8 The differential equation
(4.6) ff+f=0
in S[0, 27] has two obvious solutions,
fi(z) =sinz, fo = cos .

Clearly fy ¢ span{f;} (consider the graphs at 0). As we shall see in Chapter [5,
every solution of 4.6/ is of the form

f(z) =aisinx + ag cosx.
So the set of solutions of 4.6/ in S[0, 27] is span{f1, fa}.
The following simple lemma is often useful.
Lemma 4.3.9 Let vy, ...,v, be vectors in V. Then
W =span{vy,...,om}
s a subspace of V.

Proof. We recall that it is only necessary to show that 0 € W (which is obvious)
and

i) v+weWw
(ii) coe W

for any v,win W and c € F. Let v =a1v1+ -+ amvp and w = bywy + - - - + b vy,
with a;,b; in F'. Then

v+w=(ay +b1)v1 + -+ (@m + by )Vm € span{vy, ..., v;m}.

cv = (cap)vy + -+ - + (cam)vm € span{vy,...,vm}.

By definition of W, both (i) and (ii) hold. O
When we have the above situation, namely,

W =span{vy, - ,vm},

we call {v1, -+ ,v} a spanning set for W. Warning: Some of the vectors in
the spanning set may be ‘redundant” as we shall see below. It may be that W =
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span{vy,- -+ ,Um—1}, for instance. We also say that the vectors vy,--- ,v,, span
wW.
We refer to an equation

101+ + TV = b

(where v1,...,0,,,b are given in V and x1,...,2,, are ‘unknown’ scalars) as a
vector equation. Obviously if V = F™ the vector equation is equivalent to a
system of linear equations. For instance, the vector equation

()e=(1)-(3)

is equivalent to the linear system

1+ 32 =5
2x1 +4x9 = 6.

We will describe in Chapter 5/ how to solve any linear system.

Definition 4.3.10 Let vy,...,vy be in V. We say that vy,...,v, is a linearly
independent set if the only solution of the equation

(4.7) TV + -+ T Um = 0,
with x1,..., 2, in F, isx1 =0,...,2, =0.
We sometimes express this as 4.7/ has only the trivial solution’. A set of

vectors that is not linearly independent is said to be linearly dependent.
The following lemma gives a useful equivalent statement.

Lemma 4.3.11 The set of vectors {v1,...,vm} is linearly independent if and only
if vi # 0 and for j > 2, no v; is a linear combination of vi,--- ,v;_1.

Proof. Suppose first that {vy,...,v,} is linearly independent. Then v; # 0
since otherwise
lv; +0vy + -+ - 4+ 0v,y, = 0.

This violates the linear independence of {v1, ..., v, }. If some v; is a linear combi-
nation of vy,--- ,v;_1, say v; = civ1 + -+ - + ¢;_1vj_1, then
0 = C1V1 + .-+ ijl’l)jfl —+ (—1) ’Uj

violating linear independence.
Conversely, suppose v; # 0 and no v; is a linear combination of vy, -+ ,v;_;.
Suppose
0=civr+ -+ Ccmum.

Then if not all the scalars ¢; are zero, let ¢, be the last in the list c1,¢o, -+ ,cm
which is nonzero. Since vy # 0, it follows that & > 2. Then

v = _C]:1 (crv1 4+ 4 Ccr—1Vk-1)

which violates the second condition that no v; is a linear combination of the pre-
ceding vectors. Hence ¢; = cg = --- = ¢, = 0. This proves the lemma.O
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Example 4.3.12 Let vq1,...,v; be in V. The set
0,v1,...,v;
is linearly dependent.
We need only note that the nontrivial solution
1-04+0-v1+---+0-v,=0

implies the set is dependent.
Note that the order in which a sequence of vectors is listed does not affect the
linear independence or linear dependence.

Example 4.3.13 Let v € V,v # 0. The set with one member, v, is a linearly
independent set.
For the only solution of the equation

x1v =20
isxzy =0.
Example 4.3.14 Let v € V,v # 0 and let w € V,w & span{v}. Then {v,w} is a
linearly independent set.

Consider the equation
(4.8) 210 + zow = 0.

If x5 # 0, then w = (—zyx5 ')v. This is impossible, since w ¢ span{v}. If x5 = 0,
then z1v = 0 and z7; = 0. So the only solution of |4.8| is the trivial solution.

To visualize this example, the set {v,w} in R? is linearly independent when
v # 0 and w is outside the line span{v}.

Example 4.3.15 Let v, Vs, v3 be vectors in R3, vy # 0, v3 not in the plane
span{vy,va}. Then vy, va, vs is a linearly independent set, since (ii) does not hold
in Lemma |3.1.10.

How do we test the linear independence of a set in F", e.g. 4 given vectors
in F5? There is an algorithm for this, row reduction, which we have already
practiced in Chapter 3. It can be done by hand in simple cases, or using Maple.
Here is an example.

Example 4.3.16 Consider the vectors

T O N~
T Ww N O
(@20 NI

Determine whether these vectors are independent. If they are not independent, find
a linear relation which exhibits one of them as a linear combination of the others.
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This is easy using Lemma (3.1.10. Make these three vectors the columns of a 4 x 3
matrix and row reduce to row reduced echelon form. You can do this by hand or you
can use Maple or some other computer algebra system. These computer algebra
systems do routine row reductions very well. Lemma 3.1.10/ says that all linear
relations are preserved in the row reduced echelon form and this form is such that
all linear relations are easily seen. After row operations, the row reduced echelon
form is

OO =
o = O
—_ o O

000

and so the vectors given at the outset are linearly independent, because this is the
case with the columns of the row reduced echelon form.

Example 4.3.17 Here are some vectors.

2 1 —12 9
2 3 -8 19
1111 =5 || 7
1 1 -5 7

Determine whether they are independent and if they are not, find a linear relation
which gives one of the vectors as a linear combination of the others.

Make the vectors the columns of a matrix and row reduce to row reduced echelon
form. Then use Lemma [3.1.10. Using Maple, the row reduced echelon form of this
matrix is

10 -7 2
01 2 5
00 0 0|’
00 0 O

and so the third column is —7 times the first plus 2 times the second. This is
apparent from the above row reduced echelon form. Thus by Lemma [3.1.10, the
same is true of the columns of the original matrix.

2 1 —12
2 3 -8
-7 1 +2 1 _5
1 1 )

You should note that there is also a linear relation for the fourth column as a linear
combination of the first two.

Example 4.3.18 Maple gives the row reduced form of

1 2 3 2
3 -1 11
5 2 6 2
1 0 4 2
2 1 40
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as

S o oo
oo o~ O
oo = OO
o= O OO

So (1,3,5,1,2),(2,-1,2,0,1),(3,1,6,4,4), (2,1,2,2,0) is a linearly independent set.

Proposition 4.3.19 A set of n vectors in F™, with n > m, is linearly dependent.

Proof. Let the vectors be columns of an m X n matrix. Then as pointed out
earlier, the number of nonzero rows in its row reduced echelon form equals the
number of pivot columns. However, there are at most m nonzero rows, and so, not
all these columns can be pivot columns. In reading from left to right, pick the first
one which is not a pivot column. By the description of the row reduced echelon form,
this column is a linear combination of the preceding columns. By Lemma 4.3.11),
the set of columns is not linearly independent. This proves the proposition.O

Example 4.3.20 Consider

111 8
1 2115
112 6

By Proposition 4.3.19, the columns cannot be linearly independent. By Lemma
4.3.11), some column is a linear combination of the preceding columns. Find such a
column and exhibit it as a linear combination of the preceding columns.

The row reduced echelon form is

O O =
o = O
= o O

N W

Therefore,

—3 (first column) + (—7) (second column)

+2 ( third column) + (fourth column) = 0.

This is obvious in the row reduced echelon form. By Lemma 3.1.10 this is also true
of the columns in the original matrix. Thus

1 1 1 8 0
Bl 1|+ 2 | +2( 1)+ 15 |=1]0
1 1 2 6 0

You might not have seen this non trivial linear relationship right away, but the
row reduced echelon form makes it immediately clear.
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4.4 Exercises

1. Here are three vectors. Determine whether they are linearly independent or
linearly dependent.

1 2 3
2 1,{o],[o
0 1 0

2. Here are three vectors. Determine whether they are linearly independent or
linearly dependent.

4 2 3
2 1.0 21,0
0 1 1

3. Here are three vectors. Determine whether they are linearly independent or
linearly dependent.

1 4 3
21, 11
3 1 0

4. Here are four vectors. Determine whether they span R*. Are these vectors
linearly independent?

1 4 3 2
2 |, (3 ].[1].[14
3 3 0 6

5. Here are four vectors. Determine whether they span R3. (That is, find
whether the span of the vectors is R3.) Are these vectors linearly independent?

1 4 3 2

21,13 1),121],| 4

3 3 0 6
6. Here are three vectors in R? and a fourth vector.

1 0 7 2

1 1 5 , 1

2 1 12 0

Determine whether the fourth vector is in the linear span of the first three.

7. Here are three vectors in R? and a fourth vector.

1 0 7 2
1 1 5 1,1
2 1 11 2

Determine whether the fourth vector is in the linear span of the first three.
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8. Here are three vectors in R? and a fourth vector.

1 1 1
0 1 -1
2 1 3

5
| 6
4

Determine whether the fourth vector is in the span of the first three.

The following are 3 x 4 matrices and so you know by Proposition 4.3.19 that
the columns are not independent. Find a subset of these columns which is
independent, which is as large as possible, and write one of the columns as a
linear combination of the others.

(a)

32 44

11 11

11 -1 2
(b)

3624

2 423

1212
()

362 11

2 42 8

121 4

10. The following are 3 x 5 matrices and so you know by Proposition 4.3.19| that
the columns are not independent. Find a subset of these columns which is
independent, which is also as large as possible. Write one of the columns as a

linear combination of the others.

(a)

3 2 —4 3 -4
2 -3 -7 —-11 -7
1 1 -1 2 -1
(b)
3 2 -4 3 4
2 -3 -7 —-11 3
11 -1 2 2
(c)
3 2 —4 4 -7
2 -3 -7 3 —13
1 1 -1 2 -1
11. Let B be an m x n matrix. Show that
ker (B) = {x ¢ R" : Bx =0}

is a subspace of R™. Now suppose that A is an m x m invertible matrix. Show
that ker (AB) = ker (B).
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12.

13.

14.

15.

16.

17.

18.

VECTOR SPACES

Consider the functions {1, x, 22, 23, a?4} in the vector space of functions defined
on (0,1). Show that these vectors are linearly independent. Hint: You need
to consider a + bx? + ca® + dz* = 0 and show that all the constants equal 0.
A fun way to do this is to take derivatives of both sides several times.

Consider the functions{1 + 22,1+ z + 2%,1 + 222} in the vector space of func-
tions defined on (0,1). Show that these vectors are linearly independent.

Suppose {x1, -+ ,X;} are some vectors in R™ such that
(Xk,%X;) = Ok;

where is the Kronecker delta

5o [ 1ifk=]
K= 0ifk#j

Show that this must be an independent set of vectors. Hint: Suppose
X1+ -+ emXm =0

and take the inner product of both sides with x;. Explain why the properties
of the inner product imply ¢; = 0. Then note that k& was arbitrary.

Let the vector space Q (\/?:) consist of all numbers of the form a + byv/3 where
a,b are rational numbers, and let the field of scalars be Q with the usual
rules of addition and multiplication. Show that this is a vector space, that
span {17 \/§} =Q (\/?:) , and that the vectors 1, /3 are linearly independent.

Let a # b with neither a nor b equal to 0. Consider the two vectors in R?,

(&)()

Show that these vectors are linearly independent. Generalize this to the case
of three distinct points, each non-zero.

(3)-()

are two vectors in R2. Show that this set of vectors is linearly independent if
and only if b — ay # 0.

Suppose that

For a vector in F'*°
X = (561,1‘2,"'),

denote by P,x the vector in F'™ given by

Pox = (w1, ,20).
Suppose that x, - , X, are each vectors in F>° and {P,x1, -, P,X,} is an
independent set in F™. Show that then x;,--- ,x, are linearly independent

in F'*°.
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19.

20.

21.

22.

23.

24.

Let V consist of all continuous functions which are periodic of period 2.
Show that this is a vector space. Next consider the functions

{sinx, sin 2z, sin 3z, - - - }.

Show that this is a linearly independent set of vectors in V' in the sense that
any finite subset of these is linearly independent. Hint: You might want to
make use of the identity

/ sin (mz) sin (nz) dx =0

if n, m are distinct positive integers.

Show that a set of vectors is linearly independent if and only if none of the
vectors in the set is a linear combination of the others.

Supposef (x) and g (x) are two differentiable functions defined on an interval
(a,b). Thus they are vectors in the vector space of functions defined on (a, b).
Show that they are linearly independent if (f/g)’ (x) # 0 for some = € (a, b).

Here are three vectors in F3

Sl N
Sl =l Nl
=l Sl =

Are these three vectors linearly independent? Recall that F3 refers to the field
of residue classes. What if you considered the three vectors in R?,

1 2 1
1) [0
0 0 1

Are these vectors linearly independent?

Here is a matrix whose entries are in F3. Find its row reduced echelon form.

| Ol |
=]
Sl =l

In Example 4.3.7 explain why the ‘plane’ P has exactly 25 elements.

4.5 Basis and dimension

A non zero vector space V over F' is said to be finite-dimensional if

(4.9)

V = span{vy,...,v,}
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for some vectors vy, ...,v, in V. The dimension! of V is the smallest number n
occurring in 4.9/ for any choice of n. With such a choice, vy, ...,v, is a linearly
independent set. Clearly v; # 0 since otherwise

V = span{vs,...,v,}.
Moreover, v; & span{vi,...,v;—1}. Otherwise, in an expression
v=a1v1 + -+ a;v; + -+ any,
we could replace v; with byvy +--- + b;_1v;_1, leading to, say,
v=c1v1 + -+ Cj—1Vj—1 + Qj11Vj41 + -+ ApUn
and to V' = span{vi,...,v—1,Vj41,...,Un}.
Definition 4.5.1 Suppose that
V = span{vy,...,v,}

and that vy, ...,v, is a linearly independent set. We say that vy, ..., v, is a basis

of V.

We shall see shortly that any two bases? of V have the same number of elements,
so that dimension, which is written as dim V, is just the number of elements in any
basis of V.

Example 4.5.2 Clearly in R? a line L = span{v;},v; # 0 has dimension 1 (v;
is a basis of L). A plane P = span{vy, vy} has dimension 2 (here v; # 0,vy ¢
spanvy). It is obvious that no basis would have 1 element, and therefore vi, v, is
a basis of P.

Example 4.5.3 A basis for F™ is the set
e; =(1,0,...,0),...,e, =(0,...,0,1).

Certainly
F" = span{ey,...,e,}
since any (x1,...,Z,) in F™ can be written
X=x1€1 + -+ xT,€,.
The linear independence of ey, ..., e, is obvious. We call this particular basis the
standard basis of F'™.
If vectors vy,..., v, are given and V = span{vi,...,v,}, the discard pro-
cess means that we discard v; if v; = 0 and for j > 1, we discard v; if v; €
span{vi,...,v;—1}. Beginning with a spanning set of vectors, this process can be

applied till a basis is obtained. This is because every time a vector is discarded,
those vectors which remain still span V.

LIf V consists of only the zero vector, it isn’t very interesting, but it is convenient in this case
to say that the dimension is 0.

2Bases is the plural of basis. It is much easier to say than basiss which involves a lot of hissing.
There are other words which end in an s or an s sound for which the plural is not obtained by
simply adding another s. Hippopotamus is one which comes to mind. So is mouse.
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Lemma 4.5.4 Ifvy,...,v, is a basis of V and wy, . .., wy, is a linearly independent
set in 'V, then m < n.

Proof. Since w,, € span{vy,...,v,}, the set wy,,v1,...,v, is linearly depen-
dent, and its linear span is V. Applying the discard process to the above list
results in wy,, vi,, ..., ;,, with £ <n —1 a basis of V. Repeat the procedure with
Wm—1,Wm, Vi, , - - -, Vi, . The discard process gives a basis Wym—1, W, Vi, - .., v, of
V,s < n—2. After further steps we reach a basis wo, . .., Wp_1, W, Vg, Vp, - . . Since
wy is not a combination of wy,..., Wm—1, at least one v; is still left. We have
discarded at least m — 1 of the v;. Som —1<n —1.

This is such an important result that we give another proof of it. Suppose to
the contrary that m > n. Then by assumption, there exist scalars cj; such that
w; = Z?zl ¢jivj, 1 = 1,--- ,m. Thus the matrix whose jith entry is ¢j; has more
columns than rows. It follows from Corollary [3.2.13 that there exists a non-zero
vector x € F™ such that Z:’;l cjiz; = 0 for each j. Hence

m m n n m n
inwi = Z.’El ZCjﬂ]j = Z (Z cjixi> v = ZOU]‘ =0
i=1 i=1  j=1 j=1 \i=1 j=1
which contradicts the linear independence of the vectors wq,...,w,,. Therefore,
m < n as claimed. O
Note that it was only necessary to assume that vi,--- ,v, is a spanning set.

Thus in words, the above says roughly that spanning sets have at least as many
vectors as linearly independent sets.

Corollary 4.5.5 Any two bases of a finite-dimensional vector space V' contain the
same number of elements.

Proof. Let vq,...,v, and wy,...,w, be two bases of V. By Lemma 4.5.4,
m < n. Reversing roles of the v; and the wy, we obtain n < m. Hence n =m. O

Definition 4.5.6 The dimension of a finite-dimensional vector space V , written
dim V', is the number of vectors in any basis of V. By convention, the space {0}
has dimension Q.

Of course dim F™ = n (we already know a basis with n elements). See Example
4.5.3. The following is a useful lemma when dealing with bases.

Lemma 4.5.7 If {v1,--- ,v;} is a linearly independent set of vectors and if w is
not in span{vy, -+ ,Vm}, then {v1, - ,vm, w} is also a linearly independent set of
vectors.

Proof. Suppose
c1v1 + -+ eV, + dw = 0.

If d = 0, then each ¢; = 0 because of linear independence of vy,--- ,v,. But
if d # 0, a contradiction is obtained immediately because then it is clear that
w € span{vy, -+ , Uy} Hence ¢y =+ =¢, =d=0.0
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Corollary 4.5.8 Let W be a nonzero subspace of an n dimensional vector space
V. Then W has a basis. Furthermore, every linearly independent set of vectors in
W can be extended to a basis of W.

Proof. Let W be a nonzero subspace of an n dimensional vector space V. Pick
wy € W such that wy # 0. Then {w,} is linearly independent. Suppose you have
obtained {wy,- - ,wy} where k > 1, and the set of vectors is independent. Then if

span{wy, -+ ,wg} =W,

stop. This is the basis. If span {wy, -+ ,wi} # W, there exists wi+1 in W, w1 ¢
span{wy, -+ ,wi}. By Lemma 4.5.7 {wy, -, wg, wgt1} is linearly independent.
Continue this way till for some m > 1, span {ws, -+ ,w,,} = W. The process must
terminate in finitely many steps because, if it did not do so, you could obtain
an independent set of vectors having more than n vectors, which cannot occur by
Theorem 4.5.5. The last assertion of the corollary follows from the above procedure.
Simply start with the given linearly independent set of vectors and repeat the
argument. This proves the corollary. O

We often wish to find a basis for a subspace. A typical case is ker (A) where A
is an m x n matrix. See Problem 4/ on Page [104.

Definition 4.5.9 For A an m X n matriz, ker (A) consists of all the vectors x such
that Ax = 0. To find ker (A), solve the resulting system of equations.

Example 4.5.10 Here is a matrix.

16 6 14
24 9 21
8§ 3 7
26 8 18

N = W N
= =W N

Find a basis for ker (4).

You want to find all the vectors x such that Ax = 0. The augmented matrix for
the system of equations to be solved is then

2 216 6 14 0
33249 210
11 8 3 7 0
2 4 26 8 18 0
The row reduced echelon form is
103 250
015120
000O0OO0OTO
000O0OO0OTO O

and so you see there are three free variables. The solution to the equation Ax =0
is then
Tr1 = 731’3 - 21’4 - 51‘5, To = 75!173 — T4 — 21‘5
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You can write the above equations as

T —3x3 — 2x4 — b5
To —dx3 — x4 — 275
I3 = I3
T4 T4
5 5

Written as a span, the right side is of the form

-3 -2 -5
-5 -1 -2
T3 1 + x4 0 + x5 0 , X3, T4, 5 € R
0 1 0
0 0 1
-3 -2 -5
-5 -1 —2
= span 1 , 0 , 0
0 1 0
0 0 1

Note that the above three vectors are linearly independent and so these vectors are
a basis for ker (A4).

Corollary 4.5.11 Let dimV = n. Any linearly independent set vy,...,v, in 'V is
a basis of V.

Proof. Suppose not. Then there exists v € V,v & span{vy,...,v,}. Now by
Lemma 4.5.7) we have a linearly independent set vy, ...,v,,v with n + 1 elements,
which contradicts Lemma [4.5.4. O

The following is a useful algorithm for extending a linearly independent set to
form a basis.

Algorithm 4.5.12 An algorithm for finding a basis starting with a linearly inde-
pendent set in the case that V. =R" is to form the matrix

(u1 e um e PN en)

which has the indicated vectors as columns. Then R™ equals the span of these
columns. Obtain the row reduced echelon form of this matriz. The first m columns
become ey, - - , e, respectively, thanks to Lemma |3.1.10, because they are linearly
independent. Thus mone of uy, - , Uy, can be a linear combination of the others,
and so they will all be pivot columns. Then the pivot columns of the above matrix,
which include the uy, yield a basis for R™.

Example 4.5.13 Here is a linearly independent set of vectors in R%.

1 2
2 2
1171 1
0 0

Extend this set to a basis for R™.
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As indicated above, you can do this by finding the row reduced echelon form for

0

O~ N~
O~ NN
[l e BN e I
oo RO
o~ OO

0
0
1

Doing the necessary row operations or letting a computer algebra system do it for
us, this row reduced echelon form is

10 -10 2 0
01 1 0 -10
00 0 1 =20
00 0 0 0 1

which is sufficient to identify the pivot columns. Therefore, a basis for R? is

S = N =
O = NN
O;HO
H;OO

A basis of V can be used as a frame of reference, in the following sense. Let
B ={v1,...,v,} be a basis of V. Then every v € V can be written in one and only
one way as

(4.10) v =aiv1 + -+ apUn (aj € F).
We already know that such aq,...,a, exist in F. If
v ="b1vy + -+ by,

then
(a1 —b1)vy + -+ + (an — by)vy, = 0.

By linear independence, a; = by, ..., a, = b,. There is no ‘alternative’ to the field
elements a; used in 4.10. So we may write

[v]s =

and call [v]g the coordinate vector of v in the basis (.

Example 4.5.14 Let P be a plane in R3, P = span{u,w}. If v € P, then
v = x1u + xow, say, and v has coordinate vector

va= (1)

in the basis § = {u, w}.



4.6. LINEAR DIFFERENCE EQUATIONS 99

We shall see later that for a particular application of linear algebra there is a
basis that best fits the application.

The earliest example is perhaps Euler’s choice of a frame of reference in a rotating
body to be a set of axes fized in the body; see Johns (2005).

Definition 4.5.15 A vector space that is not finite-dimensional is said to be infinite-
dimensional. In view of Lemma |4.5.4, V is infinite-dimensional if we can con-
struct a linearly independent set wy, ..., wy, n V with arbitrarily large m.

As an example of an infinite-dimensional vector space, consider the following.

Example 4.5.16 S]a,b] is infinite-dimensional whenever a < b.

For the vectors fo(z) = 1, f1(z) = «, ..., fm(x) = 2™ form a linearly indepen-
dent set. Whenever
aofotarfi+ -+ amfm =0,

the polynomial ag+ajx+-- -+ ampx™ is 0 for every x in (a,b). This contradicts the
fundamental theorem of algebra if any of the coefficients ag, aq, ..., a,, is nonzero.
4.6 Linear difference equations

In this section we consider a subspace of the sequence space F*°. Let aq,...,a,;, be
given elements of F,a,, # 0. Let V be the set of all sequences (z,) which satisfy
the linear difference equation (for every k > 1)

(4.11) Ttk + 01 Tm—14k + -+ + Gm—1Tk+1 + amxr = 0.
Example 4.6.1 z; =25 =1 and for m > 1,
Tm4+2 = Tm+1 + Tm-
A sequence of this kind with any choice of 1 and x5 is called a Fibonacci sequence.

Lemma 4.6.2 V is an m-dimensional subspace of F°.

Proof. It is clear that if (x,) and (y,) are in V, then so too are (z,, + y,) and
(cxy,), whenever ¢ € F.
We now exhibit a basis. Let

Vj = (07"‘707]-707~‘~707'Uj,m+17’0j,m+2»~~)

where the 1 is in j'* place and the entries from v, 41 onwards are constructed
successively according to the rule4.11. Clearly vy, ..., v,, is a linearly independent
set in V. See Problem (18 on Page 92 Now let

z = (21, 22,...)
be any element of V', and

Z =z2—21Vi— - — 2 Vi € V.
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Since z;, = 0 for n = 1,...,m, we find from 4.11/ that 2;,,, = 0, then 2, ., = 0,
and so on. So z' =0 and z = z;v] + -+ + 2, Vs, This proves that vq,...,v,, is a
basis of V.

A basis that lets us write the members of V' in a neater way can be given at
once if the polynomial

Plz)=2"+a12™ '+ Fa? + Fam12+am

has distinct zeros 21, ..., 2, in F. In this case, we can show that the vectors
(4.12) wi=(1,2,25,2,...) (j=1,...,m)

form a basis of V. The vector w; is in V' because z; satisfies P (z) = 0. Thus

-1 2
z;”—&—alz;” +oootagzi + ot am-12j + am =0,

so zj" is the correct term to place in the mt" slot. Also

1 2
Z;n+ +a12§n+-~~+a225’ + tam—127 + amz;

= z; (z;”—i—alz;”*l+---+agzj2-+~-~+am,1zj+am):0,

so 2! is the correct entry for the m + 1 position. Continuing this way, we see

that w; € V' as claimed.

In order to show that wy,...,w,, are a basis, it suffices to verify that they are
linearly independent and then apply Corollary [4.5.11. The columns of the m x m
matrix

Zl ... Zm
2 2
Zl ... Zm
m—1 m—1
Zl ... Zm

form a linearly independent set. (We shall deduce this from the theory of determi-
nants in Chapter [7. See also Problem [26| below on Page [107.) For m = 2 or 3 it is
also easy to verify directly by finding the row reduced echelon form of the matrix.
Clearly then, wy, ..., w,, is a linearly independent set in V. (Problem 18 on Page
92]).

It follows that if u € V, then u must be a linear combination of the w;. Thus

(413) Uk :Clzf_l +C2Z§_1 +"'+szfn71
Example 4.6.3 Let F =R,
21 =1, = 1,042 = xp+1 + 2z (K > 1).

Then for k > 1,

1 1+\/5'c 1 17\/5'c
G e () A (54
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The formula for x; does not obviously generate integers!
Here is why the above formula results. In the above notation, the polynomial
P(2) is 22 — z — 1 with zeros

_1+Vh

1-V5
S R}

z1 B

2
Thus, with wy, wo as in4.12)
X = C1W1 + CoWgo

for certain reals c;,co. The given values ;1 = 1,22 = 1 impose on c1,co the
requirement to be solutions of

1=c +co,
1+5 1-5
l=qc 5 + c2 5 .

It follows from solving this system of equations that

1 1 1 (1+5
cT = 2+10\/5—\/5< B )a

1 1 1 {1-+5
o = 2‘10\/5:‘\/5<2)-

It follows that the solution is

o1 (1eE (1B 1 (1B (1-vB\
= s\ 2 2 BVASE 2

_ 165\ 1 (1-vE)

V5 2 NG 2

We began with a linear difference equation

Ttk + Q1 Tm—14k T+ Gp—1Tk41 + amZk =0
and if the polynomial
(4.15) P(x) =2+ az™ 4 4 am 12+ an,

corresponding to this has m distinct roots, we were able to obtain solutions to the
difference equation as described above.

It suffices to consider, instead of [4.13) the following expression as a formula for
uy, provided none of the z; = 0.

up = C’lszrC'gzg +~~O+szfn
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This is because

k—1 k—1 k-1 _ Gy Cm
up, = Cizy  +Cozg  + -+ Cpzy, =—z1—|—---+72m

21 m

= Clsf + + Choy

and finding the C; is equivalent to finding the CJ. If you apply this to the above ex-
ample, you may find the desired formula appears more easily and with less algebraic
manipulations.

This illustrates the following procedure for solving linear difference equations in
the case where the roots to P (x) are distinct.

Procedure 4.6.3 Suppose x € F'*° satisfies the linear difference equation

Tk + QT 14k + + Qp_1Tp41 + apxp = 0,

and also suppose that there exist m distinct solutions z1, - - - , 2, to the polynomial
equation
g™+ a ™ 4 F a1z + ay, = 0.

Then there exist constants ¢y, - -+ , ¢, such that
Tp = clszl + -+ cmzf;‘l_l
If a,, # 0, then there exist constants ¢, -+ , ¢, such that

k k
T =C12] + -+ Cmz,

These constants ¢; only need to be chosen in such a way that the given values for
xy for k=1,2,--- ,m are achieved. This may be accomplished by solving a system
of equations.

4.7 Exercises

1. Consider the following sets of vectors in R3. Explain why none of them is
linearly independent before doing any computations. Next exhibit some vector
as a linear combination of the others and give a basis for the span of these
vectors.

(a)

1 —1 1 5 3
1,0 1 |.[o].[-3].] -1
2 —2 1 8 4

1, (o). | -1 |, =3].[-3
2 1 3 8 6
(c)
1 1 2 5 8
1 1 2 1. 3], 8
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2. Consider the following sets of vectors in R*. Explain why none of them is
linearly independent before doing any computations. Next exhibit some vector
as a linear combination of the others and give a basis for the span of these

vectors.
(a)
1 1 2 1 1
1 0 3 3 1
21’1 2 |’ 4 ’ 2 12
0 1 -1 -2 1
(b)
1 3 14 —12 1
0 1 4 ) 0
11’1 2 ]’ 10 |’ -7 12
1 0 2 3 1
(c)
1 3 1 1 19
1 3 1 2 20
T 1’t2 1’31’ 2}’ 13
1 0 7 1 -2
(d)
1 3 1 6 21
2 6 2 12 42
11’121’ 3 |’ 5 1 15
1 0 7 3 3

3. The following are independent sets of » < k vectors in R for some k. Extend
each collection of vectors to obtain a basis for R¥.

(a)
1 0
2 1
1| fo
0 1
(b)
1
2 1
1 1
(©)
0 1 0
0 0 1
1 f1]]o
2 0 1
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4. For A an m X n matrix, recall that

ker (A) = {x € R" : Ax = 0}.

Show that ker (A) is always a subspace. Now for each of the following matrices,
find a basis for ker (A) and give a description of ker (A) . Then find a basis for
the image of A, defined as {Ax : x € R"}, which is the same as the span of
the columns. (Why?)

(a)

12 1 00
23 1 13
2 1 -3 12
11 -201

(b)
222 4 22
3333 27
1113 13
2 2 44 2

()
2 22 16 14
333 24 21
1118 7
2 2 4 20 18

Let V denote all polynomials having real coefficients which have degree no
more than 2. Show that this is a vector space over R. Next show that
{1,2,2%} is a basis for V. Now determine whether {1,z + 22,1+ 2%} is a
basis for this vector space.

Let V be all polynomials having real coefficients, which have degree no more
than 3. Show that {1, x, 22, x3} is a basis. Now determine whether

{1 +22 443 1+ +22+623, .+ 22 +323, 1+ 4333} is a basis. Hint: Take
a linear combination, set equal to 0, differentiate, and then let x = 0.

Let V consist of all polynomials of degree no larger than n which have coef-
ficients in R. Show that this is a vector space over R and find its dimension
by giving a basis.

In the situation of Problem [7 suppose there are n distinct points in R
{a1,az, -+ ,a,} and for p,q € V define

(p,q) =p(a1)q(ar) +---+plan) q(an).

Show that this is an inner product on V in the sense that the above product
satisfies the axioms 1.1/ - 1.4/ on Page 3.
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9.

10.

11.

12.

13.

14.

15.

16.

17.

Let U, W be subspaces of a vector space V. Then U + W is defined to be
all sums of the form uw + w where v € U and w € W. Show that U + W
is a subspace and also that the dimension of this subspace is no larger than
the sum of the dimensions of U and W. We recall that the dimension of a
subspace U is denoted as dim (U). Thus you wish to show that

dim (U + W) < dim (U) 4 dim (W) .

Hint: At one point you might want to use the theorem that every linearly
independent set can be extended to a basis.

We recall that whenever U, W are subspaces, then so is UNW. In the context
of Problem 9, show that

dim (U + W) = dim (U) + dim (W)
if and only if UNW = {0}.

Consider the set of n X n matrices having complex entries. Show that this is
a vector space over C. Find its dimension by describing a basis.

Let A be any n X n matrix with entries in any field F'. Show that there exists
a polynomial
2 2
pA) =" +aX” T4 edtd
such that , ,
p(A)=A" +aA" 4. 4 cA+dI =0

where the 0 is the zero matrix. (In fact, there exists a polynomial of degree
n such that this happens but this is another topic which will be presented
later.) Hint: Have a look at Problem [11.

(3)-(3)

show that they are a basis for R? if and only if one is not a multiple of the
other. Is this still true in F? where F is an arbitrary field?

Given two vectors in R?,

Show that in any vector space, a set of two vectors is independent if and only
if neither vector is a multiple of the other.

Give an example of three vectors in R3 which is dependent, but none of the
vectors is a multiple of any of the others.

(3)(3)

show that they are a basis for R? if and only if ay — bz # 0. Is this still true
in F? where F is an arbitrary field?

Given two vectors in R?,

The set of complex numbers C is a vector space over R, the real numbers.
What is the dimension of this vector space?
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18.

19.

20.

21.

22.

23.
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Consider the set of all complex numbers of the form a+ib where a,b € Q, the
field of rational numbers. Show that this set of complex numbers is a vector
space over the rational numbers and find a basis for this vector space.

Let F be a field and let p (A) be a monic irreducible polynomial. This means
that p (\) is of the form A" +a,,_ 1 A\" "'+ - -+a1 A+ap, and the only polynomials
having coefficients in F' which divide p (A\) are constants and constant multiples
of p(\). For example you could have 27 — 11 with field of scalars equal to the
rational numbers. Suppose now that a € G, a possibly larger field and that
p (a) = 0. For example you could have, in the given example, a = v/11. Show
that the numbers F; = {g(a) : g is a polynomial having coefficients in F'} is
a vector space over F' of dimension n. Next show that Fj is also a field. You
can consider the next two problems for the existence of the larger field G.

Suppose p(A) and ¢ (\) are two polynomials having coefficients in a field F.
The greatest common divisor of p (A) , ¢ () sometimes denoted as (p (\) , ¢ (A))
is defined to be the monic polynomial g (\) such that g (A) divides both p ()
and ¢ (A\) and if [ ()\) is any other polynomial, which divides both p (\) and
g (M), then I (X\) divides g (\) . Show that there exist polynomials m (A),n (A)
such that (p,q) A) =n(A\)p(A\) +m(N)qg(A).

Suppose p (A) is a monic polynomial of degree n for n > 1 having coefficients
in F' a field of scalars. Suppose also that p () is irreducible. Consider the
question whether there exists a larger field G such that a root of p(A) is
found in G. Show that such a field must exist and can be identified with the
polynomials ¢ (A) of degree less than n having coefficients in F'. Next show
that there exists a field G, possibly larger than F, such that p(\) can be
written in the form []"_, (A — a;), the a; € G, possibly not all distinct. Next
show that if ¢ (\) is any polynomial, having coefficients in G, which divides
p(A), then ¢ (A) must be the product of linear factors as well. Hint: Define
multiplication as follows.

a1 (M) g2 (N) =7(N)

where g1 (M) g2 (A\) =k (A)p(N\) + r (X) with the degree of r () less than the
degree of p () or else r (\) = 0. This larger field is called a field extension.

A geometric sequence satisfies a,, 11 = ra, where r is the common ratio. Find
a formula for a,, given that a; = 1.

Consider the following diagram which illustrates payments equal to P made
at equally spaced intervals of time.

Q | | | | | | | | | |

The 0 at the far left indicates this is at time equal to 0. The payments are
made at the ends of equally spaced intervals of time as suggested by the
picture. This situation is known as an ordinary annuity. Suppose the bank,
into which these payments are made, pays an interest rate of r per payment
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24.

25.

26.

period. Thus if there is an amount A,, at the end of the n** payment period,
then at the end of the next payment period there will be

A1 =1+r)A, + P

while at the end of the first payment period, there is A1 = P. Find a formula
for A, which gives the amount in the bank at the end of the n'* payment
period. Hint: This is a nonhomogeneous linear difference equation. To solve
this difference equation, write

Apo=04+r)Ap 1+ P
and subtract to obtain the sort of problem discussed above,
Apyo— 24 1r)Ap1+(1+7) A, =0.
along with the initial conditions Ay = P, Ay = P (2+r).

Let A be an m x n matrix and let b be a m x 1 vector. Explain why there
exists a solution x to the system

Ax=Db

if and only if the rank of A equals the rank of (A|b). Recall that the rank of
a matrix is the number of pivot columns.

Let A be an m x n matrix. Col(A) will denote the column space of A which
is defined as the span of the columns. Row(A) will denote the row space of A
and is defined as the span of the rows. Show that a basis for Row(A) consists
of the nonzero rows in the row reduced echelon form of A while a basis of
Col(A) consists of the pivot columns of A. Explain why the dimension of
Row(A) equals the dimension of Col(A4). Also give an example to show that
the pivot columns of the row reduced echelon form of A cannot be used as a
basis for Col(A4).

Suppose you are given ordered pairs (x1,y1), -, (Zn,yn) where the x; are
distinct and the y; are arbitrary. The Lagrange interpolating polynomial is a
polynomial of degree n — 1 defined as

-
Yj

Hz;ﬁ] )
For example, if n = 3, this polynomial is

(x — x2) (& — x3) (x —21) (& — x3) (x —22) (x — 1)
X1 71‘2) (21717173) + (1‘27561)(1727173) + (1‘37562) (Ig*d?l)'

yl(

Show that the polynomial passes through the given points. Now observe that
the existence of a degree n — 1 polynomial

Y=an13"" "+ a1z + ag
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passing through the given points is equivalent to the existence of a solution
to the system of equations

n—1 n—2

4g) ) zy ) 1 Qpn—1 n
n— n—

Ty Ty 1 Gp—1 Y2
n—1 n—2

Ty, T, 1 ao UYn

Explain why this requires that the rank of the n x n matrix above must be n.
Hence it has an inverse. Consequently, its transpose also is invertible.



Linear Mappings

5.1 Definition and examples

Most applications of linear algebra ultimately depend on the idea of a linear map-
ping, which we now define.

Definition 5.1.1 Let V and W be vector spaces over the field F. Let T : V — W
be a mapping having the property that

(5.1) T(a1v1 + agva) = a1T(v1) + a1 (ve)
whenever vi,ve are in'V and ay, a2 are in F. We say that T is a linear mapping.

The property 5.1 is called linearity of 7. In this book we write Tv as an
abbreviation for T(v) (unless v is a compound expression, such as the case v =
a1v1 + agve). Note that T0 = 0 from 5.1

Example 5.1.2 Let T : R? — R? be a rotation through angle §. That is, Tx is
obtained by rotating v by 6 anticlockwise. (The word ‘anticlockwise’ is left implicit
from now on.)

Linearity can always be seen as two properties:

T(vi+ve)=Tvi+Tva, T(av) =aTv.

In the case of a rotation, these equations say that a parallelogram remains a
parallelogram under rotation, and that scaling a vector before or after rotation has
the same outcome. See the following picture for a geometric illustration of this fact.
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Example 5.1.3 Let n > 1. Let P: I — F™ be the projection
P(z1,...,zy) = (21,...,25-1,0).

(You should be able to visualize P easily for F =R, n = 2,3.) There is no difficulty
in verifying (5.1l

Example 5.1.4 Let V = S|a,b] or V = Scla,b]. The differentiation mapping
D:V -V,

Df=f
is linear. The verification uses the simple properties

(f+9) =1 +d, (kf) =kf

of differentiation, where k is a constant.

Example 5.1.5 Let V be as in Example 5.1.4. For a fixed ¢ in [a, ], let

W@ - | C f(0y.

It is not difficult to verify that U f is in V and that U : V' — V is linear.

5.2 The matrix of a linear mapping from F" to ™

In a finite-dimensional space, it is convenient to show the action of linear mappings
using matrices. Consider a linear mapping T : I — F™ and let

(5.2) A= (Tey --- Te,).

This m x n matrix is called the matrix of T.

Example 5.2.1 In Example 5.1.2, a simple sketch shows that

cos 6 —sinf
Tel_(sinﬂ)’Te2_( cos 0 )
So the matrix of T is

(5.3) A(9) = ( cosf —sinf )

sinf cos@

Here is a discussion of the details.

Let e; = (1) ) and ey = ( (1) ) . These identify the geometric vectors which

point along the positive z axis and positive y axis as shown.
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(—sin 6, cos 6)

From the above, you only need to find Te; and Tes, the first being the first
column of the desired matrix A and the second being the second column. From the
definition of the cos, sin the coordinates of T'(e1) are as shown in the picture. The
coordinates of T'(e3) also follow from simple trigonometry. Thus

cos —sinf
Tel:(sin@)’Te2:< cosf )

cos) —sind
A(sin@ cos >

For those who prefer a more algebraic approach, the definition of

Therefore,

(cos @, sin 6)

is as the z and y coordinates of a point on the unit circle resulting from rotating
the point at (1,0) through an angle of §. Now the point of the vector from (0,0) to
(0,1) eq is exactly 7/2 further along along the unit circle from e;. Therefore, when
e, is rotated through an angle of 6, the x and y coordinates are given by

(z,y) = (cos (0 4+ w/2) ,sin (0 + 7/2)) = (—sinb, cosb).

Example 5.2.2 The matrix of the projection in Example 5.1.3is

1 00

A— 0 0
1

0 00

Let A be an m x n matrix over F, A = [a;;]. Let
I
X = e F".

Tn
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We recall that

apr1+ - +apT,
Ax = : :
amlxl"_ e +amnxn
or equivalently
(5.4) Ax =z1a; + - +zha,.

Lemma 5.2.3 Let T : F™ — F™ and suppose the matriz of T is A. Then TX is
(the column vector) Ax.

Proof.
n
Tx = T(leel>
i=1

= inT(ei) by linearity

i=1
T

= (Te1 - Tey )
Tn

= Ax

the third step coming from 5.4.

Thus to find T'x, is suffices to multiply x on the left by A.

Note that we can start with a given m X n matrix A and define T : F* — F™
by Tx = Ax. The matrix of T" is A, since T'e; = Ae; = column j of A.

Throughout the book, in any expression Ax (or By, for that matter) the capital
letter denotes an m x n matrix; and the bold lower case letter, a column vector of
length n.

Example 5.2.4 Let T be the rotation in Example 5.1.2. Then
T — [ 08 0 —sinf z1\ _ [ (cos)zi — (sinh)zs
=\ sin@ cos6 2o )\ (sinf)zy + (cosf) xq ’

Example 5.2.5 Let P be the projection in Example [5.1.3. Then

1 --- 00 7
Px — 0 0

: 1 : Tn-1

0O --- 00 T

(as we know already).

We observe then that T : F™ — F™ is a linear transformation if and only if
there exists an m x n matrix A such that for all x € F™ Tx = Ax.

In other words, linear transformations (mappings) from F™ to F™ may always
be obtained by multiplying on the left by an appropriate m x n matrix.
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5.3 Exercises

1.

10.

11.

12.

13.

14.

15.

Find the matrix for the linear transformation which rotates every vector in
R? through an angle of 7 /3.

. Find the matrix for the linear transformation which rotates every vector in

R? through an angle of 7 /4.

. Find the matrix for the linear transformation which rotates every vector in

R? through an angle of —m/3.

Find the matrix for the linear transformation which rotates every vector in
R? through an angle of 27/3.

. Find the matrix for the linear transformation which rotates every vector in

R? through an angle of 7/12. Hint: Note that 7/12 = 7/3 — /4.

. Find the matrix for the linear transformation which rotates every vector in

R? through an angle of 27/3 and then reflects across the z axis.

Find the matrix for the linear transformation which rotates every vector in
R? through an angle of 7/3 and then reflects across the x axis.

. Find the matrix for the linear transformation which rotates every vector in

R? through an angle of 7/4 and then reflects across the z axis.

Find the matrix for the linear transformation which rotates every vector in
R? through an angle of 7/6 and then reflects across the z axis followed by a
reflection across the y axis.

Find the matrix for the linear transformation which reflects every vector in
R? across the x axis and then rotates every vector through an angle of /4.

Find the matrix for the linear transformation which reflects every vector in
R? across the y axis and then rotates every vector through an angle of /4.

Find the matrix for the linear transformation which reflects every vector in
R? across the z axis and then rotates every vector through an angle of /6.

Find the matrix for the linear transformation which reflects every vector in
R? across the y axis and then rotates every vector through an angle of 7 /6.

Find the matrix for the linear transformation which rotates every vector in
R? through an angle of 57/12. Hint: Note that 57 /12 = 27/3 — /4.

Find the matrix of the linear transformation which rotates every vector in R3
anticlockwise about the z axis when viewed from the positive z axis through
an angle of 30° and then reflects through the zy plane.

z
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16.

17.

18.

19.

20.

21.

22.

LINEAR MAPPINGS

For u,v € R", u # 0, let
prof (v) = (v ) o

Show that the mapping v — proj, (v) is a linear transformation. Find the
matrices proj,, for the following.

(a) u=(1,-2,3)".
(b) u=(1,5,3)".
(c) u=(1,0,3)".

Show that the function Ty, defined by Ty (v) = v — proj,, (v) is also a linear
transformation.

Show that (v — proj,, (v),u) = 0. For a given nonzero vector u in R”, conclude
that every vector in R™ can be written as the sum of two vectors, one which
is perpendicular to u and one which is parallel to u.

Show that if T is a linear transformation mapping a vector space V to a vector
space W that T is one to one if and only if, whenever Tv = 0, it follows that
v =0.

Let T be a linear mapping from V to W where V and W are vector spaces
over a field F. Then

ker (T)={veV :Tv=0}.
Show directly from the definition, that ker (T') is a subspace of V. Also let
Im(T) = {we W :w="Tv for some v eV}
= {Tv:veV}.
Show directly from the definition that Im (7') is a subspace of W.

TShow that in the situation of Problem 20, where V' and W are finite dimen-
sional vector spaces and T # 0, that there exists a basis for Im (T")

{TUl, s ,TUm}

and that in this situation,
{U17 ce avm}

is linearly independent.

11In the situation of Problem 21]in which ker (T") # {0}, show that there exists
{21, ,2n} a basis for ker (T'). Now for an arbitrary Tv € Im (T), explain
why

Tv=a1Tvy+ -+ anTv,

and why this implies that
v—(a1vy + -+ amvm) € ker (T).

Then explain why V' = span{vy, -+ ,0m, 21, ,2n} -
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23. TIn the situation of the above problem, show that

{vla’” yUmy 21, >Zn}

is a basis for V' and therefore, dim (V') = dim (ker (7)) + dim (Im (7")). In case
that T is one to one or the zero transformation, give the correct definition of
dim ({0}) so that this will still be so.

24. TLet A be a linear transformation from V to W and let B be a linear trans-
formation from W to U, where V, W, U are all finite dimensional vector spaces
over a field F'. Using the definition of ker in Problem 20, Explain why

A (ker (BA)) C ker (B), ker (A) C ker (BA).

ker(BA)

25. 1Let {z1, - ,zn} be a basis of ker (4) and let {Ayy,--- , Ay} be a basis of
A (ker (BA)). Let z € ker (BA) . Show the following:

(a) Az € span{Ayi, -, Aym}

(b) There exist scalars a; such that
A(z—(ay1 + -+ amym)) = 0.
(¢) Next explain why it follows that
z—(a1y1 + -+ amym) € span{zi, -+ ,xp}.
(d) Now explain why
ker (BA) C span{wy, - ,ZTn, Y1, " Ym} -
(e) Explain why
(5.5) dim (ker (BA)) < dim (ker (B)) + dim (ker (A4)).

This important inequality is due to Sylvester.

(f) Show that strict inequality must hold if A (ker (BA)) is a proper subset
of ker (B). Hint: On this last part, there must exist a vector w in ker (B)
which is not in the span of {Ay1,- -, Ay } . What does this mean about
independence of the set

{Ay17 e 7Aym7w}?
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26.

27.

28.

29.

30.

31.
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TIn the above problem, an inequality of the form
dim (ker (BA)) < dim (ker (B)) + dim (ker (A))

was established. Strict inequality holds if A (ker (BA)) is a proper subset of
ker (B). Show that if

A (ker (BA)) = ker (B),

then equality holds in Sylvester’s inequality. Thus with the previous problem,
5.5/ holds and equality occurs if and only if A (ker (BA)) = ker (B). Hint: As
above, let {z1,---,z,} be a basis for ker (4). Thus dim (ker (4)) = n. Next
let {Ay1, -+, Aym} be a basis for A (ker (BA)) = ker (B) so dim (ker (B)) =
m. Now repeat the argument of the above problem, letting z € ker (BA).

Generalize the result of the previous problem to any finite product of linear
mappings.

Here are some descriptions of functions mapping R™ to R".

(a) T multiplies the j®* component of x by a nonzero number b.

(b) T replaces the i'" component of x with b times the j*" component added
to the i*" component.

(¢) T switches two components.

Show that these functions are linear and describe their matrices.

In Problem 28| sketch the effects of the linear transformations on the unit
square [0,1] x [0,1] in R2. From Problem 31 on Page 74 give a geometric
description of the action of an arbitrary invertible matrix in terms of products
of these special matrices in Problem 28|

Let u = (a, b) be a unit vector in R2. Find the matrix which reflects all vectors

across this vector.
%

Hint: You might want to notice that (a,b) = (cos,sinf) for some 6. First
rotate through —f. Next reflect through the x axis which is easy. Finally
rotate through 6.

Any matrix @ which satisfies Q'Q = QQ! = I is called an orthogonal
matrix. Show that the linear transformation determined by an orthogonal
n X n matrix always preserves the length of a vector in R". Hint: First either
recall, depending on whether you have done Problem /42! on Page |41}, or show
that for any matrix A,

(Ax,y) = <X,Aty>

Next [jx[|* = (Q'@x,x) -~ .
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32.

33.

34.

35.

36.

37.

TLet u be a unit vector. Show that the linear transformation of the matrix
I — 2uu’ preserves all distances and satisfies

(I — 2uut)t (I — 2uut) =1.

This matrix is called a Householder reflection and it is an important example
of an orthogonal matrix.

ISuppose |x| = |y| for x,y € R™. The problem is to find an orthogonal
transformation @, (see Problem [31) which has the property that @x =y and
Qy = x. Show that

O=1-2 XY

2
Ix -yl

(x—y)

does what is desired.

Let a be a fixed nonzero vector. The function T, defined by Ta,v=a+v
has the effect of translating all vectors by adding a. Show that this is not a
linear transformation. Explain why it is not possible to realize T, in R3 by
multiplying by a 3 x 3 matrix.

TIn spite of Problem 134/ we can represent both translations and rotations by
matrix multiplication at the expense of using higher dimensions. This is done
by the homogeneous coordinates. We will illustrate in R? where most interest
in this is found. For each vector v = (v, va, 'Ug)t, consider the vector in R*
(v1,v2,vs,1)". What happens when you do

1 00 al (%}
010 a9 V2 2
001 as V3
000 1 1

Describe how to consider both rotations and translations all at once by forming
appropriate 4 X 4 matrices.

Find the matrix which rotates all vectors about the positive z axis through
an angle of # where the rotation satisfies a right hand rule with respect to
the given vector. That is, if the thumb of the right hand is pointing in the
direction of k = e3, then the fingers of the right hand move in the direction
of rotation as the hand is closed.

TLet u = (a,b,c) in R3, (a,b) # (0,0) where u is a given unit vector. Find
the matrix which rotates all vectors through an angle of 8 where the rotation
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satisfies a right hand rule with respect to the given vector. That is, if the
thumb of the right hand is pointing in the direction of u, then the fingers of
the right hand move in the direction of rotation as the hand is closed. (This
is a hard problem. It will be presented from a different point of view later.
To see it worked, see the supplementary exercises on the web page.) Hint:
First find a rotation which will move u to es. Then rotate counter clockwise
about es as in the above problem. Finally multiply by the inverse of the
transformation which achieved the first rotation. You might want to make
use of the cross product and its properties. You should get a 3 x 3 matrix
whose columns are

cosf — a® cos + a? —bacos + ba — csin
—bacosf + ba + csinf , —b%cosf + b + cos 6 ,
— (sin®) b — (cosB) ca + ca (sinf) a — (cos @) cb+ cb

(sinf) b — (cosh) ca + ca
— (sinf) a — (cos6) cb + cb
(1 — 02) cos 6 + c?

5.4 Rank and nullity
We noted above that, if T : F™ — F™ then
span{Tey,...,Te,} =ImT.

So if T has matrix A = [a; ...a,],

span{ay,...,a,} =Im7T.
It is customary to refer to span{aj,...,a,} as the column space of A, written
Col (A), so that
Col(A) =ImT.

Definition 5.4.1 The rank R(T)of a linear mapping T : F™ — F™ is the dimen-
sion of ImT. The rank R(A)of a matriz A is the dimension of Col (A).

Of course this implies that 7" and the matrix of 7" have the same rank.

Proposition 5.4.2 Let A be an n x n matriz. Then A is invertible if and only if
R(A) = n. Also A is invertible if and only if the row reduced echelon form of A is
I. In any case, the pivot columns are a basis for Im A = Col (A).

Proof. By Corollary 3.3.7 A is invertible if and only if every column of A is a
pivot column; which happens if and only if the row reduced echelon form of A is
I. This in turn happens if and only if the columns of A are linearly independent,
which occurs if and only if the columns of A are a basis for F'”. Finally note that
the pivot columns are a basis for Col (A) by Proposition 3.4.2. This proves the
proposition. O

Note that this implies a singular n x n matrix has rank < n. The proposition
also shows that the rank defined here coincides with the rank defined in Definition
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3.4.1, which was given as the number of pivot columns. Thus there is a routine way
to find the rank and a basis for Col (4). You just get the row reduced echelon form
and count the number of pivot columns (nonzero rows in the row reduced echelon
form). This gives the rank. A basis for Col (A) is this set of pivot columns. Of
course, in finding the row reduced echelon form, it is a good idea to let a computer
algebra system do the busy work.

Example 5.4.3 The following is a matrix followed by its row reduced echelon form
which was computed by Maple.

14 5 -3 1 10100
35 8 =211 01100
A=16 7 13 -1 9 ~1 00010
91 10 =8 7 00O0O01
26 8 —4 0 00000

Hence A has rank 4 and a basis of Col (A) is aj,as, a4, a5, where

A= (ala 327a37a43a5)

Definition 5.4.4 If we write a matriz A in terms of row vectors,

ry
A= : )
T,
then span{ry,...,r.,} is called the row space of A and is written Row(A).

Lemma 5.4.5 The row space of A has dimension R(A). Also, a basis for the row
space is the set of nonzero rows in the row reduced echelon form.

Proof. This is obvious if A is row reduced, since R(A) = number of pivot
columns = number of nonzero rows, and it is clear from the description of the row
reduced echelon form that the first entry of a nonzero row is to the right of the first
entry of any row above it. If for some iy < iy < -+ < i,

Ty, +cory, + -+ cpry. =0

and not all the ¢; equal 0, you could pick the first nonzero c; and solve for that row
as a linear combination of other rows below it. As just noted, this is not possible.

Hence we need only show that row operations do not change the row space. This
is almost obvious: sets such as

ri + kro,ro, ..., Ty

or
€ri,ra,...,ry (where ¢ # 0)

have the same linear span as ry,...,r,,. O
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21
21

L5 _
i(L)-n

A and B both have the same row space, the line in R? with equation

Example 5.4.6 Let A = ( > . Row reduction gives

T —23?2 =0.

However Col (A) is the line with equation z1 = x5 and Col (B) is the line with
equation zo = 0. They are distinct subspaces with the same dimension.

Remember that in finding Col (A) you must use the columns in the original
matrix and in finding the row space, it is sufficient to consider the rows in the row
reduced echelon form.

An important subspace for any linear mapping 7' : V' — W is the kernel of T',

kerT ={veV:Tv =0}

(It is easily checked that ker T' satisfies the closure requirement, so that ker T is a
subspace of V.)

Definition 5.4.7 We write N(T') for the dimension of ker T (if ker T is a finite-
dimensional space) and refer to N(T) as the nullity of T. If T : F* — F™ has
matriz A, then ker (A) is defined to be ker (T') and N(A), the nullity of A, is defined
to be N(T). (Note that ker (A) is sometimes called the null space of A.)

Example 5.4.8 Let D : S[a,b] — S[a,b] be the differentiation mapping. Then
ker D = span{1}, since the functions with derivative 0 are the constants.

Example 5.4.9 The row reduced echelon form for the matrix A shown below is
the matrix B

145 1 01
A=125T7]|~1011|=8B.
3 6 9 00O

We noted earlier that the solutions of Ax = 0 are the same as the solutions of
Bx = 0. The equation Bx = 0 is equivalent to z; + 3 = 0,290 + 3 = 0 or
x = (—x3, —x3,z3); that is ker A = span{(—1,—1,1)} and N(A) = 1.

There is a simple relationship between the rank and nullity of a matrix. This is
a consequence of

Theorem 5.4.10 Let T : V. — W be a linear mapping and suppose V is finite-
dimensional. Then

N(T) + R(T) = dim V.
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Proof. We can dismiss the easy case T =0, N(T) = dimV, R(T') = 0. Suppose
T # 0. Let vq1,...,v, be a basis of kerT. We make the convention that £ = 0 if
kerT = 0. By Corollary [4.5.8, there exist vectors vi41,...,Un, so that vi,... vy,
is a basis of V. We claim that

Tvgs1, .-, Tom
is a basis of Im7T". In fact, we recall that
Im7T = span{Tv1,...,Tvmn}t = span{Tvgi1,...,TUm}

on discarding zero vectors. It remains to show that Tvgi1,...,Tv,, is a linearly
independent set. Suppose that

Tp+1T V1 + -+ 2T, =0.

Then
T (Tpg1V41 + - + Tm) = 0,

and SO Tpy1Vk4+1 + -+ + TV, € kerT. This implies that there exist scalars
Y1, ,Ym such that

Tp1Vk+1 T - -+ TmUm = Y101 + - + YrVk.

Since {v1,...,v,} is a basis, all the scalars in the above equation are 0. Now the
theorem is true since k + (m — k) = m.O
It follows at once that for an m X n matrix A,

N(A) + R(A) = n.

Also, it is clear at this point that for A an m x n matrix, N (A) equals the
number of non pivot columns. This is because it has already been observed that
R (A) is the number of pivot columns. Thus it is very easy to compute the rank
and nullity of a matrix.

Example 5.4.11 Here is a matrix.

120 41
122 101
122 10 2
121 7 1

Find its rank and nullity.

Using Maple or simply doing it by hand, the row reduced echelon form is

12040
00130
00O0O01
000O00O

Therefore, there are three pivot columns and two nonpivot columns, so the rank is
3 and the nullity is 2.
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5.5 Rank and nullity of a product

We note some useful results of Sylvester.

Lemma 5.5.1 Let T : V — W and U : W — Z be linear mappings, with finite
dimensional spaces V, W .

(i) R(UT) < min{R(U), R(T)}.

(i) If T is a bijection, then

R(UT) = R(U).
(iii) If U is a bijection, then
R(UT) = R(T).
Proof. (i) Clearly
ImUT C ImU.

So Im UT has dimension no more than the dimension of Im U and
R(UT) < R(U).
Let vq, ..., vy, be the vectors constructed in the proof of Theorem 5.4.10. Clearly
(5.6) ImUT ={UTv:v eV}
= span{UTvg41,.. UTv,, },
RUT)<m—k=R(T).
(ii) If T is a bijection then

ImUT ={UTv:veV}={Uw:weW}
=ImU,

and of course R(UT) = R(U).
(iii) Let vy, ..., v, be as above. If U is a bijection, then

UTviy1,-- ,UTvpy,
is a linearly independent set. For an equation
T 1UTVg41 + -+ 2, UTv, =0

leads to an equation
Tr+1T V1 + -+ Tv, =0

and thence to zx11 = -+ =z, = 0. Now 5.6 gives

R(UT) =m — k= R(T). O
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Lemma 5.5.2 Let T : V — W where ker T is finite-dimensional, and let Z be a
finite-dimensional subspace of W. Then

Vz={veV:Tve Z}
is a subspace of V' having dimension < dim Z + N(T).

Proof. It is easy to check that V is a subspace of V' using the closure property.
We ‘restrict’ T to Vy, that is consider the mapping T’ : V; — Z defined by
T'v=Tv (v € Vgz). Clearly

ImT' C Z, R(T') <dim Z, kerT' C kerT, N(T") < N(T).

So
dimVy = R(T') + N(T') < dim Z + N(T). O

Lemma 5.5.3 Let T :V — W, U : W — Z be linear mappings, where ker T and
ker U are finite-dimensional. Then

N{UT) < N(U)+ N(T).
Proof.

kerUT ={v eV :UTv =0}
={veV:TvekerU}.

By Lemma [5.5.2) the dimension of ker UT is at most
dim(kerU)+ N(T)=N{U)+ N(T). O

Of course this result holds for any finite product of linear transformations by
induction. One way this is quite useful is in the case of a finite product of linear
. i
transformations [[,_; L;. Then

l l
dim (ker H Li> < Z dim (ker L;) .
i=1 i=1

So, if you can find a linearly independent set of vectors in ker (Hizl Li) of size

l
Z dim (ker L;) ,
i=1

then this linearly independent set must be a basis for ker (Hi:l Li).

Example 5.5.4 Let A, B be n X n matrices over F, with A invertible. Then AB
is invertible if, and only if, B is invertible.
To see this, use Lemma 5.5.1] (ii):

AB invertible < R(AB) =n < R(B) =n < B invertible.

(& is an abbreviation for ‘if and only if’.)
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We end the section with a few remarks on powers of linear mappings and the
transpose of a matrix. For any linear mapping T : V' — V we can form powers

T? =TT, T° =TTT

and so on. Thus T" = T'...T with h factors. Of course we can define A" for an
n X n matrix in just the same way. It is simple to see that

Th+k‘ — Tth Ah+k‘ — AhAk.

01
00

For linear mapping T : V — V we can form polynomials in 7. If P(z) =
apz™ + -+ + ay, then P(T) is defined to be agT™ + -+ + an—1T + a,I. Evidently
P(T)Q(T) = Q(T)P(T) for any polynomials P and Q.

Example 5.5.5 . Let A = < ) Then A% = 0. Hence A" =0for h =3,4,....

5.6 Linear differential equations with constant co-
efficients

Given ¢1(),...,gn(x) in Scla,b], the linear mapping T : Scla,b] — Scla, b] given
by

(5.7) Tf=f™ gD 4. 4g,.f

is a linear differential operator. In this section we only treat the case that all
the g are constant. See Collins (2006) for the very important questions raised by
the general case, and also some introductory material on PDFEs. Suppose now that

(5.8) Tf = f(n) +a1f(n—1) teeanf
where ay, . .., a, are in C. We factorize the polynomial P(z) = 2" +a12" *+-- - +a,
as

(5.9) P(z) = (z — )" .. (2 — ¢)h®)

where ¢1,...,c, are distinct complex numbers. The positive integer h(j) is the

multiplicity of ¢; as a zero of P.
To begin with, we consider a very easy special case of the above.

Lemma 5.6.1 Leta be a real number. Then the solution to the initial value problem

is y (t) = e®t.

Proof. First you can verify that this function works using elementary calculus.
Why is it the only one which does so? Suppose y; (t) is a solution. Then y (t) —
y1 (t) = z (t) solves the initial value problem

2 (t) =az(t), 2(0) =0.
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at

Thus 2z’ — az = 0. Multiply by e~%* on both sides. By the chain rule,

e (2 —az) = 4

o (e=**2(t)) =0,

and so there is a constant C such that e=%z (t) = C. Since z (0) = 0, this constant
is 0, and so z (t) = 0. This proves the lemma.D
We want to define e(®+®* in such a way that

d . .
ae(a-‘,—zb)t — (a + Zb) e(a—&-zb)t-

Also, to conform to the real case, we require e(®+®0 = 1. Thus it is desired to find
a function y (¢) which satisfies the following two properties.

(5.10) y(0)=1, 9 (t) = (a+ib)y(t).

Proposition 5.6.2 Let y (t) = e (cos (bt) + isin (bt)). Then y (t) is a solution to
5.10 and furthermore, this is the only function which satisfies the conditions of!5.1(.

Proof: It is easy to see that if y (t) is as given above, then y (¢) satisfies the
desired conditions. First

y(0) = € (cos (0) + isin (0)) = 1.
Next

ae® (cos (bt) + isin (bt)) + e (—bsin (bt) + ibcos (bt))
= ae* cosbt — e**bsin bt + i (ae“t sin bt + e**b cos bt) .

y (1)

On the other hand,
(a+1ib) (e™ (cos (bt) + isin (bt)))

= ae™ cosbt — e¥bsinbt + i (ae“t sin bt + e**b cos bt)

which is the same thing. Remember 2 = —1.
It remains to verify that this is the only function which satisfies [5.10. Suppose
y1 (t) is another function which works. Then, letting z (¢) = y (t) — y1 (¢), it follows

that
2 (t) = (a+1ib) z (t), z(0) =0.

Now z (t) has a real part and an imaginary part, z (t) = w (t) +iv (t). Then Z (¢) =
u (t) —iv (t) and
7 (t) = (a—1ib)Z(t), 2(0) = 0.

Then |z (t)]* = z (t) Z (¢) and by the product rule,

a\Z(t)l2 = Mz +20)7 ()
= (a+ib)z()Z(t) + (a —ib) z (1) Z (¢)
= (a+ib)|z () + (a—ib) |z ()
= 2alz(t)]%, |2(0))" =0.
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It follows from Lemma [5.6.1 that the solution is
12 (t)]* = 0e2 = 0.

Thus z () = 0, and so y (t) = y1 (¢), proving the uniqueness assertion of the propo-
sition.

Note that the function e(**t%)t is never equal to 0. This is because its absolute
value is e (Why?).

With this, it is possible to describe the solutions to T'f = 0 in terms of linear
algebra.

Lemma 5.6.3 Let T be as inl5.8. Let s € {0,1,...,h(j) — 1}. The function f in
Scla, b] defined by

18 a solution of the differential equation
Tf=0.

Proof. With D the differentiation mapping and I the identity mapping on
Scla, b], we have

(5.11) (D — qI)z'e = 12! 1c 4 (¢ — g)a'e®
for 1 € {0,1,2,...} and ¢ € C. In particular,

(D —cl)zle™ = 1z~ 1ec®,
Repeated application of this gives
(5.12) (D —cI)"z%e® = 0if h > s.
We can factorize T in the following way:
(5.13) T=(D—c, )" ...(D— ¢, I)M®),
the order of the factors being of no importance. In particular,

T =M(D —¢;I)"®

for a linear mapping M : Scla,b] — Scla,b]. So T'f = 0 follows from [5.12 since
s<h(j). O
We summarize the observations [5.11 and [5.12! in the following lemma.

Lemma 5.6.4 For each j >1
(D — cI)j z1e® = Ke*
for some nonzero K. Also if n > j
(D —cl)" 27e* =0

and if q # c, .
(D —ql)™ 27e®* =p(x)e™

where p (x) has degree j.
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Lemma 5.6.5 The n functions x°e%%(1 < j < k, 0 < s < h(j)) are linearly
independent in Scla, b].

Proof. Consider a linear combination of z¢%® for 1 < j < k and s < h(j).
This is of the form

M
(5'14) Z a’T'f’!' (33) + Aoecl:C +---+ Ah(l),lxh(l)ileclz =0
r=1

where the functions f, are each of the form f, (z) = 2°¢%%,¢; # ¢, s < h(j) and
h (1) is the largest of all the h(j) for j < k. Renumbering if necessary, we can
assume | = k. Apply the operator

(D — ey )MV (D = ¢y D)MFD

to both sides of the above equation. By Lemma 5.6.4, this sends all terms in the
sum on the left to 0 and yields an expression of the form

Aopo (z) e 4 -+ -+ Ap_1pp—1 (x) e =0, h = h(l)

for polynomials p; (), each having degree j. Explicitly, pj (z) = ajz/ +a;_ 12771 +
-,a; # 0. We want to conclude that all the A; = 0. If not, suppose A; is the

last nonzero one. Then apply (D — cI)” to both sides, which yields CA;e* = 0 for
some C # 0. This is a contradiction. It follows that [5.14! is of the form

M/
Z ar fr () + Boe " 4 - + Bh(l—l)—ﬂh(l*l)*lec"lz =0
r=1

where h (I — 1) is the largest of the remaining h(j). Now a repeat of the above
reasoning shows that these B; = 0 also. Continuing this way, it follows the given
functions are linearly independent as claimed.This proves the lemma.O

This lemma gives most of the proof of the following theorem.

Theorem 5.6.6 Let T : Sc (a,b) — Sc (a,b) be given in 5.8,
Tf=f"+arf" D+ +anf

Then N (ker (T)) = n and ker T has a basis of functions of the form xz®e%®, 1 <
s < h(j)— 1, where the polynomial

Zn + alzn—l

+ e + (o35
factorizes as

LONNRENCR

(z—c1) — ¢k)

Proof. We have identified n linearly independent solutions of T'f = 0. This
gives a basis of ker T'. For, writing

P(z) =(z=21) (2= 2n), Dj = (D = z1),
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where the z; may be repeated, we have I' = Dy --- D,,. If D;f =0, then

(f(z)e™ )" =0;

, f(z) = const. e%®.
The kernel of D; has dimension 1. By Lemma [5.5.3, the dimension of ker7" is
at most n. Hence we have found a basis of ker T'. This proves the theorem.O

Example 5.6.7 Give the general solution of
FO =116 4 44f@) — 76f" + 48f = 0.
Solution (for any interval of R). Using Maple,
2~ 11z +442% — 762+ 48 = (2 — 2)%(2 — 3) (2 — 4).
According to the above results, the general solution is
a1e®® 4 agre®® 4 aze3® 4 age®.
Here we are working in Scla, b], so a; € C.
Example 5.6.8 Show that the subspace W of S[a,b] consisting of solutions of
(5.15) f"+f=0
is span{sinx, cosz}.

As already noted, span{sinz, cosz} C W. To get the reverse inclusion, we first
work in Scla,b]. The polynomial P(z) = 2% + 1 has zeros —i,4, and the general
solution of 5.15/in S¢[a, b] is

f(z) = ae™ + be™ ™

= (a1 +1iaz)(cosz +isinx) + (by + ibg)(cosx — sinx),

and so f is in span {sinx, cosx}. This gives the required result.

5.7 Exercises

1. For each of the following matrices A, find a basis for Col (A) , the row space
of A, Row(A), and ker (A), and give the rank and nullity of A.

(a)

—

=3

N~—
e S Gy Sy G S Sy
RN R RN H N NN
= OU R R O W W W
W W Wk W =N =
WUt W W NW=
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6 2
3 5
9 -1

—_

111
@123
11 2

2. For each of the following matrices A, find a basis for Col (A), the row space
of A, and ker (A), and give the rank and nullity of A.

11113

(@ 12220

V12347
11121
1116 6
12210 9

G 119311 11
1116 6
1211 6 8

© 1222 9 15

“ 1122311 2
1211 6 8
1116 6
132 13 10

D119 311 11
111 6 6
111
122

© 17 9 3
111
1110
12 13

® 11 2 13
1110

. Explain why if A is an m x n matrix with n > m, then ker (A) # {0}.

3
4. Explain why Sc¢ (a,b) is a vector space but does not have finite dimension.
5. Find all solutions to the differential equation 3" — 3y’ + 2y = 0.

6

. Find all solutions to the differential equation y"” + 2y” — 15y — 36y = 0.
Describe the way in which the general solution is the kernel of a linear trans-
formation.

7. Find the solution to the initial value problem consisting of the differential
equation
y" — 8y + 20y’ — 16y =0

along with the initial conditions y (0) = 2,3’ (0) = —1,%” (0) = 2. Hint:
Find the solutions to the differential equation and then choose the constants
correctly to satisfy the initial conditions.
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10.

11.

12.

13.

14.
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Let L : V — W where L is linear and V, W are vector spaces. Suppose you
want to find all solutions v to the equation Lv = w for a fixed w. Show that if
you have a single solution to this last equation v, then all solutions are of the
form v, + v for some v € ker (L). Sometimes this is written as v, + ker (L).
The solution v, is called a particular solution.

TConsider the equation 3" — 8y" + 20y’ — 16y = t? 4+ t. It happens that
yp (t) = — 2L — Lt — %tz is a solution to this equation. Find the general

. 128 ~ 32
solution.

Consider the equation w’ +a (t) w = f (t) for t € [a,b]. Show the solutions to
this equation are of the form w (t) = e=4® f: e f (s)ds + Ce A1) where
A’ (t) = a(t). Hint: Multiply on both sides by eA®). Then observe that by
the chain rule, the left side is the derivative of the expression (eA(t)w ().

1To solve y” + ay’ + by = f, show that it suffices to find a single solution y,
and then add to it the general solution of y” + ay’ + by = 0, which is easy
to find. One way to find the single solution is to take a solution y to the
second equation and look for a particular solution to the first equation in the
form y (¢t)v (¢). This is called the method of reduction of order. It always
works. Show that when yv is plugged in to the given equation, you obtain
the following equation for v’.

e <2y’+ay> v = i
Y Y

Then you solve this using the methods of the above problem.

Find the solution to the initial value problem consisting of the equation y" —
5y’ + 4y = ¢! and the initial conditions y (0) = 0,4’ (0) = 1.

If W is a subspace of V, a finite dimensional vector space and if dim (W) =
dim (V') , show that W = V.

Let V be a vector space over a field F' and let Vi, ---,V,, be subspaces. We
write
(5.16) V=Vio --aV,

if every v € V can be written in a unique way in the form
v=v1+ -+ Un

where each v; € V;. This is called a direct sum. If this uniqueness condition
does not hold, we simply write

i+ + Vi,
and this symbol means all vectors of the form

V1 + -+ U, v; € Vj for each j.
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15.

16.

17.

Show that 5.16! is equivalent to saying that if

0=wvi+ -+ v, v; €V for each j,

then each v; = 0. Next show that in the situation of 5.16, if 8; = {ui,--- ,ul, }
is a basis for V;, then the union of 3,---, 3,, is a basis for V.
TSuppose you have finitely many linear mappings Lq, Lo, -+ , L,, which map

V to V and suppose that they commute. That is, L;L; = L;L; for all i, .
Also suppose Ly, is one to one on ker (L;) whenever j # k. Letting P denote
the product of these linear transformations, P = Ly Ly - - - Ly, first show that

ker (Lq) + - -+ + ker (L,,) C ker (P)

Next show that
ker (L1) + -+ + ker (L,,) =ker (L1) ® - -- @ ker (L) .

Using Sylvester’s theorem, and the result of Problem (13, show that

ker (P) =ker (L1) & --- @ ker (L,,) .
Hint: By Sylvester’s theorem and the above problem,

dim (ker (P)) < > dim (ker (L;))

= dilm (ker (L1) @ - - - ® ker (Ly,)) < dim (ker (P)) .

Now consider Problem [13.

Let M (F™, F™) denote the set of all n x n matrices having entries in F'. With
the usual operations of matrix addition and scalar multiplications, explain
why this is a vector space. See Chapter [2 if you don’t recall why this is.
Now show that the dimension of this vector space is n?. If A € M (F", F"),
explain why there exists a monic polynomial of smallest possible degree of the
form

p(N) = N ap N e+ ag

such that
p(A)=AF + a1 A 4 a At agl = 0.

This is called the minimial polynomial of A. Hint: Consider the matrices
I, A, A%, - A" . There are n% + 1 of these matrices. Can they be linearly
independent? Now consider all polynomials satisfied by A and pick one of
smallest degree. Then divide by the leading coeflicient.

TSuppose A is an n x n matrix. From the preceding problem, suppose the
minimal polynomial factors as

A=2)" A =X) - (A=)
where r; is the algebraic multiplicity of A;. Thus

(AiAlj)Tl (A*)\QI)M...(A,)\’CI)% :07
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18.

19.

20.

21.
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and so, letting
P=(A-X\D"(A=XD)?--- (A= X\ I)™
and L; = (A — X\;I)"7, apply the result of Problem 15| to verify that
C"=ker(Ly) ®--- @ker (L)

and that A : ker (L;) — ker(L;). In this context, ker (L;) is called the
generalized eigenspace for A;. You need to verify that the conditions of the
result of this problem hold.

In the context of Problem [17, show that there exists a nonzero vector x such
that (A — \;I)x = 0. This x is called an eigenvector. The \; is called an
eigenvalue. Hint: There must exist a vector z such that

(A=MD" (A= X)) (A= XD (A= ND) "y =2#0
Why? Now what happens if you apply (A — ;1) to z?

Let A be an n x n matrix and let B be invertible. Show that B~!AB has the
same rank and nullity as A.

Consider the operators (D — cj)h(j) : Sc (a,b) — Sc (a,b) for the ¢ distinct
complex numbers. Show through direct computations that

hﬂ(ﬂ)—cﬂmnn.u)_cwhwv

is the span of functions of the form z"e** where a is one of the ¢; and r < h (a).
Hint: For

(D —a)y(z) = f(z),
multiply both sides by e™** to obtain

ey = F (@)

Then take an antiderivative of both sides. Iterate this procedure to obtain at
each step another constant of integration and you will see the desired functions
appear, multiplied by constants of integration.

Let Tf = f(") 4 a, f("=Y 4 ...q,f as in Section 5.6. The Cauchy problem is
the following.

Ty =0, y(a) = Yo, y/ (a) =y, -, y("_l) (Cl) = Yp_1-

It can be shown that the Cauchy problem always has a unique solution for
any choice of constants yg,y1, - , Yn—1 and for any a. It was shown in Section
5.6 that there exist n functions {y1,--- ,y,} which are linearly independent
and such that for each j,7Ty; = 0 and that every solution y to Ty = 0 must
be a linear combination of these basis functions. Now consider the matrix

y1 () ya(z) - yn(2)
h@)  w@) - i)
W @) V(@) e g (@)

Show that this matrix has rank equal to n for any x.
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22.

23.

24.

25.

26.

Let V, W be finite dimensional vector spaces with field of scalars F' and let
T be a linear transformation which maps V' to W. Recall from Problem [22
on Page [83] or Problem [19 on Page 114 that T is one to one if and only if
Tv = 0 implies v = 0. Show that in this situation, 7" maps a basis for V to
a basis for Im (7). Also show that if T is one to one and has a right inverse
S :Im (T) — V, then the right inverse is one to one and linear.

T In the situation of the above problem, suppose T is a one to one linear
transformation which maps onto W. Now suppose S : W — V is a right
inverse for T,

TS =1.

Show that ST = I also. Here [ is the identity map on either V' or W.

Let T be a linear transformation which maps V' to W. Recall that
ker (T) ={v eV :Tv =0}

For v,u € V, let v be similar to u, written as v ~ u if v — u € ker (T'). Show
that ~ is an example of an equivalence relation. This means that

(a) u~u.
(b) If u ~ v, then v ~ w.

(¢) fur~wvandv~y, then u~y.

The equivalence class, denoted by [u] consists of all vectors v which are similar
to u. Show that for any set which has such an equivalence relation, [u] = [v]
or else the two sets [u] and [v] have nothing in common. Thus the set of
equivalence classes partitions the set into mutually disjoint nonempty subsets.

T In the situation of the above problem, where the equivalence class is given
there, and V is a finite dimensional vector space having field of scalars F,
define [u] 4 [v] as [u + v] and for a a scalar, a [u] = [au]. Show that these op-
erations are well defined and that with these operations the set of equivalence
classes, denoted by V/ker (T), is a vector space with field of scalars F. Now
define _

T:V/ker (T) - W

by T ([v]) = T (v) . Verify T is a well defined linear one to one mapping onto
Im (7). Recall that from Problem 22/ on Page [83, a linear transformation T
is one to one if and only if whenever Tv = 0, it follows that v = 0.

1In the above situation, the rank of T' equals the dimension of Im (T") . Explain
why this must equal the dimension of V/ker (T'). Letting s be the dimen-
sion of ker (T), explain why dim (V) — s = dim (V/ker (T')) . Hint: Letting
{Tvy,--+,Tv.} be a basis for Im (T, explain why {[v1],---,[v,]} is a basis
for V/ker (T). If v € V, then

W] = cr [vg]
k=1
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for some scalars c;. Then explain why
T
v— Z e € ker (T)
k=1

If {21, -+, 25} is a basis for ker (T), explain why {z1, -+ ,25,v1, -, 0.} is a
basis for V.



Inner product spaces

6.1 Definition and examples

As promised in Chapter [1, we now set up an axiomatic version of the inner product
which we originally described in R, and then extended to R™ and C™.

Definition 6.1.1 . Let V be a vector space over F, where F is either R or C.
Suppose that for any u,v in V there is defined a number (u,v) € F, the inner
product of u and v, with the following properties for u,v,w inV and c € F:

(1) {(u+v,w) = (u,w) + (v,w)
(2) (cu,v) = c{u,v)
(3) (u,v) = (v,u)
(4) (u,u) >0 foru # 0.
Then V is an inner product space. We say that V is a real inner product
space if F =R, a complex inner product space if F' = C.
Note that complex conjugation can be omitted in (3) if V' is a real inner product
space.
Example 6.1.2 V = R" is a real inner product space with
(u,v) = ugvy + -+ + Up V.
Example 6.1.3 V = C" is a complex inner product space with
(u,v) = w101 + -+ + Up Uy

For these basic examples, most of the details for the verification were noted in
Chapter (1L

Example 6.1.4 Let h(z) be a given positive continuous function on [a,b]. For f
and g in C¢[a,b], let

b PR
(6.1) (f.9) = / f(@)g@h(z)dz.

135
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With this definition, Cg¢|a, b] becomes a complex inner product space. We call
h the weight function for the space. Verifying (1) - (3) is an easy matter. As for

(4), if f #0,
b
o) = / £ (@) ?h(z)dz.

The integrand is > 0, and is positive on some interval since |f|*h # 0. Clearly we
have (f, f) > 0.
We now prove some geometrical facts about V.

Definition 6.1.5 Let V' be an inner product space. Let u,v be in V. The length
of u is
ull = (u, u)'/?.
The distance from u to v is
d(u,v) = |jJu —v|.

In Example [6.1.4, the distance from f to g is

b
\// |f(z) — g(z)|?h(z)dz.

This is a ‘mean square distance’. By drawing a sketch, you will see that d(f, g) can
be arbitrarily small even if |f(x) — g(z)| > 1 for some values of z.

Theorem 6.1.6 Let V' be an inner product space over F'. Let u,v,w be inV,c € F.
Then

() llevll = lellvll;
(i) |{u,v)| < |ul|||v]| (Cauchy-Schwarz inequality);
(iii) ||u+v|| < ||lul]| + ||v|| (triangle inequality);
() d(u,w) < d(u,v) + d(v,w).
Often (iv) is called the triangle inequality.
Proof. We begin by observing that
(6.2) (0,v) = 0.

To see this, we use
(0,v) = {0+ 0,v) = (0,v) 4+ (0, v).

We also have
(6.3) (u, cv) = &(u,v).

To see this,

(u, cv) = {ev,u) = c{v,u) = &(v,u) = &{u,v).
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Now we proceed to prove (i)—(iv).
() llev]| = {ev, cv)'/? = (ce(v, v))"/2 = || |[v]l-

(ii) This is obvious from 6.2 if v = 0. If v # 0, we use the properties of inner
product to get, for any t € F.

(6.4) 0 < (u—tv,u—tv)
= (u,u) — t{v,u) — t(u,v) + tt{v,v).

The most favorable choice of ¢ is

(We will see why later on). With this choice, 6.4 gives

Cwo)(o,u)  (wo)(uv) | (u,v)(u,v)
0= (u,u) (v, ) (v,v) * (v,v)
[(u, )|

(v,v) -

= <uau> -

Rearranging, we obtain (ii).

Jul * + 2 || [Jo]] + ||l
lull + [lv])>

(i) Since (u,v) + (v,u) = (u,v) + {u,v) = 2Re(u,v), we have
llu+v||? = (u,u) + 2Relu, v) + (v,v)
< (w,u) +2|(u, )] + (v, v)
< () 4 2(u, u) (v, 0) 2 + (v, 0)
|
(

which gives (iii) at once.
(iv) We have

[ —w]| = Jlu =v+v—wl| < flu—v]+ v —w]

by (iii). O

6.2 Orthogonal and orthonormal sets

Vectors « and v in an inner product space are orthogonal if (u,v) = 0. A set
V1, - .., Uy, Of nonzero vectors in an inner product space V' is said to be an orthog-
onal set if

(vj,vg) = 0 whenever j # k.

We think of the vectors as perpendicular to each other. An orthonormal set is
an orthogonal set of vectors each having length 1.
Orthogonal sets have some very convenient properties.

Lemma 6.2.1 An orthogonal set vy, ..., vy, is a linearly independent set.
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Proof. Suppose that
V1 + -+ TV =0

for scalars x4, ..., x,,. Taking the inner product of both sides with v;,
(101 4+ -+ + T, vj) = 0.
However,
(x1v1 + - + Tpom, v;)
= 21(v1,05) + - + Ty (U, V)
= x;(vj,v5)-

The other terms vanish by orthogonality. We conclude that x;{(v;,v;) = 0. Since
v; # 0, we deduce that x; = 0. Since j is arbitrary, linear independence follows. O

We now see that there cannot be an orthogonal set of more than n vectors in
R™ or C™, answering a question from Chapter [1.

Example 6.2.2 In R™ or C”, the standard basis
e; = (1,0,...,0),...,e, =(0,...,0,1)
is an orthonormal set. Since span{e;,---,e,} = F" for F=Cor R, {e1,---,e,}
is called an orthonormal basis for F™.
Example 6.2.3 Let a,b be in R3, a# 0, b # 0, (a,b) = 0. Then
a,b,axb
is an orthogonal basis of R? (a basis that is an orthogonal set).

Let vy, ..., v, be an orthogonal set in V. In particular vy, ..., v,, is a basis of
(6.5) W = span{vy,...,vm}.

Coordinate computations are easy in this basis.

Lemma 6.2.4 Let vy,...,v, be an orthogonal set and define W by 6.5. Let w €

W. Then

wo oy )
<'U17'U1> <U77‘L7Um>

Proof. Certainly
W= 2101 + -+ Ty Um

for scalars ;. Take the inner product of both sides with v;:
(w,v) = (X101 + -+ + Ty U, Vj)
= 2;j{vj,v;). O
Recall that from Proposition [5.6.2)
et = ¢ (cos (b) + i sin (b))

and that
%e(a—&-ib)t _ (a + ib) e(a—&-ib)t.
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Example 6.2.5 In Example 6.1.4, take [a,b] = [0,27], F = C and h(z) = 5-. This
inner product on C¢|0, 27] is given by

1 27
g) = — dz.
{f.9)=5- ; f(x)g(@)dx
We claim that the set of functions e~ e=#(n=he =i 1 ¢io ¢ j5 an

orthonormal subset of C¢[0,27]. To see this, since ¢ = e~

o 1 [ )
<eZJI7€2k$> _ 7/ ez]zefikxdx,
2m Jo

1 27 e
Uk g,

2m Jo
If j = k, the integrand is 1, and

<eij’3, ei-”> =1.

If j # k, then
- d [ eili—k)e
i(j—kz _ =& (2 " ) _ ¢
S i) R
say. Now
| QR S p— S
e x = f(2m) — = — - — =0,
0 i(i—Fk) i(j-k)

proving that our set is orthonormal.

This example lies at the foundation of the whole subject of Fourier series, which
is important in boundary value problems in PDEs; see for example Polking, Boggess
and Arnold (2002). We treat the ‘best approximation’ aspect of Fourier series below.

6.3 The Gram-Schmidt process. Projections

It is natural to ask, given a finite dimensional subspace W of an inner product
space, whether there is an orthogonal basis of W. The answer is yes, and there is a
simple algorithm, the Gram-Schmidt process, to produce such a basis starting from
any basis of W.

Lemma 6.3.1 Let V be an inner product space and let W; be a subspace of V'

having an orthogonal basis {v1,--- ,v;}. If wjy1 ¢ span{vy,---,v;}, and vj4q is
given by
L (w; 41, v:)
(6.6) Vj+1 = Wj+1 — ; (i, v3) Vi,
then {v1,--- ,v;,vj41} is an orthogonal set of vectors, and

(6.7) span {v1, -+, vj,v541} = span{vi, -, vj, w1}
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Proof. Note that 6.6/ exhibits v;41 as a linear combination of the vectors
V1, , V5, Wi41. Therefore,

span {vi, -+ ,v;,v41} C spanq{vi, -+ ,vj, Wjq1}.

Also, 6.6 can be solved for w;,; obtaining w,,1 as a linear combination of the
) J+ g Wy
vectors vy, -+ ,v;,vj4+1. Therefore,

span {vy,- - ,vj,wjt1} Cspan{vy, -, v, V41 }-

Therefore, 6.7/ follows.

It remains to verify that the vectors vy, - - - ,v;,v;41 are orthogonal. It is assumed
that this is true of vq,-- - ,v;. Since w41 ¢ span{v1,--- ,v;}, it follows that vj4q #
0. Therefore, it only remains to verify that(v;y1,vs) = 0 for k < j.

J
(wj+1,vi)
Vit1, V) = { w; —g ViU
<]+1; k> < J+1 - <U7j7'Ui> iy Vk

= (wj+1,vk> — Z W <Ui7'Uk'>

K3
= (wj41,vk) — (wjt1,0%) = 0.

O

Proposition 6.3.2 Let W be a subspace of V, an inner product space, and suppose
{wy, -+ ,wm} s a basis for W. Then there exists an orthogonal basis for W

{U17"' ,Um}

such that for alll < r,

span{vy, -+, v} = span{wi, -, wi}.
Proof. Let vy = w;/ ||w1]|. Now suppose vy, - - - ,v; have been chosen such that
span {v1, -+, v;} = span{wi, - ,w;}
for all ¢ < j and {vy,---,v;} is an orthogonal set of vectors. Since w1 ¢
span {vi,---,v;}, it follows from Lemma [6.3.1 that there exists v;41 such that
Span {Ula c 5 U5, Uj+1} = Span {Ulv c 5 U5, wj+1}
= span{wi, - ,w;,wj41}
and {vq,---,v;,v;41} is an orthogonal set of vectors. Continuing this way, yields

the existence of the orthogonal basis of the proposition.O

If each vector in the orthogonal basis is divided by its norm, the resulting set of
vectors is still an orthogonal basis but has the additional property that each vector
has norm 1. Thus the set of vectors is an orthonormal basis.
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Example 6.3.3 In the inner product space R*, find an orthogonal basis of the

column space of
1

A:

w = N O
O N W

1
0
1
LetA:(wl Wo W3)7

Vi =W = (_15 1707 1)a
<W27V1>

<V17V1>

5
=(0,2,1,3) - 2(~1,1,0,1),

Vo = Wo —

3vy = (0,6,3,9) — (—5,5,0,5) = (5,1,3,4).

We observe as a check that (vo,vi) = 0. We replace vy by 3vy, which we rename
vo. This simplification will not spoil our construction. Let

_ <W37v1> <W37V2>
V3 = W3 — Vi — Vo
(vi,v1) (va,va)
14
=(1,3,2,0) — 2/3(-1,1,0,1) — 51 (5,1,3,4),

51vs = (51,153,102,0) — (—34, 34,0, 34) — (70, 14, 42, 56)
= (15,105, 60, —90) = 15(1,7,4, —6).

Replace vs by (1,7,4,—6) which we rename vs, and check (v3,vy) = (v3,va) = 0.
Our orthogonal basis is

vi=(-1,1,0,1),vo = (5,1,3,4),vs = (1,7,4,—6).

It is often useful to convert an orthogonal basis vy, . .., vy, into an orthonormal basis
(%1 Um
UL = 57— Um = 77
[[o]] [[omll

(this is called normalizing). In the above example,

1 1 1
u; = \/g( 1,1,0,1)7112— \/57(5,173,4),113— \/1072

The projection P in Example5.1.3 of Chapter 5/ can be generalized to the setting
of an inner product space V.

Let W be a finite-dimensional subspace of V' and let v € V. Then Puv (in this
setting) is the element w = Pv of W for which d(v,w) is the smallest. (Recall
d (v, w) is notation which means distance from v to w.) It is easy to see that
Example 5.1.3/ of Chapter [5is a special case, with V =R" W = {w € R";w,, = 0};
the closest vector in W to (x1,...,&n—1,Zn) is (z1,...,Zn—1,0). In the general
situation, it is natural to ask

(17 7a 4a _6)

(i) is there such a ‘closest’ point Pv?
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(ii) is the mapping P : V — W a linear mapping?

Theorem 6.3.4 Let W be a finite-dimensional subspace of the inner product space
V. Let vy,...,vx be an orthogonal basis of W. Define P:V — W by

<U’U1> <U,Uk>
6.8 Po—= W0 W)
(6.8) U= ooy T T T
Then
(6.9) lo—wl| > v—Po| (e Ww# Po)

For wy € W, wy = Puv if and only if
(6.10) ((v—=wy),w) =0 for all w € W.

It is obvious from 6.8 that the mapping P : V — W is linear. We call Pv the
projection of v onto W.

Proof. Let j € {1,...,k}. Using the definition of Pv in 6.8 and the properties
of the inner product,

(v — Pv,v;) = (v,v;) — (Pv,v;)

<U7Uj>
= i) — i,v5) = 0.
(v, v5) (v, 07) (vj,v5)
It follows that
(6.11) (v—Pv,w)=0
for every w in W because every w is a linear combination of the vectors {vy, ..., v}
We note that
lwy +w2)|? = [wi ]| + [Jwz]|* + 2 Re (wr, w2)
(6.12) = [lwn[|* + flz?

whenever w1, ws are in V and (wy,ws) = 0. Now let w € W, w # Pv. To prove 6.9,
we observe that

(6.13) (v—Pv,Pv—w)=0
as a particular case of [6.11. From 16.12, using the above orthogonality,

v —wl|?® = |lv — Pv+ Pv— w||2
= [lv = Pv|* + || Pv — w|]?
> |lv — Pv|)?.

Finally, take any wy in W. Then using [6.13,

(v —wy,Pv—wy) =(v— Pv+ Pv—wy, Pv—w)
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= (v — Pv, Pv — wy) + (Pv — wy, Pv — wy) = ||Pv — wy]]?.
If 16.10 holds, then the above equals 0, and so Pv = w;. If Pv = wy, then [6.10
follows from [6.11. O
The geometric significance of Pv being closest to v is illustrated in the following
picture which captures the essence of the idea in every inner product space, but is
drawn here to represent the situation in R3.

I

Example 6.3.5 Find the point in the plane W with equation
1+ a9 — 223 =0
that is closest to (1,6,1).
Solution. Choose two independent vectors in the plane,
w1 = (1,-1,0),ws = (2,0,1).

Construct an orthogonal basis vi, vy of W:

Vi = Wy,
<W2,W1> 2
— _ T =(2,0,1) — =(1,—-1,0
Vo Wo <W1,W1> w1 ( s Uy ) 2( ) ) )
= (1,1,1).

The closest point that we seek is

(v,vy1) Vit (v,va)

Pv =
<V17v1> <V27V2>

V2

Note that, as expected,

1 31 8 55 o
V_Pv:(13671)_<67673):<6761_3>

which is a normal to W.
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Example 6.3.6 In the inner product space C[—1, 1] with

Uﬂ>=/¥f@M@Mt

find the closest polynomial of degree 2 to f(x) = z*.

Solution. We construct an orthogonal basis of span{1,z,z%}. Let

v = 1,
(z,1)
= — ]_ =
st an
(note that (z™,z™) = 0 for m 4+ n odd);
2 2
03:$27<x71> 7<xax>x
(1,1) (x, )
=22 —1/3.

Now the closest polynomial of degree 2 to z# is

(x%,1) (x, ) (xt 22 —1/3) 9
= —1/3).
A T R P Vs v R
Repeatedly using (z™,z") = 0 for m +n odd and
(™ m”)—L (m + n even)
’ Com4n+1 verth

we are led to
(z*, 2% —1/3) = 16/105, (z? — 1/3,22 — 1/3) = 8/45,

flx)=1/5-1+0-2+6/7(z* —1/3),

The following is the graph of the function f(z) = x* and the second degree poly-
nomial just found, which is closest to this function using the definition of distance
which comes from the above inner product.
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Example 6.3.7 Find the point in the hyperplane W in R” with equation
a1x1+ -+ apry, =0
that is closest to b = (by,...,b,). Here a = (ay,...,a,) # 0.

Note that dimW = n — 1, the nullity of [ai,...,a,]. Our solution is more
efficient than in Example [6.3.5. For any orthogonal basis {v1,...,v,_1}, for W, it
follows that {viq,...,v,_1,a} is an orthogonal set, indeed an orthogonal basis of
R™. So .

<b,V1> Vit <b7vn71> N + <b7a>a7
<V1,V1> <av a>

<VTL—17 Vn—1>
and it follows that

b:

Ph— (b,v1) Vit (b, Vp_1) vn,lzb—M
<V1;V1> <Vn—17vn—1> (a,a>
(Lemma [6.2.4)).
In Example [6.3.5]
1,1,-2),(1,6,1
P,61) = (1,6,1) - (BEZDLOL 4 )
5 131 8
=(1,6,1) — 2(1,1,-2) = (=, 2,2 ).
6 - Sn-2 = (5.53)

Given a function f € C¢[0,27], how closely can we approximate f in mean
square by a trigonometric polynomial of degree at most n,

n
s(z) = Z ape’™*?

k=—n

That is, we want to minimize

| ) - stPas
0

over all possible choices of a; (j = —n,...,n) in C.
The Fourier series of f is the formal series

Z f(k)ezk:c

k=—o0

where
N 1 27

fk)=— (z)e~ ke dy.

:27T 0

It is a ‘formal series’ because it may actually diverge for some z (but not for f €
Sc[0,27]). See Katznelson (2004) or Stein and Shakarchi (2003). The n** partial
sum of the Fourier series is

sn(x) = Z f(k:)e“m.

k=—n
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Theorem 6.3.8 Let f € Cc[0,2n]. The minimum value of

27
/ |f(x) — s(x)|2d$,
0

over trigonometric polynomials s of degree at most n, is attained by s(x) = s, (x),
the n'" partial sum of the Fourier series of f.

Proof. With the inner product as in Example [6.2.5, we have to show that
|f = snll < ||f — s| for all s in W = span{e™® ... e~ 1,...,e"*}. This follows

from Theorem 6.3.4 with k = 2n+1,w; = €% ... wa,+1 = €® (which we recall
is an orthonormal set). In this particular case,

Pf = (f,wi)wy + -+ (f, wani1)wany1-
That is,
(Pf)(x)= > f(j)e’” = sp(x). O

j=—n

Example 6.3.9 Let f(z) = z (0 < z < 27). Find the partial sum s, (z) of the
Fourier series of f.

We first evaluate
T or

R 1 2
fk) / ze*dy,
0

Of course f(O) = % %(27r)2 = . For k # 0, we use integration by parts:

27 —ikx 27 —ikx
—ikx __ €re 27 €
xe = — 5" — — dx
0 —ik o —tk

_ 2
ok
So f(k) =ik,
n ieikm
sn(x) = Z k + 7.
k=—n, k#0
Grouping —k and k together, k =1,...,n,
ietk® L+ etk i(2i sinkz) _ 2sinkx
k -k k N k

Hence

" sin kx
a@)=m—-2) .
sn(x) =7 2

The graph of sg(z) is sketched below along with the functionf (z) = «.
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Example 6.3.10 Show that for u, v in the inner product space V over F,

{u,v)

(6.14) o)

u— v|| < ||lu — to|

for all ¢t € F'. This shows that we made the best choice of ¢ in the proof of Theorem
6.1.6 (ii).

The claim is a restatement of Theorem [6.3.4/ with u, v in place of v,v; and W =
span{v}. Here

and 6.9 obviously reduces to 6.10.

6.4 The method of least squares

We shall only give a simple account of this method, which is tremendously important
in applications. See Golub and Van Loan (1996) and Hogben (2007) for substantial
information about the method. In this section, the field of scalars is C. Suppose we
have a possibly inconsistent linear system

(6.15) Ax = b,

where A = (a;...a,) is m xn and b € C™. To get an ‘approximate’ solution, we
find an X in C" such that

(6.16) b — AX| < |[b — Ax||

for all x in C™. Any such X is called a least-squares solution of [6.15.

Definition 6.4.1 Let A be an m x n matriz. Then we define A*as
A* = At

In words: Take the transpose of A and then replace every entry by the complex
conjugate. This matriz is called the adjoint.
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Example 6.4.2

1—i 2% 4 3\ 1—i 2 4 3\°
2 3 247 3 - 2 3% 244 3
2 1 2 0 2 1 2 0
1-i 2 2
B 2% 3 1
= 4 244 2
3 30
1+i 2 2
B 92 =3 1
= 4 2-4 2
3 30

For A a real m x n matrix, A* = A*. The importance of the adjoint of a matrix
is the first result in the following lemma.

Lemma 6.4.3 Let A be an m x n matriz. Then denoting by (-, -)cn , (-, -)om the
inner products on C™ and C™ respectively,

<Ax’y>cm - <XaA*y>C"
for allx € C",y € C™. Also, if the product AB exists, then
(AB)" = B*A*.

Furthermore,
(A+ B)" = A* + B*, (A")" = A.

Proof. By the definition of the inner product in C™,C™, it follows that for

X:(xl""vxn)v y:(yla"'aym)>

(A%, ¥)om = Z ( Az | 77
Do Ayrgi= ) @Al

j=1i=1 j=1i=1
n m n m

_ — ) .

= Dow ) A=) w) ALy
j=1 i=1 j=1 =1

= (xA7Y)cn

Next, (AB)" = (AB)" = BYAT = B! A* = B*A*. The last two assertions are
obvious. This proves the lemma. O
The following theorem is the main result.
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Theorem 6.4.4 Let A be an m X n matriz. For each'y € C™, there exists x € C"
such that
[Ax —y[| < ||Ax; — ¥

for all x, € C™. Also, x is a solution to this minimization problem if and only if x
s a solution to the equation, A*Ax = A*y.

Proof: By Theorem 16.3.4/ on Page 142, there exists a point, Axq, in the finite
dimensional subspace Im (A) of C™ such that for all x € C",

2 2
[Ax = y[|” = |[Axo — ¥

Also, from this theorem, this inequality holds for all x if and only if Axyg—y is
perpendicular to every Ax € Im (A). Therefore, the solution is characterized by

(Axo—y, Ax) =0
for all x € C". By Lemma 6.4.3, this is equivalent to the statement that
(A*Axg — A"y, x) = 0.

for all x € C™, in particular for x =A*Axy — A*y. In other words, a solution is
obtained by solving A*Axy = A*y for xq. This proves the lemma.O

Example 6.4.5 Find a least-squares solution X of Ax = b for

2 1 1
11 1
A=13 4 |P=]4
1 0 1

By Theorem [6.4.4], this is equivalent to finding a solution X to the system

A*AX = A*Db.

(73)%=(%)

It follows right away that for X = (21, x2),

Thus we need a solution X to

14 2
r1 = —, g = ——.
1 153 2 3

Example 6.4.6 Find a least-squares solution of Ax = b for

e e e
OO OO = =
OO, OO
=k WO =N



150 INNER PRODUCT SPACES

Solution. In this example, A* = At. Maple gives

62 2 2
., 2200
Ad=19 020 |
200 2
11
3
tH —
Ab=| 5 |
5

The augmented matrix [A*A|A'b] has row reduced form

100 1 32
010 -1 —1
001 -1 —1
000 O O
The general solution is
21 =5/2—x4,00 = -1+ x4,23 =34 — 1,

and we can choose any x4 to provide a least squares solution of Ax = b.

A nice application of least squares is finding a straight line in R? that is a
good fit to n given points (z1,y1),. .., (Tn,yn). The least-squares line (or line of
regression of y on ) is the line

y=pr+gq
that minimizes the sum of the squares of the residuals
pPT1+q—Y1,. s PTn +q — Yn.

In other words we are minimizing (over all p, q)

(6.17) (pz1+q—11)° + -+ (PTn + 4 — yn)”.

This is exactly the same as finding a least squares solution of

AX =y
where
1 T
1 o q (8
A = 72 = s = .
Do < b > Y
| o YUn

For the square of the distance ||AX — y|| is the expression in [6.17.

For n > 2 there is a unique solution to this particular least squares problem
involving the regression line and in fact, A*A will be invertible. (See Problem |6
below.) However, in general least squares problems, the solution X is not unique.
All that is known is that for X a least squares solution to Ax = b, the AX is unique,
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being the closest point in Im (A) to b. When A is not one to one, there may be
many x for which Ax = AX. Therefore, an interesting problem involves picking the
“best” least squares solution. This is discussed in the exercises. See Problem [26
and the exercises which follow for an introduction to the Moore Penrose inverse,
which is taken up in the text in Chapter 11. In short, the best least squares solution
is the one which is closest to 0.

Example 6.4.7 Find the least-squares line for the data points (1,7.1), (2,9.8),
(3,12.9), (4,15.2), (5,18.1).

Solution. Here At = A*.

b

|
— e e
U W N =

-1
tav-1_ (5 15 _ 1l /1 =3
(A°4) _<15 55) _10<—3 1)’

while
7.1
9.8
11111 63.1
Aty:( ) 12.9 :( )
1 2345 15.2 216.7
18.1
Thus

(1)1 ()~ (44)

The approximating line
y=2"74xr + 4.4

is sketched along with the data points below.

207

187
161
149
12
107
g
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6.5 Exercises

1. Suppose you define the dot product on C? by (z,y) - (a,b) = ax + by. As
mentioned, this is not right, but suppose you did it this way. Give an example
of a nonzero vector x € C? such that x - x = 0.
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2. Examine the Gram Schmidt process for vectors and show that for {vy,--- ,v,}

an independent set of vectors in C" and {uy,- - ,u,} the orthonormal basis
from the Gram Schmidt process with the property that span{uj,--- ,ux} =
span {vy, -+, vy} for each k < n, the process is of the form uy = lpvy + zg
where zj, is a vector in span{vy,---,vi_1}, and I > 0. Explain why, in
terms of matrices, this implies

Ii -+ %
(w o up)=(v1 o V) L
0 In
Explain why the inverse of an upper triangular matrix is also upper triangular.
Multiplying on the right by the inverse of the upper triangular matrix, show
that this yields

(ul “e. un)R:(Vl “e. Vn)

where R is upper triangular having all positive entries down the main diagonal.
Explain why this also shows that for all k£ < n,

(ul un)Rk:(Vl Vk)

where Ry, is the nx k matrix which comes from keeping only the first k& columns
of R. Denote the matrix ( u - Uy ) as Q. Explain why Q*Q = QQ* = 1.
Also explain why this shows that if A is an n X k matrix having rank k, then
there exists an n x k matrix R with the property that r;; = 0 whenever j > i
and a matrix @Q satisfying Q*Q = QQ* = I such that

A=QR

This is called the QR factorization of A. Note that the first k& columns of @
yield an orthonormal basis for span{vy,---,vg}.

. Find the best solution to the system

24+2y=6
20+ 3y =5
3z +2y=0
Find the best solution to
r+y=>5
r+2y="7
3x 4+ 5y =19

Find an orthonormal basis for R3, {w, wo, w3} given that w; is a multiple
of the vector (1,1,2). Recall this is an orthogonal basis in which every vector
has unit length.

In the Example 6.4.6/ for the linear regression line, you looked for a least
squares solution to the system of equations

()
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which is of the form

1 n (1
. p
6.18 Do =
- )
1z, Yn
where the z1, x5, -+ are distinct numbers.

(a) Show the n x 2 matrix on the left in [6.18|is one to one.
(b) Show that for any m x n matrix A,
ker (A*A) = ker (A4).
(¢) Explain why the matrix A*A, where A is as above, is always invertible
ifn>2.
(d) Explain why there exists a unique p, ¢ solving the problem for the least

squares regression line.

7. Relax the assumptions in the axioms for the inner product. Change the axiom
about (x,z) > 0 and equals 0 if and only if x = 0 to simply read (z,z) > 0.
Show that the Cauchy Schwarz inequality still holds in the following form.

(6.19) e, y)| < () (y, )2

Hint: First let w be a complex number having absolute value 1 such that

w(z,y) = [(z,9)]

Letting
p(t) = (wz + ty, wx + ty) ,

explain why p(t) > 0 for all ¢ € R. Next explain why the remaining axioms
of the inner product imply

p(t) = (z, @) + 2t [z, y)| + t* (y,y) > 0.

If (y,y) = 0, explain why |(z,y)| = 0, thus implying 6.19. If (y,y) > 0,
explain, using the quadratic formula, completing the square, or taking the
derivative and setting equal to zero to find an optimal value for t, why the
inequality of [6.19 is still valid.

8. Let V be a complex inner product space and let {uy};_; be an orthonormal
basis for V. Show that

n

(z,y) = Z (@, uk) (Y, uk)-

k=1

9. Let the vector space V consist of real polynomials of degree no larger than 3.
Thus a typical vector is a polynomial of the form

a+ bz + cx® + da®.
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10.

11.

12.

13.
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For p,q € V define the inner product,

(p’q)E/o p(x)q(x)de.

Show that this is indeed an inner product. Then state the Cauchy Schwarz
inequality in terms of this inner product. Show that {1, x, 22, x?’} is a basis for
V. Finally, find an orthonormal basis for V. This is an example of orthonormal
polynomials.

Let P, denote the polynomials of degree no larger than n — 1, which are
defined on an interval (a,b). Let {z1, -+ ,z,} be n distinct points in (a,b).
Now define for p,q € P,,

n

(pa) =Y p(x;)q(z)).

j=1

Show that this yields an inner product on P,. Hint: Most of the axioms
are obvious. The one which says (p,p) = 0 if and only if p = 0 is the only
interesting one. To verify this one, note that a nonzero polynomial of degree
no more than n — 1 has at most n — 1 zeros.

Let C ([0, 1]) denote the vector space of continuous real valued functions de-
fined on [0, 1]. Let the inner product be given as

(f.9) E/o f(x)g(x)dx.

Show that this is an inner product. Also let V' be the subspace described in
Problem 9. Using the result of this problem, find the vector in V' which is
closest to x*.

Consider the following system of equations

aCy+ pBCy =0
’)/Cl +6Cy =0

in which it is known that C? + C% # 0. Show that this requires ad — 3y = 0.

TA regular Sturm Liouville problem involves the differential equation, for
an unknown function of x which is denoted here by y,

(p(z) y')/ + (Ag(z)+7r(z)y=0, z € [a,b].

It is assumed that p (t), ¢ (t) > 0 for any t € [a, b] and also there are boundary
conditions,

Cry(a) +Cay' (@) = 0
C3y (b) + Cay' (b)

Il
o

where
C? +C2>0, and C2 +C? > 0.
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14.

15.

16.

17.

There is an immense theory connected to these important problems. The
constant A is called an eigenvalue. Show that if y is a solution to the above
problem corresponding to A = A\; and if z is a solution corresponding to A =
)\2 7£ )\1, then

b
(6.20) / q(x)y(z)z(x)de =0.
Show 16.20) defines an inner product. Hint: Do something like this:

@) y) 2+ (\g(@) +7(2)yz = 0,
(p()2) y+ Naq(@) +7(2) 2y = 0.

Now subtract and either use integration by parts or show that

(p(2)y) 2= (@) ) y=(p(2)y) 2 = (p(x) ) y)

and then integrate. Use the boundary conditions to show that ¢’ (a) z (a) —
2" (a)y(a) =0 and y' (b) z(b) — 2’ (b) y (b) = 0. The formula, [6.20 is called an
orthogonality relation. It turns out that there are typically infinitely many
eigenvalues. It is interesting to write given functions as an infinite series of
these “eigenfunctions”, solutions to the Sturm Liouville problem for a given
A

Consider the subspace V' = ker (A) where

14 -1 -1
21 2 3
A= 49 0 1
56 3 4

Find an orthonormal basis for V. Hint: You might first find a basis and then
use the Gram Schmidt procedure.

Let W be a subspace of a finite dimensional inner product space V. Also let
P denote the map which sends every vector of V' to its closest point in W.
Show using Theorem [6.3.4] that P is linear and also that

|Pz — Pyl|| < [lz —yl|.
Verify the parallelogram identify for any inner product space,
2 2 2 2
lz +yllI” + llz =yl = 2|lz]]” + 2 [[y]I" .
Why is it called the parallelogram identity?

Let H be an inner product space and let K C H be a nonempty convex subset.
This means that if kq, ke € K, then the line segment consisting of points of
the form

thy + (1 —t) ko for t € (0,1)

is also contained in K. Suppose, for each x € H, there exists Px defined to
be a point of K closest to x. Show that Pz is unique, so that P actually is
a map. Hint: Suppose z; and z3 both work as closest points. Consider the
midpoint, (z1 + 22) /2 and use the parallelogram identity of Problem [16!in an
auspicious manner.
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18

19.

20.

21.

22.
23.

24.

25.

26.
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Give an example of two vectors X,y in R* and a subspace V such that (x,y) =
0 but (Px,Py) # 0 where P denotes the projection map which sends x to its
closest point on V.

Suppose you are given the data, (1,2),(2,4),(3,8),(0,0). Find the linear
regression line using the formulas derived above. Then graph the given data
along with your regression line.

Generalize the least squares procedure to the situation in which data is given
and you desire to fit it with an expression of the form y = af (z) 4+ bg (x) + ¢
where the problem would be to find a,b and ¢ in order to minimize the sum
of the squares of the error. Could this be generalized to higher dimensions?
How about more functions?

Let A be an m x n matrix of complex entries. Thus A : C"* — C™. Show that
(6.21) (Ax,y) = (x,A%y)

if and only if A* = Af. This shows that A* can be defined in terms of the
above equation. Note that if A has all real entries, A* reduces to A?.

1For A an m x n matrix of complex entries, show ker (4*A) = ker (A).

TShow using only the equation [6.21 that (AB)" = B* A* without making any
reference to the entries of A.

TLet A be an m X n matrix having complex entries. Show that the rank of A
equals the rank of A*A. Next justify the following inequality to conclude that
the rank of A equals the rank of A*.

rank (A) =rank (A*A) <rank (A¥)
=rank (AA*) <rank (A4).

Hint: Start with an orthonormal basis, {ij};:l of A(C™) and verify that

{A*Ax; };:1 is a basis for A*A (C™). You might also want to use the result
of Problem 22 and Theorem [5.4.10.

Let V be a vector space and let L be a subspace. Sketch a representative
picture of L. Now sketch a representative picture of L + x defined as

L+xz={l+xz:1eL}.
Whyisze L+z? Ifxy € L+x,is L+ 21 =L+ 27
Suppose V is an inner product space and L is a nonzero subspace. Define
M =x+ L.

Show that there exists a point m of M which is closest to 0 and that this m
is given by the following formula.

x — Z(m,uj>uj

J
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27.

28.

29.

where {uy,---,u,} is an orthonormal basis for L. Hint: First explain why a
typical point m € M is of the form = — Zj aju;. Thus it is desired to find

. Now review Theorem 6.3.4.

the a; in order to minimize Hx =D ajuy
TLet A be an m X n matrix and consider the set
M,={xeC": A"Ax = A"y}.
Thus M, is the set of least squares solutions to the equation
Ax =y.
Show M, = xo + ker (A*A) where xq is any vector in M,,.

1Using Problem 26/ explain why, for A an m x n matrix, there exists a unique
point Aty of M, the set of least squares solutions to

Ax =y

which is closest to 0. This point is defined by the formula
Aty =x— Z <x, uj> u;.
j=1

where x is any point of M, and {uj,---,u,} is an orthonormal basis for
ker (A*A).

Af(y)

/

ker(A*A)

In a sense, this point is the ‘best’ least squares solution. The mapping A
just described is called the Moore Penrose inverse. Some of its properties are
described in the following problems.

1In the above problem, show that AT : R™ — R™ is a linear mapping and
therefore, can be considered as a matrix which will also be denoted by A™T.
Hint: First show that if x;,x2 are least squares solutions to Ax =y; and
Ax =y, respectively, and if a, b are scalars, then ax; + bxs is a least squares
solution to A = ay; + byo. Now use the above formula for ATy.



158

30.

31.

32.

33.
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TThe Penrose conditions for the Moore Penrose inverse are the following.
AATA=A ATAAT = AT,
and AT A and AAT are Hermitian, meaning
(ATA)" = ATA, (AAT)" = AAT.

It can be shown that these conditions characterize the Moore Penrose inverse
in the sense that the Moore Penrose inverse is the unique matrix which satisfies
these conditions. This is discussed more conveniently later in the book in the
context of the singular value decomposition. Show that if A is an n X n
invertible matrix, the Penrose conditions hold for A~! in place of A™.

TRecall that

Aty =x— Z <x, uj> u;
j=1

where the u; are an orthonormal basis for ker (A*A) and x is any least squares
solution to Ax =y. In particular, ATy =Aty— Z;Zl (Aty,u;)u;. Using
this, explain why ATy is the least squares solution to Ax = y which satisfies

(6.22) A*A (A+y) = Ay, <A+y,z> =0 for all z € ker (A*A).

TEstablish the first Penrose condition,
AATA = A.
Hint: Follow the steps below.

(a) Using the description of the Moore Penrose inverse in Problem 31, show
that
A*AAT Ax = A* Ax.

(b) Show next that for any y € C",
<(AA+A — A) X,Ay> =0.
(c) In the above equality, let y = (AT A — I)x.
T Now establish the second Penrose condition
ATAAT = AT,
Hint: Follow the steps below.
(a) From the first Penrose condition, explain why
A*AATAATy = A*AAty

(b) Now explain why AT (AATy —y) € ker (A*A).
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34.

35.

36.

37.

38.

39.

(¢) Using the second condition in [6.22] explain why
<A+AA+y — ATy, ATAATy — A+y> =0.

Find the least squares solution to

1 1 . a
1o ( ) —{ o
1 1+¢ y c
Next suppose ¢ is so small that all €2 terms are ignored by the computer but

the terms of order ¢ are not ignored. Show the least squares equations in this
case reduce to

3 3+¢ z\ a+b+c
34+¢e 3+2 y) \a+b+(l+¢e)c /)’
Find the solution to this and compare the y values of the two solutions. Show
that one of these is —2 times the other. This illustrates a problem with the
technique for finding least squares solutions presented in this chapter. One

way of dealing with this problem is to use the QR factorization which is
presented later in the book but also in the first problem above.

For A an m X n matrix with m > n and the rank of A equaling n, Prob-
lem [2| above shows that there exists a QR factorization for A. Show that the
equations A*Ax = A*y can be written as R*Rx = R*Q*y where R is up-
per triangular and R* is lower triangular. Explain how to solve this system
efficiently. Hint: You first find Rx and then you find x.

Let {b1,--- ,b,} be a basis in an inner product space. Thus any vector v can
be written in the form v = Z?zl v;0; where x; is in the complex numbers.
Write a formula for (v, w) in terms of the components taken with respect the
given basis. In particular, show that

wy
ww)y=(v1 - v, )G

Wy,
where G is the Gramian matrix whose ij*" entry is (b;,b;). This is also
called the metric tensor.

1Let {b1,---,b,} be vectors in an inner product space. Show that the set of
vectors is linearly independent if and only if the Gramian has rank n.

1Let {b1,--- ,b,} be abasis for an inner product space. Show that there exists
a unique dual basis {bl, e ,b"} satisfying <bi, bj> = 0;5. (In this context, 6,5 is
usually written as 5; It equals 1if i = j and 0if i # j.) In fact, b’ = Y, G**by
where G** is the ik*" entry of G—1.

TLet {by,--- ,bn} be a basis for an inner product space and let {b',---,b"}
be the dual basis. Show that if v is any vector, v = 1" | (v,b')b; =

Z?:l <U7 b’L> bl
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40.

41.

42.

43.

44.

45.

INNER PRODUCT SPACES

Let {b1,- - , by} be linearly independent vectors in a real inner product space

and let y be a vector in this inner product space. Show that ||y — >, _; arbk||
aq <ya b1>

is as small as possible when a = : is given by a = G 1 for
GQp <ya b”>

G the Gramian.

Let {b1, - ,b,} be a basis for an inner product space H. We say L € H' if L
is a linear transformation which maps H to the complex numbers. Show that
there exists a unique z € H such that Lv = (v, z) for all v € H. This is called
the Riesz representation theorem.

TWith the Riesz representation theorem, it becomes possible to discuss the
adjoint of a linear transformation in the correct way. Let A : H — F where
H and F are finite dimensional inner product spaces and A is linear. Show
that there exists a unique A* : F' — H such that (Az,y)r = (z, A*y), and
A* is linear. Also show that (AB)" = B*A* directly from this definition.

Let S be a nonempty set in an inner product space. Let S+ denote the set

St ={x:(zx,s) =0 for all s € S}. Show that S+ is always a subspace.

Let H, F be two finite dimensional inner product spaces and let A be a linear
transformation which maps H to F'. The Fredholm alternative says that
there exists a solution to Ax =y if and only if y € ker (A*)J‘. Here ST is
defined as the collection of all vectors which have the property that the inner
product of the vector with any vector of S equals 0. Prove the Fredholm
alternative. Also show that A is onto, if and only if A* is one to one.

You can consider any complex finite dimensional vector space as an inner
product space. Here is how you can do this. Start with a basis {by,--+ ,b,}.
Then DECREE that (b;,b;) = d;;. Then if u,w are any two vectors, it
follows that (u,w) must equal ), u,w; where u = ), u;b;, similar for w.
Show that this satisfies all the axioms of an inner product space. When you
do this, you are bestowing a geometric structure on something which is only
algebraic.
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7.1 Change of basis

Let V be a vector space over F and consider two bases § = {v1,...,v,},7 =
{wi,...,w,} of V. Recall that for v a vector,
Z1
[v]ﬁ )
xn
where

Lemma 7.1.1 The mapping 05 (v) defined as [v] 5 is a well defined linear bijection
from V to F™.

Proof. First observe that this mapping is well defined. This is because

{v1,...,vn}

is a basis. If .

n n
0= mjw;— > yv; = (x; —y;) vj,
j=1 j=1 j=1
so that x and y are both coordinate vectors for v, then by linear independence, it
follows that x; — y; = 0 for all 4.
Next consider the claim that this mapping is linear. Letting a, b be scalars, and
v, w be vectors such that x = [v]; and y = [v];,

05 (av +bw) = |a ijvj + bZ Yjv;
e j=1 5

n

= D (aw; +by;) v,

j=1

8
= ax+ by = abg (v) + bdg (v)

161
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Now consider the claim that the mapping is one to one. If

x = ol = 0 (v) = 0,

then from the definition,

n n
v = E Tv; = E Ov; =0,
i=1 i=1

and so v = 0. It follows that the mapping is one to one as claimed.
If x € F™ is arbitrary, consider

n
v = Z TiU;.
i=1
Then by definition,

and so the mapping 63 is onto. O
Let

[vlg, [vl,
be two coordinate vectors for the same vector v in V' corresponding to two different
bases § and v. What is the relation between the coordinate vectors [v]s, [v],?

Lemma 7.1.2 Let 8 = {v1,...,v,},7 = {w1,...,wn} be two bases for V. There
exists an invertible matriz P such that

This matriz is given by P = (pj;) where
(71) w; = ijivj~
j=1

Furthermore,

Proof. [v]; =60z = 959;1 [v], . This shows that the mapping [v]; — [v], is a
linear bijection and hence has an invertible matrix P associated to it. By Lemma
5.2.3 column i of P equals 959;1@7 that is, 8gw;. This vector is ( Pl Pri )t
by [7.1L Thus [v]; = P [v],, and so, multiplying both sides by P~1 it follows that
[v], = P! [v]g. O

Next we consider the matrix of a linear transformation.

Theorem 7.1.3 Let T be a linear transformation mapping V to V where V is an
n dimensional vector space. Then letting = {v1, - ,v,} be a basis for V, there
exists a unique n X n matriz [T]; = (a;;) which satisfies

[Tv]g = [T]ﬁ [U],g .
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This matriz is defined by
n
Tv; = Z Aki V-
k=1

In terms of the coordinate map for the basis (3,
[T]sx = F)gTF)El (x).

Proof. The existence of the matrix follows from the following computation
which comes directly from the definitions. Let v € V' be arbitrary.

mi = 7 (35 (1), - 3 (1), 5
- [ (1), o] - > (S (i), ) B

It follows from the definition of the coordinate vector that

(1r12), = 3o (191),

and this implies that for all v € V|
[TU],B =A Mﬁ )

where A is the matrix (a;;).

Consider the claim of uniqueness. Let B be another n x n matrix which satisfies
the above equation. By Lemma [7.1.1, the map v — [v]; is onto, it follows that for
all x € F™,

Ax = Bx,

which implies A = B. This proves the theorem with [T]; defined as A.
Finally, the last claim follows from

[T@glx}ﬁ — 1], [9;1x]ﬁ = [T)5 0505 'x = [T, x.

O
We say that 7' has matrix [T]; for the basis 3.

Example 7.1.4 Let F =R, w; = (1,2),wy = (2,3). Let T be defined by

(7.2) T(x1w1 + aWs) = 621 W1 + Sxows.

6 0
T}ﬁ = ( 05 ) .
This is because

(g g) (2 > - ( gi; ) = [T(z1wW1 + 22W2)]5 .

Then, writing 8 = {w1, wa},
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A natural question is: what is the relation between [T]g and [T, for distinct
bases 3 and v of V?

Lemma 7.1.5 Let 3,7 be the bases {v1,...,vn},{wy,...,w,} of V, related by

Then
[T], = P [T]g P.

Proof. This follows from the following computation.
PTHI), P, = PTHT]4M0],

T e [Tv], = P~'P[T]
= [Twl, =T, [v]

~

Y

By Lemma [7.1.1, which says 6., is onto, it follows that

O
We also have the following simple lemma.

Lemma 7.1.6 Let V be a finite dimensional vector space with basis 8 and let A, B
be two linear mappings from V to V. Then for a,b scalars,

[aA +bB]; = a[A]l; +b[B],.
Also, if id is the identity linear transformation, then for any basis,
id]; = 1,
the identity matriz.

Proof. This follows right away from the observation that the coordinate maps
and their inverses are linear. Thus

[aA +bB], 05 (aA+bB)6;"

= alpAf;" +b0sB0,"
= alA];+b[B];.

As for the last claim,
[id]; =603id6;" = 1.0

Example 7.1.7 With § = {w,wz} and T as in Example [7.1.4] let vi = €1, vy =

es,7 = {e1,ex}. Thus
1 2
po(12)



7.1. CHANGE OF BASIS 165

-3 2
2 -1

iy (60

par= (80),
(60N, (2 2
A_P<0 5)P _<—6 9)'

Here A is the matrix of T with respect to the standard basis (which we usually call
‘the matrix of 7", of course).

We obtain P71 = < ) after a simple calculation. So

Check

TW1

(53)(3)-(4)-on
- (4 2)(2)-(2)-m

(using A), which conforms with the definition of T'.

A very non - trivial example which is of interest in computer graphics is the
problem of rotating all vectors about a given unit vector.

Consider three unit vectors uy, us, ug which form a right handed system and are
mutually orthogonal. If T is the transformation which rotates all vectors about ug
through an angle 6, it follows from analogy to the case of rotating about the vector
k that

Tu; = wujcosf+ussinb
Tus = —uysinf + uycosl
Tu3 = Uusg

Thus the matrix of this rotation with respect to the basis v = {u;, us, us} is

cosf —sinf 0
[T],= | sinf cosf 0
0 0 1

With 5 = {e1, ez, €3}, the problem is to find [T]ﬁ. By Theorem [7.1.3), this matrix
is given by
[T]y = 05T05" = 0507 [T], 0,05
:(u1 Uz U3 )[T] (111 Uz Uus )_1.

It follows that [T, is

~

cosf —sinf 0
(7.3) (u1 us u;;) sinfd cosf 0 (u1 us 113>
0 0 1

-1

Note that, since the vectors are mutually orthogonal, the inverse on the right may
be computed by taking the transpose. This gives the matrix which rotates about a
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given vector ug, provided u; and us can be constructed such that uj, us, us form
a right handed system. We consider this now.

Recall the geometric description of the cross product in Problem [16/ on Page [10L
Given the vectors x,y, the cross product x x y satisfies the following conditions

Ix x y| = [x][y]sing

where 6 is the included angle, and x,y,x x y forms a right handed system with
X X y being perpendicular to both x and y.

Let uz = (a, b, ¢) a given unit vector. We will assume for the sake of convenience
that |c| < 1. A unit vector perpendicular to the given vector is

u _ (=b,a,0)
V=

Now it remains to choose us, a unit vector, such that uj,us,us is a right hand
system and the vectors are mutually orthogonal.

us
uy
up

Using the right hand rule for the cross product, such a vector is ug x u; =
(=b,a,0)
Va2 + b2

ac, be, ¢ — 1)

u = (a,b,c)x

~

NreEw

where we used the fact that a2 + b2 + ¢ = 1. It follows that the matrix of interest
is

—b —ac
ViR Vi a cosf —sinf 0
Jiaza_i_bz /7(12_;_:52 b sinf cosf 0
O 1762 C O 0 1
Ve
—b —ac a t
ViR Vi
a —0cC
VarE Vap D
1—c
0 T ©

Doing the routine computations and simplifications, it follows that [T] 5 equals

a?+ (1 —a*)cos ab(l—cosf) —csinf ac(l— cosf)+ bsind
= | ab(1 —cosf) +csinf  b>+ (1 —b*)cos  bc(l—cosf) —asinf
ac(l—cosf) —bsinf be(l—cosf)+asingd c?+ (1—c?)cos

This also gives the correct answer if |c| = 1 as can be verified directly. In this
case, ¢ = £1 and both a,b = 0. Summarizing, if u = (a, b, c) is a unit vector in R3,
rotation about u may be accomplished by multiplying the vector of R? on the left
by the above matrix.
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Definition 7.1.8 We say that n x n matrices A and B over F are similar over
F (or, A is similar to B over F) if A= PBP~! for an invertible n x n matriz P
over F.

Note that B = P7'AP = QAQ~" with Q = P!, so the order of A and B in
defining similarity is of no consequence. Lemma|7.1.5 says that the change of basis
from B to v has the effect of replacing [T)g by a similar matriz [T],.

Definition 7.1.9 An n x n matriz of the form

dy

dn
(that is, D = [d;;] with d;j =0 for i # j,d;; = d;) is said to be diagonal.

Be careful in using the convention, adopted from here on, that ‘blank’ entries
in a matrix are 0.

Definition 7.1.10 If the matriz A over F is similar over F' to a diagonal matriz
D over F, we say that A is diagonalizable over F'.

2 2
—6 9
is that the linear mapping Tx = Ax ‘looks much simpler after a change of basis’,
as in [7.2l But how are we to tell which matrices are diagonalizable? The answer
(find the eigenvalues and eigenvectors) must be postponed until Chapter 8!

The repetition of the phrase ‘over F” in the above definition is necessary. We
shall see examples where a real matrix A is diagonalizable over C but not R. That
is, we can write

Thus in Examples 1, 2, < is diagonalizable. The point of the definition

A=PDP .

only by allowing complex entries on the right-hand side.

7.2 Determinants

Every square matrix A over a field F' has a determinant, an element det A of F. It
turns out that det A # 0 if A is invertible and det A = 0 if A is singular. To take a
simple example,

ail a2
det = Q11022 — Q12021
a1 Q22

The simplest way to describe determinants in the n X n case is to use permu-
tations. A permutation of 1,...,n is a rearrangement {p(1),p(2),...,p(n)} of
Jn ={1,...,n}. Formally, we have p : J,, — Jpand p is a bijection. For example,
when n = 3 the notation

p:2,1,3

means that p(1) = 2,p(2) = 1,p(3) = 3.



168 SIMILARITY AND DETERMINANTS

A permutation contains a number (possibly 0) of disordered pairs, that is
pairs of integers listed in reverse order. Such a pair need not be adjacent. In

(7.4) p:2,1,3,4
there is one disordered pair, (2,1). In

P 4.3,2,1
there are six: (4, 3),(4,2),(4,1),(3,2),(3,1),(2,1).

Definition 7.2.1 The permutation p is even if the number of disordered pairs in
p is even. Otherwise, p is odd.

A useful fact is that the transposition of two integers alters the parity (changes
an even permutation to odd and vice versa). This with p as in 7.4}

p’:4,1,3,2

is obtained from p by a transposition, and has 4 disordered pairs. So p is odd, p”
is even.

Lemma 7.2.2 Suppose that p' is obtained from

p:p(1),p(2),...,p(n)
by a transposition. Then p and p' have opposite parity.

Proof. Say p(i),p(j) are interchanged to produce p’. Pairs which change places are
(p(2),p(4)) and (p(i),p(k)), (p(4), p(k)) for all k,i < k < j. That is an odd number
of place changes, so an odd number of +1’s is added to the disordered pair count.
O

For example, consider J;, = {1,2, 3,4}, and switch the 3 and the 1. This yields

p:3214

There are now three disordered pairs, (3,2),(3,1),(2,1) where initially there were
none.

Lemma 7.2.3 There are n! permutations of 1,...,n, wheren! =n-(n—1)---2-1.

Proof. This is obvious if n = 1. Suppose it is so for k < n — 1 and consider the
permutations of {1,2,--- ,n}. There are n choices for the last number in the list
and for each of these choices, induction implies there are (n — 1)! ways to order the
remaining numbers. Thus there are n! permutations in all.O

Definition 7.2.4 The determinant of

a11 - Qin
A_:

ap1 **° QApn
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18
(7.5) det A = Z(_l)paip(l) <o Qup(n)-

p

Here

(i) the sum is over all n! permutations p of Jp;
(i) (—1)P means 1 if p is even and —1 if p is odd.

Note that the products which appear in 7.5/ contain one factor from each row of
A, and also contain one factor from each column of A.

Example 7.2.5 Let n = 1. The only permutation p has p(1) = 1 and p is even. So

det (au) = aiy-

Example 7.2.6 Let n = 2. The permutations are

p:1,2 (even)
p 12,1 (odd).

So

a1l aiz | _ o /
det < a1 g9 > - alp(l)a2p(2) alp (1)a2p (2)

= a11022 — (12021.
Example 7.2.7 Let n = 3. The permutations are:

)

p1:17273 p2:2a371 D3 1
1 2

,2  (even),
p4:17372 p5:2a 33 DPe 1

03
3 (odd).

)

Listing terms in (7.5 in the order pq, ..., pg,

a1 a2 ai3
det | @21 ag2 a2z | =aiiassass + ai2a23a31 + a13a21032
asz1 a32 a33

— @11G23032 — 012021033 — 13022037 -

Evaluating det A from the definition becomes unworkable as n increases. Deter-
minants (whether computed by hand or via Maple) are actually found using row
reduction.

Lemma 7.2.8 Let B be obtained from the n x n matrix A by interchanging row i
and row j. Then
det B = —det A.
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Proof. A product of the form

(7.6) bip(1) - - - bnp(n)
is equal to
(77) Q1p/(1) - - - Anp’(n)>

where p’ is obtained from p by transposing p(i),p(j). To see this, p(k) = p'(k) for
k& {i,j},p(i) = p'(j) and p(j) = p'(i),
bip(j) = @ip() = @ip'(i);
and similarly
bip(i) = @jpr(j)-
The other factors are the same in (7.6, [7.7.
As p runs over all permutations, so does p’. Further, because of Lemma [7.2.2]

’

(78) (71)pb1p(1) ce bnp(n) = 7(71)p alp/(l) [P anp/(n).

Adding all n! terms in equation [7.8| gives det B = —det A. O

Lemma 7.2.9 Let A be an n x n matriz with two tdentical rows. Then det A = 0.

Proof. Suppose rows i, are identical. Associate p’ with p as in the last proof.
Then

det A = Z (alp(l) < Qup(n) — Q1p/(1) - - - anp,(n))

p even

because p’ runs over the odd permutations when p runs over the even ones. The
subtracted pair inside the brackets are identical. (They are given by [7.6, 7.7 with
A=DB.) So

det A = Z 0.0

p even

A determinant can be regarded as a fixed linear function of a given row. Thus

Ty T2 I3
(7.9) L(x)=det | a21 ase ass | =uizy + ugws + ugxs
azp a3z2 ass

where, after a short calculation, we obtain

(7.10) wy = det ( 2z 23 ) sug = —det ( o az? ) ;ug = det ( 21 22 > .

asz as3 a3l as3 asr as2
We have

(7.11) L(ex+dy) = c¢L(x) + dL(y)
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(without needing to specify ui, us, us). More generally, if r; = (a;1,...,a;,),

ry

(7.12) L(x) = det X

'y
then (with uq,...,u, depending on the a;;, with i # j)
L(x) =uix1 + - + upZp.

This holds simply because each product in the determinant contains exactly one of
Z1,...,Tn. Again, [7.11 holds.

Lemma 7.2.10 Let B be obtained from the n X n matriz A by multiplying row @
by c. Then
det B = cdet A.

Proof. In7.12,

det B = L(cr;) = cL(r;) = cdet A. O

Lemma 7.2.11 Let B be obtained from the n x n matriz A by adding ¢ times row
i to row j, where j #i. Then

det B = det A.
Proof. In[7.12

det B = L(r; + cr;)
= L(r;) + cL(r;) = det A+ cL(r;).

But L(r;) is the determinant of a matrix with two identical rows. So L(r;) =0
by Lemma [7.2.9/ 0
Certain determinants are rather easy to evaluate.

Lemma 7.2.12 Let A be upper triangular,

air - Qin

A:

a/nn
That is, a;; = 0 for i > j. Then

det A = a11a22 - App-
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Proof. Consider a nonzero product aip(1)-::appn)- Since the product is
nonzero, this requires p(n) = n. This forces p(n — 1) = n — 1. We can con-
tinue the process and show that p(j) = j for j =n,...,1. Hence the only nonzero
term in the sum det A is a11 -+ - app. O

Lemma 7.2.13 Let A be n x n. Then
det A" = det A.
Proof. The n! products appearing in the sum det A® are of the form
(7.13) Ap(1)1 " Ap(n)n-

These are all products which contain one term from each row, and one term from
each column, of A. They are the products for det A, but we have to check that the
=+ signs are correct.

Let us rewrite [7.13| by rearranging the product as

(7.14) A1g(1) " Ang(n)

where ¢ is a permutation that depends on p. Now p, ¢ have the same number of
disordered pairs. In(7.14 this is the number of ‘subproducts’ a;,a;j, with ¢ < j and
u>v. But i = p(u) and j = p(v), so this is equal to the number of pairs u,v with
v <wu and p(v) > p(u). Thus (—1)” = (—1)? as required. O

Example 7.2.14 Let F' = R. Evaluate det
3
1
1
1

We note that, doing appropriate row operations,

1 3 5 6 1 3 5 6
A 72><top_J>r second 0 75 79 —11 —3x to&)Jr third O 75 79 —11
3 1 6 2 0 -8 -9 -16
0 1 1 1 0 1 1 1
1 3 5 6
switch_2> and 3 0 1 1 1 Use second row
0 -8 -9 -16
0 -5 -9 -11
13 5 6 13 5 6
01 1 1 . 01 1 1
00 -1 -8 00 -1 -8
0 0 -4 —6 00 0 26

Write this chain as A — By — By — By — By — Bs. We have (using Lemmas
7.2.8 and [7.2.11)

det Bs = det By = det B3 = — det By = — det By = det A.
Since det Bs = —26, we get det A = 26.
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It is of course quicker to use Maple. But Example(7.2.14illustrates the fact that
in any chain obtained from row operations

(7.15) A— By — -+ — By.

starting with an n X n matrix and ending in a row reduced matrix By, each deter-
minant is a nonzero multiple of the preceding one (by Lemmas|[7.2.8, [7.2.10, [7.2.11]).

So
det A=0if det B, =0

det A # 0 if det By # 0.
Note that if A is singular then By, which has the same rank as A, has a zero row ;

so det B, = 0 and det A = 0.

Lemma 7.2.15 Let A and B be n x n. Then
det(AB) = det Adet B.
If A is an n x n matriz, det (A) # 0 if and only if R(A) = n.
Proof. If A is singular, (R (A) < n), then so is AB, and
det AB =0 = det Adet B.
In the other case that A is invertible, (R (A) = n) we note the particular case
(7.16) det(EB) = det E det B,

where F is an elementary matrix. This is a restatement of Lemmas 7.2.8], [7.2.10
and [7.2.11.
Now if A is invertible, we recall that

A=FE, - By
with each E; elementary. See Problem |31/ on Page [74. Using [7.16 repeatedly,

det AB = det(F; ... ExB)
= det By det B - - - det E), det B.

Since det A = det E - - - det Ey, from the particular case B = I, the first claim of
the lemma follows.

Now consider the claim about rank. If R(A) = n, then the columns of A
are linearly independent, and so they are each pivot columns. Therefore, the row
reduced echelon form of A is I. It follows that a product of elementary matrices
corresponding to various row operations, when applied to the left of A, yields I,

EyEy---E,A=1.

Now take the determinant of both sides of the above expression to conclude that
det (A) cannot equal 0. Next suppose det (A) # 0. Then the row reduced echelon
form for A also has nonzero determinant. It follows that this row reduced echelon
form must equal I since otherwise the row reduced echelon form of A would have a
row of zeros and would have zero determinant. Hence, by Lemma [3.1.10 the rank
of A must equal n. O
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Example 7.2.16 (The Vandermonde determinant.) Show that

1 21 v 271/7’71
1 29 v Z;’_l

(7.17) det [ .. : = H(zj — %)
:'l Zn Z’Z;—l J>1

Notation 7.2.17 The large [] indicates a product, and the § > i ~ underneath
indicates that we multiply all z; — z; for pairsi,j with1 < i <j <mn. In the 3 x 3
case, the value of the determinant is

(23 — 21)(23 — 22) (22 — 21)-

To get [7.17 we use polynomials in several variables. A polynomial in zq,..., 2,
is a sum of monomials

ain, ... in)20 -2 a(iy, ... in) # 0.

(We can work over any field F', so that a(i1,...,i,) € F.) The degree of this
monomial is 71 + --- + i,, and the degree of a polynomial P is the largest degree
among the monomials whose sum is P.

Both the left-hand and right-hand sides of [7.17 are polynomials in zq,...,2,. A
short calculation shows that both have degree 0+1+42+---4mn—1. This is obvious
for P the polynomial on the left, given by the determinant. It is also true for @,
the polynomial on the right.

Lemma 7.2.18 The degree of Q is1+2+---+n— 1.

Proof. This is obvious if n = 2. Suppose the statement is true for n — 1 where
n > 3. Then

II Gi-z0=1lGn—2) I (z—-2).

n>j>i n>i (n—1)>5>i
Now the first of the two factors clearly has degree n — 1 and the second has degree
1+2+---+n-2

by induction. Hence the degree of their productis 1 +2+---+n — 1.0

Lemma 7.2.19 P(z1,...,2,) is dwisible by z; — z; if j > i. That is,

P(z)
Zj — Z
s a polynomial.
Proof. Fixing each z; for j # 4, the function z; — P (z1,...,2,) = q(z) is

an ordinary polynomial which is a function of the single variable z;. Then when
zi = 2j, q (z;) becomes the determinant of a matrix which has two equal rows and is
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therefore, equal to 0. Now from the Euclidean algorithm for polynomials Theorem
1.8.3) there exists a polynomial k (z;) such that

q(zi) = k(2) (2 = 2j) +7(2)

where the degree of r (x;) < 1 or else r (z;) equals 0. However, since ¢ (z;) = 0, it
follows that r (z;) = 0, and so r (2;) = 0. This proves the lemma.O
Thus
P(z) = (25 — zi) P' (2).
The same reasoning applies to P’ (z). It equals 0 when z; = z; for another k > i.
Thus, repeating this argument a finite number of times, the quotient

P(z)
Q(2)

is a polynomial of degree 0. That is, R(z) is a constant c¢. In fact, ¢ = 1, since P, Q
both contain the term 2923 ...27 1. This establishes [7.17.
Determinants can be used to give an algebraic formula for A~!, e.g.

R(z) =

det A \ —a21 a1

when n = 2,det A # 0. To obtain the general formula, we begin with
(7.18) det A= (~1)"a;; det A;;,
j=1

where A;; is the matrix obtained by deleting row ¢ and column j. This is an
expansion by row ¢. Expansion by column j is the similar formula

(719) det A = Z(—l)iJrjaij det AU
i=1

See the exercises for a proof of [7.19.

Definition 7.2.20 It is customary to refer to the quantity (—1)j+]c Aji described
above as the jk' cofactor. It is often written as

(—1)/" Aji = cof (A) .-

The determinant Ajy is called the Gk minor.

Example 7.2.21 To evaluate det

ot O
N o~ W

1
6 |, the natural choice is ‘expand by
1

on

row 1’ or ‘expand by column 1’. We get by the first expansion the value

det A =—-3(2—30)+1(4 — 20)
= 68.

The second expansion yields

det A= —2(3 — 2) + 5(18 — 4) = 68.
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Theorem 7.2.22 The formula |7.18 is valid.

Proof. To begin with, it is clear that [7.18 is correct apart perhaps from the
+ signs (—=1)**7. Every j on the right-hand side corresponds to (n — 1)! distinct
products that appear in det A, namely all

@1p(1) - - - Anp(n)

for which the given integer 7 has p(i) = j. Adding these up, we get all the terms of
det A, but it is not clear that the + signs are correct.

Consider the matrix B obtained from A, by interchanging adjacent rows ¢ — 1
times, then interchanging adjacent columns j — 1 times, to bring a;; to top left
position (b11 = a;;). Clearly Bi; = A;;. Now

(7.20) det B = (—1)""7"2det A; det A = (—1)"" det B.

The sign of a term +byp(2) ... byp(n) of det By is evidently the same as the sign
of ib11b2p(2)...bnp(n) in det B. Hence det B includes the terms b;;det By =
a;; det A;;, and recalling [7.20 det A includes the terms (—1)i+jaij det A;;.0

Definition 7.2.23 The adjugate of A is the matriz C = (¢;;) over F with entries
cij=(-1)"detAj;  (i,j=1,...,n).
We write adj A for C.

It is a simple matter to deduce from [7.18 that
(7.21) AadjA = (det A)I.

The ijt" entry of A adj A is

n

(7.22) D ai (1) det Ajy,.
k=1

This is of course just det A if i = j, since we can refer to [7.18. If ¢ £ j, then in[7.22
we have the expansion by row j of the matrix obtained from A by replacing row
j with a copy of row i. It follows that the ij*" entry of Aadj A is 0if i # 5, and
we have proved [7.21. In terms of indices,

> ai(—=1)7"F det Ay, = det (A) 6.
k=1

As a corollary, if det A # 0,
(7.23) A7l = (det A)"tadj A.

In terms of the 5" entries, letting a”1 denote the ij*" entry of the inverse matrix,

1
W det (A)

cof (A) .

a i
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This formula for the inverse also implies a famous procedure known as Cramer’s
rule. Cramer’s rule gives a formula for the solutions x, to a system of equations
Ax =y.

In case you are solving such a system of equations Ax =y for x, it follows that
if A=! exists,

x=(A"A)x=A""(Ax)= A"y

thus solving the system. Now in the case that A~! exists, there is a formula for
A~ given above. Using this formula,

n

—~ 1
— -1 — .
i = E Ay Yj = j§=1 det (A) cof (A);; y;-

Jj=1

By the formula for the expansion of a determinant along a column,

1 * e yl e *
=~ _det| : : ],
T qet(4) Y - ~
* e yn “ . *
where here the i'" column of A is replaced with the column vector, (y; - - - -,yn)T,

and the determinant of this modified matrix is taken and divided by det (A). This
formula is known as Cramer’s rule.

Corollary 7.2.24 Suppose A is an nxn matriz and it is desired to solve the system

Ax=y,y = (y1, - 7yn)T forx = (x1,--- ,zn)T. Then Cramer’s rule says
det Al
T =
" detA

where A; is obtained from A by replacing the i*" column of A with the column
(y17"' 7yn)T~

7.3 Wronskians

So far we have only proved linear independence of a set of functions fi,..., f, in
some rather simple cases (including orthogonality). A useful general approach is
based on the Wronskian determinant. The Wronskian determinant of f1,..., fy,
functions in S'[a, b], is the n x n determinant

filz) o fu(®)

W (z) = det :
nf'l n—1
@) AT )

Example 7.3.1 For fi(z) = cosz, fo(x) = sinz,

W () :det( cosr sinw ) 1

—sinx cosx
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Lemma 7.3.2 Let fi,..., fn be as above. If there is some y € [a, b] with W (y) # 0,
then fi1,..., fn is a linearly independent set.

Proof. Suppose that cq,..., ¢, are scalars with
le1+"'+cnfn =0.

Differentiating j times,
lel(]) JF"'JFCnf,S,j) =0.
Fix y with W(y) # 0. The linear system

2x1f1(y) + o+ l'nfn(y) =0
a1 fi(y) + - e frly) =0

21 fV ) £V (y) = 0

is satisfied by 1 = ¢1,...,z, = ¢,. Since the coefficient matrix of this system has
determinant W (y), the matrix is invertible. We infer that

cp=-=c¢,=0.0
Example 7.3.3 Show that
—, sinz,e”
x
is a linearly independent set in S[1, 2].

Solution: The Wronskian in this case is

T

% sinx e

W(z)=det| —% cosz e”

w% —sinx e*

Try an ‘easy’ value, v = 7.
2 1 1
7T B 72+ 47+ 8
W(3)=ePdet| 0 1| =emT T 0,

-1

Lemma [7.3.2] gives the linear independence. (The choice of 7/2 is not particularly
lucky, since there are rather few zeros of W to avoid.)

7.4 Block Multiplication Of Matrices

Consider the following problem

(¢5)(6n)



7.4. BLOCK MULTIPLICATION OF MATRICES 179

You know how to do this. You get

AE+ BG AF+ BH
CE+DG CF+DH )

Now what if instead of numbers, the entries, A, B,C, D, E, F,G are matrices of a
size such that the multiplications and additions needed in the above formula all
make sense. Would the formula be true in this case?

Suppose A is a matrix of the form

A -0 A
(7.24) e R

Arl T Arm
where A;; is a s; X p; matrix where s; is constant for j = 1,--- ,m for each i =
1,---, 7. Such a matrix is called a block matrix, also a partitioned matrix. How

do you get the block A;;? Here is how for A an m x n matrix:

nXp;j

SiXm 0

(7.25) (0 ILxs, 0)A[ Lyxp,
0

In the block column matrix on the right, you need to have c; — 1 rows of zeros
above the small p; x p; identity matrix where the columns of A involved in A;;
are cj, - ,c; +p; — 1 and in the block row matrix on the left, you need to have
r; — 1 columns of zeros to the left of the s; X s; identity matrix where the rows
of A involved in A;; are ry,--- ,7; + s;. An important observation to make is that
the matrix on the right specifies columns to use in the block and the one on the
left specifies the rows. Thus the block A;;, in this case, is a matrix of size s; X p;.
There is no overlap between the blocks of A. Thus the identity n x n identity matrix
corresponding to multiplication on the right of A is of the form

Ipl Xp1 0

O IP m XPm

where these little identity matrices don’t overlap. A similar conclusion follows from
consideration of the matrices I, xs,. Note that in [7.25, the matrix on the right is a
block column matrix for the above block diagonal matrix, and the matrix on the left
in [7.25is a block row matrix taken from a similar block diagonal matrix consisting
of the Iy, xs,-

Next consider the question of multiplication of two block matrices. Let B be a
block matrix of the form

By, --- By
(7.26) TR
By -+ By
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and A is a block matrix of the form

A o A
(7.27) SN
Ay oo Apm
such that for all 7, 7, it makes sense to multiply B;sA,; for all s € {1,---,p}. (That
is the two matrices B;, and A,; are conformable.) and that for fixed ij, it follows
that B;sAg; is the same size for each s so that it makes sense to write ) BjsAg;.
The following theorem says essentially that when you take the product of two
matrices, you can partition both matrices, formally multiply the blocks to get an-

other block matrix and this one will be BA partitioned. Before presenting this
theorem, here is a simple lemma which is really a special case of the theorem.

Lemma 7.4.1 Consider the following product.
0

I)(o10)
0

where the first is n X r and the second is v X n. The small identity matriz I is an
r X r matriz and there are | zero rows above I and | zero columns to the left of I in
the right matriz. Then the product of these matrices is a block matriz of the form

00O
070
00O

Proof: From the definition of matrix multiplication, the product is

0 0 0 0
7lo - I e --- I |e - 7 l1o
0 0 0 0

which yields the claimed result. In the formula e; refers to the column vector of
length r which has a 1 in the j** position. This proves the lemma.O

Theorem 7.4.2 Let B be a g X p block matriz as in|7.26 and let A be a p x n block
matriz as in |7.27 such that B, is conformable with Ag; and each product, BisAs;
for s =1,--- . p is of the same size, so that they can be added. Then BA can be
obtained as a block matriz such that the ij" block is of the form

(7.28) > BiAg.

Proof: From [7.25

0 0
BisAsj = ( 0 L”f, X1 0 )B Istps ( 0 Istps 0 )A IqJqu
0 0
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where here it is assumed B;, is 7; X ps and A is ps X gj. The product involves the
5" block in the i*" row of blocks for B and the s* block in the j* column of A.
Thus there are the same number of rows above the I, «,_ as there are columns to
the left of I, xp. in those two inside matrices. Then from Lemma 7.4.1

0 0 0 0
Ips XPs ( O Ips XPs 0 ) = 0 Ips XPs 0
0 0 0 0

Since the blocks of small identity matrices do not overlap,

0 0 0 Ly spy 0
Z 0 Ips XPs O = i . = [a
s \0 0 o0 0 [

and so,

Z BisAsj =

0 0
Z( 0 I”'iXTi 0 )B Ipsxps ( 0 Istps 0 )A IQjXQj
s 0 0
0 0
= ( 0 I”'iXTi 0 )BZ Ipsxps ( 0 Istps 0 )A Iquqj
0 0
0 0
=(0 IL,xy, O0)BIA| Igxq, | =(0 IL,xy, 0)BA| Iy xq,
0 0

which equals the ij*" block of BA. Hence the ij* block of BA equals the formal
multiplication according to matrix multiplication,

> BiA.

This proves the theorem.O

7.5 Exercises

1. In the following examples, a linear transformation 7T is given by specifying its
action on a basis 4. Find its matrix with respect to this basis. Then find its
matrix with respect to the usual basis.

(1) () (3) (3
(1)

()= (V) () ()

(+
(
or(a)=2(2) e (6) 7 (a) =26
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Let 8 = {uy, - ,u,} be a basis for F" and let T : F™ — F™ be defined as

follows.
T (Z akuk) = Zakbkuk
k=1 k=1

First show that T is a linear transformation. Next show that the matrix of T'
with respect to this basis is [1]; =

by

bn

Show that the above definition is equivalent to simply specifying T on the
basis vectors of G by
T (uk) = bkuk.

11In the situation of the above problem, let v = {ey,--- ,e,} be the standard
basis for F™ where e, is the vector which has 1 in the k*" entry and zeros
elsewhere. Show that 77, is

(7.29) (u1 couy, )71[T}5(u1 un).

TGeneralize the above problem to the situation where 7" is given by specifying
its action on the vectors of a basis § = {uy,--- ,u,} as follows.

n
Tuk: E AjEp;.
j=1

Letting A = (a;;) , verify that for v = {ey,--- ,e,},[7.29 still holds and that
[T]5 = A.

Let V,W be real inner product spaces. For w € W and v € V, the tensor
product, denoted as w ® v is defined as a mapping from V to W as follows.

w®v(uw) = (u,v), w

Show that w ® v is a linear mapping from V to W. If {wy,- - ,w,,} is a basis
for W and {v1,---,v,} is a basis for V, show that {w; ® v;}, ; is a basis for
the vector space of linear transformations mapping V to W. In the case where
V =W and {v1, -+ ,v,} a basis for V, let L be a linear transformation, and
let a;; denote the unique scalars such that

L= E aijvi®vj
,J

Let [L] denote the matrix of the linear transformation with respect to this
basis. Show that [L],; = a;; if and only if {v1,---,v,} is an orthonormal
basis. In general, show that [L] = AG where A is the n x n matrix having
components a;; and G is the metric tensor, G;; = (v;, v;).
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6.

10.

11.

Let P3 denote the set of real polynomials of degree no more than 3, defined
on an interval [a,b]. Show that P; is a subspace of the vector space of all
functions defined on this interval. Show that a basis for Ps is {1,z,27, 23} .
Now let D denote the differentiation operator which sends a function to its
derivative. Show D is a linear transformation which sends P3 to P3. Find the
matrix of this linear transformation with respect to the given basis.

Generalize the above problem to P,, the space of polynomials of degree no
more than n with basis {1,z,--- ,z"}.

. In the situation of the above problem, let the linear transformation be T =

D? +1, defined as T'f = f” + f. Find the matrix of this linear transformation

with respect to the given basis {1, z,--- ,z"}.
. . A B . .
. Consider the block matrix, M = 0 C where A is m xm and C'is k X k.

Thus the matrix is (m + k) x (m + k). Show that det (M) = det (A4) det (C).

*Suppose {v1,--,Vvi} are vectors in R™. Then the k dimensional volume of
the parallelepiped determined by these vectors is defined as

T 1/2

det (v1 vk)
T

Verify that this makes sense by showing that it gives the right answer if there
is only one vector, and also gives the right answer if the vectors are othogonal.
Next verify that for any list of vectors, the above determinant is nonnegative
so one can at least take the square root as required. What is the & dimensional
volume if & > n? If kK = n, show that the expression reduces to

|det (vi -+ v )]

*Show that the definition of volume given in the above is the only one which
is geometrically reasonable. See the picture. You know what the volume of
the base is. The volume of the p 4+ 1 dimensional parallelpiped needs to equal
the height times the volume of the base to make sense geometrically.

A
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12.

13.

14.

15.

16.

17.

18.

SIMILARITY AND DETERMINANTS

In calculus, the following situation is encountered. Let f :U — R™ where U is
an open subset of R™. Such a function is said to have a derivative or to be
differentiable at x € U if there exists a linear transformation 7 : R — R™
such that

lim If(x+v)—1f(x)—Tv| _
o V]

0.

First show that this linear transformation, if it exists, must be unique. Next
show that for § = {e1,--- ,e,}, the k" column of [T} is

of

Actually, the result of this problem is a well kept secret. People typically
don’t see this in calculus. It is seen for the first time in advanced calculus.

Recall that A is similar to B if there exists a matrix P such that A = P~ 1BP.
Show that if A and B are similar, then they have the same determinant.
Give an example of two matrices which are not similar but have the same
determinant.

It was shown in Lemma [7.1.5/ that when two matrices come from the same
linear mapping but with respect to two different bases, then they are similar.
Prove the converse of this fact, that if two n X n matrices are similar, then
there exists a vector space V, a linear transformation 7, and two different
bases, 3,7 on V' such that one matrix is [T and the other is [T7..

Prove the formula [7.19 for expansion of a determinant along a column .

Let A be an n x n matrix, A = (a;;) . The trace of A is defined as
trace (A) = Za”‘

Show that for A, B two n x n matrices, trace (AB) = trace (BA). Now show
that if A and B are similar n x n matrices, then trace (A) = trace (B).

Find the inverse, if it exists, of the matrix

et cost sint

et —sint cost

el —cost —sint

Consider the following two functions which are defined on (—1,1).

22ifz>0

@ = nw={ "2

Show that these functions are linearly independent but that their Wronskian
is identically equal to 0.



7.5. EXERCISES 185

19. Let Ly = y™ +a,_1 () y™ Y+ -+a; (z) ¥ +ao (x) y where the a; are given

20.

21.

continuous functions defined on a closed interval, (a,b) and y is some function
which has n derivatives, so it makes sense to write Ly. Suppose Ly, = 0 for
k=1,2,--- ,n. The Wronskian of these functions, y; is defined as

yi(z) o yn(2)
v () oy ()
W(yhayn)(x)zdet :
g (@) ey (@)

Show that for W (z) = W (y1,- -+ ,yn) () to save space,

Y1 n

v (x) Y, (z)
W' (z) = det :

W @) -y ()

W) - e (@)

Now use the differential equation, Ly = 0 which is satisfied by each of these
functions, y; and properties of determinants presented above to verify that
W'+ an,—1 (x) W = 0. Give an explicit solution of this linear differential equa-
tion, Abel’s formula, and use your answer to verify that the Wronskian of
these solutions to the equation, Ly = 0 either vanishes identically on (a, ) or
never. Hint: Multiply both sides of the differential equation by exp (A (z))
where A’ (z) = an—1 (). Then show that what results is the derivative of
something.

Recall that you can find the determinant A = (a;;) from expanding along the
§t column.
det (4) = > (=)' a;; Ay
i
where A;; is the determinant obtained by deleting the i*" row and the j**
column. It is customary to write
(1) Ay = cof (A),; .
Think of det (A) as a function of the entries, a;;. Explain why the ijt" cofactor
is really just
Odet (A)
8aij '
Let U be an open set in R™ and let g:U — R™ be such that all the first

partial derivatives of all components of g exist and are continuous. Under
these conditions form the matrix Dg (x) given by

DE (), = = 0 ().
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22.

SIMILARITY AND DETERMINANTS

The best kept secret in calculus courses is that the linear transformation
determined by this matrix Dg (x) is called the derivative of g and is the
correct generalization of the concept of derivative of a function of one variable.
Suppose the second partial derivatives also exist and are continuous. Then

show that
Z (cof (Dg));;,; = 0.
J
Hint: First explain why

ng cof (Dg),;; = d;i det (Dg) .

Next differentiate with respect to z; and sum on j using the equality of mixed
partial derivatives. Assume det (Dg) # 0 to prove the identity in this special
case. Then explain why there exists a sequence e, — 0 such that for g., (x) =
g (x) + erx, det (Dg., ) # 0, and so the identity holds for g.,. Then take a
limit to get the desired result in general. This is an extremely important
identity which has surprising implications.

Recall that a determinant of the form

ago ay ap
a% a% ... a%
n—1 n—1 n—1
aO al ... an
n n n
ag ay an

is called a Vandermonde determinant. Give a new proof that this determinant
equals
IT (@ —a)

0<i<j<n

Hint: Show it works if n = 1, so you are looking at

1 1
ag aip

Then suppose it holds for n—1 and consider the case n. Consider the following
polynomial.

1 1 1
ao ay
a? a? t?
p(t) =
a(’r)L.—l a,;L.—l tn;l
ag at "

Explain why p(a;) =0 for ¢ =0,--- ,n — 1. Thus

p(t):cl:[(t—ai).
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23.

24.

25.

26.

27.

Of course c is the coefficient of ¢". Find this coefficient from the above descrip-
tion of p(¢) and the induction hypothesis. Then plug in ¢ = a,, and observe
that you have the formula valid for n.

Let T : V — V be linear where V is a vector space of dimension n. Letting
8 be a basis for V define det (7') = det[T'];. Show that this definition is
well defined. That is, show that you get the same number if you use another
definition for the basis.

1Using the above problem, show that there exists a unique polynomial p (\)
which is of the form

p(A) =" F A AT+ a N+ ag

such that
p(T)=T™ 4 ap 1 T™ -+ a1 T +agl =0.

and m is as small as possible. This is called the minimal polynomial. Hint:
You can show this easily by using the result of Problem [16/ on Page 131 to get
the existence of a polynomial which sends 7" to the zero linear transformation.
Now let m be the smallest integer such that for some polynomial p (A) of degree
m, it follows that p (T') = 0. Pick such a polynomial and divide by its leading
coefficient to obtain a monic polynomial. If you have two such polynomials,
p(\),p' (M), then from the Euclidean algorithm, Theorem [1.8.3,

PP =pNIA) +r ()

where the degree of r ()) is less than the degree of p(\) or else r (\) = 0.
Explain why this requires 7 (A) = 0. Now note that since p’ (\) and p (A) have
the same degree, the degree of I (\) must be 0 and hence, since they are both
monic, they must coincide.

Let A; fori =1,--- ,n be n x n matrices whose entries are in a field F which
is either Q, R,or C. Suppose also that for all || sufficiently large,

Ag+ A A+ -+ A, 2" =0.
Show that it follows that each Ax = 0.

TLet F' be Q,R or C. Let Ak, Bx,k =1,--- ,n be n X n matrices. Show that
if

Ag+ AN+ + AN =By + BiA+ -+ B, \".
for all |A| sufficiently large enough, then A; = B; for each 1.

1Let A be an nxn real, complex, or rational matrix. Explain why det (A — A)
is a polynomial of degree n. Explain why there are finitely many roots of
det (\] — A) = 0. Then explain why (A — A) ™" exists for all |A| large enough.
This polynomial is called the characteristic polynomial.
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28. 1 In the situation of the above problem, let C' (\) denote the adjugate matrix
of (AI — A) for all |A| sufficiently large that (A — A)~" exists. Then by the
formula for the inverse [7.23,

C(\) = det (M —A)(A[—A)~*
A

Explain why each entry in C' (\) is a polynomial in A having degree no more
than n — 1 so that

CAN)=Co4+CiA+-+Cp A"t
where each C; is an n x n matrix. Then for all || large enough,
(AT —A) (Co+ CihA+ -+ + Crt A" ) =g (V) I

Now use the result of Problem 26l Conclude that the matrix coefficients of
the two sides are the same. Explain why A can now be replaced with A to
conclude

0=q(A)I=q(A).

This is the very important Cayley - Hamilton theorem?.

LA special case was first proved by Hamilton in 1853. The general case was announced by
Cayley some time later and a proof was given by Frobenius in 1878.



Characteristic polynomial
and eigenvalues of a matrix

8.1 The Characteristic Polynomial

Let A be an nxn matrix over F. The characteristic polynomial is the expression
Py(N) = det(AI — A).

It is a polynomial of degree n in the variable A of the form

PaN) = A"+ X" b by A+ by
Example 8.1.1 The characteristic polynomial of
A— ( ail ai2 )
a1 a22
is

A—an —aiz
PA()\) = det

—a21 A —ag

= A2 — (@11 + az) + det A.

Example 8.1.2 Let F' = R. The characteristic polynomial of

130
A= 310
346
is
A—1 =3 0
Pa(X) = det -3 -1 0
-3 -4 X—6
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Expanding by column 3,

=A=6)A—4)(A+2).

A Maple command will evaluate P4(\) (and give its zeros) for any given n x n
matrix A, n < 5 e.g.

1 001
1100
A= 1 001
1111

has characteristic polynomial \* —3X*+ 2. Its zeros (which are just the eigenvalues
referred to in the definition below) are 0,0,3/2=+1/2+/5 (shown with multiplicities).
Try changing aj2 to 2; you may be surprised by the horrific appearance of the
eigenvalues.

Definition 8.1.3 Let A € F. We say that X is an eigenvalue of A if there is a
vector x #£ 0 with
Ax = Ax.

Such an x is called an eigenvector of A.

Example 8.1.4 Since

130 0 0
310 0]l=1{(01],
346 1 6
we conclude that ez is an eigenvector of
1 30
310,
3 46

and the corresponding eigenvalue is 6.
The usefulness of the characteristic polynomial comes from the following result.

Lemma 8.1.5 Let A be an n x n matriz over F. The eigenvalues of A are the
zeros of Pa(\) in F.

Proof. Clearly A is an eigenvalue if, and only if, ker(4A — A\I) # {0}. So A is an
eigenvalue if, and only if, R(A — M) < n. (Theorem [5.4.10! of Chapter 5.) This is
equivalent in turn to det(A — A\I) = 0 (Lemma [7.2.15). O

The eigenvalues of the matrix A in Example 8.1.1 are now known to be 6, 4 and
—2. A short calculation is needed to find the eigenvectors. These lie in what are
called eigenspaces.
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Definition 8.1.6 For an eigenvalue A of A, the eigenspace corresponding to \ is
ker(AI — A), in other words the set of solutions of

Ax = Ax.

Thus the eigenspace corresponding to A contains all the eigenvectors with eigen-
value A\, plus the vector 0.

Example 8.1.7 Find the eigenspaces of

130
A=13 10
3 46
The eigenspace for A = 6 is
5 =30
ker { =3 5 0 | =kerAg, say.
-3 -4 0
100
Here Ag~ | 0 1 0 | = Bg, since the first two columns are a basis for Col (4g).
000

The corresponding set of equations Bgx = 0 reads z; = x5 = 0. The general
solution is (0,0, x3), so span{es} is the eigenspace for A = 6.
Similarly, after row reduction, the eigenspace for A = 4 is

3 -3 0 10 2/7
ker | =3 3 0 |=ker| 0 1 2/7
—3 —4 -2 00 0

The corresponding equations read 7 + 2/7x3 = 0,22 + 2/7x3 = 0. The eigenspace
for A =4 is seen to be span{(—2,—-2,7)}.

Similarly the eigenspace for A = —2 is
-3 -3 0 10 -8
ker | =3 -3 O =ker| 0 1 8
-3 —4 -8 00 0

= span{(8, =8, 1)}.
Example 8.1.8 (Maple) Find the eigenvalues and eigenspaces of

5 12 —-18 -3
2 15 —-18 -3
2 10 -13 -3
-4 -8 18 8

Solution: Right click and choose in turn ‘Eigenvalues etc.’, ‘Eigenvectors’. The
display is
5 1/4 3/2 0 -1
5 1/4 3/2 —-1/2 -1
3|’ 0 1 -1/2 -1 |’
2 1 0 1 1
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meaning that 5 is an eigenvalue with multiplicity 2 and the corresponding eigenspace
is
span{(1/4,1/4,0,1),(3/2,3/2,1,0)}
3 is an eigenvalue with corresponding eigenspace
span{(0,—-1/2,-1/2,1)}

and 2 is an eigenvalue with corresponding eigenspace

span{(—1,—1,-1,1)}.

We now recall Definition 7.1.10. We say an n x n matrix A can be diagonalized
over F if there exists an invertible n x n matrix P and a diagonal matrix

Al oo+ O
D=
0 - A\
where each A is in F' and
P71AP =D,
equivalently
A=PDP .

We can now answer the question: Which matrices A can be diagonalized over
F? We can even write down P and D in the equation

A=PDP !,
(P invertible, D diagonal).

Theorem 8.1.9 Let A be an n X n matriz over F. The following statements are
equivalent.

(i) A can be diagonalized over F,

(ii) there is a basis wi,...,w,, of F™ with each w; an eigenvector of A, Aw; =
)\jo.

Proof. If (i) holds, then A = PDP~! (D diagonal, P inverible), D having
A1 ... A, down the main diagonal. Let

(8.1) P=(wi -+ wy).
Now
(8.2) AP = PD.

This can be rewritten
(8.3) (Aw1 Awn):()\lwl e AWy )

which yields (ii).
If (ii) holds, then this implies [8.3| which we rewrite in the form [8.1} [8.2. Hence
P71AP = D and this implies (i). O
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Example 8.1.10 We revisit Example 8.1.2.

Given the eigenvalues and eigenspaces that were found there,

130
310 |=PDP!,
3 46

with
0 -2 8 6 0 0
P=|0 -2 -8 |,D=|04 0
1 7 1 00 —2

All we have done is place a vector from each eigenspace as a column of P (in
a position corresponding to the eigenvalue in D). It is easily checked that P is
invertible.

To use Maple to decide diagonalizability of A place the cursor over A, right-click
on ‘Solvers and forms’ and select ‘Jordan form’. The Jordan form J is a matrix
similar to A which is diagonal except possibly for some 1’s immediately above the
diagonal. For instance,

5 000 5100 5100
0500 0500 0500
00307110030 0031
0003 0003 000 3

are examples of Jordan forms of 4 x 4 matrices of characteristic polynomial (A —
5)2(\ — 3)2. The diagonalizability of A is equivalent to the Jordan form of A being
a diagonal matrix. See Hogben (2007) for more detailed information. However, it is
impossible to compute the Jordan form for a general matrix unless the eigenvalues
can be found exactly, even for computer algebra systems, so this procedure will not
always work.

The linear independence of the columns of P in Examplel8.1.10/ could have been
predicted from the following result.

Lemma 8.1.11 Let Ay, ..., A\, be distinct eigenvalues of A with corresponding eigen-
vectors vi,...,Vg. Then vy,..., vy is a linearly independent set.

Proof. Suppose the claim of the lemma is not true. Then there exists a linear
combination of the vectors

(8.4) > eivi, =0,
j=1

where each ¢;; # 0 and r is as small as possible for this to take place. Then apply
A to both sides of the above equation to obtain

r

Z Cij >\ij ViJ =0.

j=1
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Next multiply both sides of 8.4l by ;. and subtract from the above. This yields

r—1
Z Cij ()\ij - /\Zr) V,'j =0
j=1

It follows that each ¢;, for j = 1,...,r — 1 equals 0. But from 8.4, this would
require that ¢; v;. = 0 and since ¢;, is given to be nonzero, v; = 0 contradicting
the assertion that this vector is an eigenvector. This is a contradiction. Hence the
set of vectors is linearly independent as claimed. O

Example 8.1.12 We can easily construct a matrix that cannot be diagonalized.

(1)

Then A cannot be diagonalized over F'. For obviously 1 is the only eigenvalue.
The eigenspace is

With any field F, let

ker ( 8 _01 ) = span{(1,0)}.
There is no basis of F? consisting of eigenvectors of A.

cosf —sind
sinf cos6
Then A can be diagonalized over C but cannot be diagonalized over R.

Example 8.1.13 Let 6 be an angle, 0 < § < 7w, and A =

The characteristic polynomial is
(A —cos6)? +sin? @ = (A — cos @ + isin@)(\ — cos§ — isin6).

So the eigenvalues are cos 6§ £isin 6 (note that sin@ > 0). Lemma 8.1.11] guarantees
two linearly independent eigenvectors (we need not compute them) and A can be
diagonalized over C. On the other hand, if we work over the field R, there are no
eigenvalues and no eigenvectors.

A simple geometrical argument also shows the absence of eigenvectors, since the
rotated vector Ax lies outside span{x} whenever x # 0,x € R2.

It is important to note that transposing a square matrix does not affect the
determinant or the eigenvalues. This follows from Lemma 7.2.13l

It is a simple consequence of Lemma [7.2.13 that column operations affect the
determinant in just the same way as row operations, e.g.

det(al+ka2 ag ag):det(al ag ag).

In this particular case we would argue as follows that:

al + kab
det (a; +kay ap az ) = det ab
aj
aj
= det | a) | =det(a; ay a3 ).
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We have left as an exercise the fact that if A has multiplicity h as a zero of the
characteristic polynomial P4, the corresponding eigenspace has dimension at most
h. See Problem [16/ on Page [184.

An application of eigenvalues and eigenvectors is to the computation of powers
of a matrix. We illustrate with a representative example.

3 2 2
Example 8.1.14 Let A = 3 5 3 . Find A3% in terms of powers of the
-7 -8 —6

matrix.
The eigenvalues and eigenvectors are

0 1 -1
-1 | <2, 1 — —1, 0 —1
1 -3 1

Therefore, a matrix which will produce the desired diagonalization is

0 1 -1
P = -1 1 0
1 -3 1
Thus
-1 -2 -1
plt=[ -1 -1 -1
-2 -1 -1

and P~ AP is a diagonal matrix D having the diagonal entries 2, —1, 1 from upper
left to lower right. Now

A" = ppp~tppp~t...ppp!
= pPD"pL.

It is very easy to raise a diagonal matrix to a power:

T

A1 Al
A2 Ah
An A
and so, continuing with our example,
-1 -2 -1 2350 0 0o 1 -1
A¥ = -1 -1 -1 0 -10 -1 1 0
-2 -1 -1 0 0 1 1 -3 1

-3 —2% 45 2% -1
= -2 -2°44 2% -1
-2 2% 44 2% 1
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8.2 Exercises

1. Here are some matrices. The eigenvalues are 1,2, and 3. Find the eigenvectors
which go with the given eigenvalues.

-11 -3 -7
(a) 4 3 2
22 5 14
-7 =2 =5
) | -4 1 -2
18 4 12
1 -2 2
(¢)| -1 0 2
-1 -3 5
-17 -4 -11
d [ -14 -1 -8
38 8 24

2. The following matrix has eigenvalues —3, 1.

—-25 —11 —78
-4 -5 =12
8 4 25

Describe all eigenvectors which correspond to the given eigenvalues. Does
there exist a basis of eigenvectors? When there is no basis of eigenvectors, the
matrix is called defective. By Theorem 18.1.9 this implies that a defective
matrix cannot be diagonalized.

3. The following matrix has eigenvalues —1, 1.
-1 0 0
0 -1 0
2 2 1
Find all eigenvectors which go with each of these eigenvalues. Does there exist
a basis of eigenvectors?
4. Write each of the above matrices in Problem (1l in the form S~!'DS where
100
D=1020
003
5. For each matrix A in Problem [T}, find 4?3 in terms of powers of the eigenvalues.
6. Suppose A, B are two n X n matrices and that there exists a single matrix

P such that P='AP and P~!BP are both diagonal matrices. Show that
AB = BA.
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7. Let T' be an upper triangular matrix which can be diagonalized because all

10.

the entries on the main diagonal are distinct. Show that, corresponding to
the " diagonal entry from the top left corner, there exists an eigenvector of

the form ( g ) where a is an ¢ X 1 matrix. Show that this implies that there

exists an upper triangular S such that S~'TS is a diagonal matrix.

. A discrete dynamical system is of the form

Xn = Axnfh Xp=a
where A is an p x p matrix. Suppose that A can be diagonalized. Recall
that this means that there exists a basis {y1,...,y,} of eigenvectors for F?.

Letting A\; be an eigenvalue which corresponds to yx, show that the solution
to the dynamical system is

p
2 : m
Xm = akAk Yk
k=1

where the a are defined by

p
a= E kY k-
k=1

. TAn important example of a dynamical system is the case where A is a

Markov matrix.

Definition 8.2.1 A matriz A = (a;j) is a Markov matriz if each a;; > 0 and
>, aij = 1. That is, the sum along any column equals 1.

Show that 1 is always an eigenvalue of a Markov matrix and that if A is an
eigenvalue, then || < 1. Hint: Recall that the eigenvalues of A and A? are the
same because these matrices have the same characteristic polynomials. Es-
tablish the result for A* and then draw the desired conclusion for A. Consider
the column vector consisting entirely of ones.

ISuppose A is a Markov matrix A = (a;;) where each a;; > 0. Show that
other than 1, all eigenvalues A satisfy |A\| < 1. Hint: Let B = A%, so that the
sum along the rows equals 1. Then if |[A\| = 1 where A is an eigenvalue with

eigenvector x,
Z bijxj = )\JZZ
J
Take the complex inner product of both sides with A\7;. Explain why

jil® = b [y ] > Y by AT = |2
i i

and why this requires that for each j, z;A7; > 0. Hence ) is real and nonneg-
ative.
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12.

13.

14.

15.

16.
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Suppose that A is a Markov matrix which can be diagonalized. Suppose
also that 1 is an eigenvalue of algebraic multiplicity 1 and that all the other
eigenvalues have absolute value less than 1. Show that for Ax = x, and x,,
the solution to the dynamical system

Xn = AXn—la Xn =4,
the following limit is obtained.

lim x, = kx
n—oo

where k is chosen in such a way that k (>, z;) = >, a;. Hint: Show that for
A a Markov matrix, ), (4Ax), = >, x;.

Using the method of the above problem, find lim,_.., x,, where x, is the
solution to the dynamical system

Xp, = AXp_1, Xp = a

where a = (1,1,1)" and A is the Markov matrix

A:

4 .8
d 01
I

Let A be an n x n matrix. Show that (—1)" det (A) is the constant term of
the characteristic polynomial of A, det (A\] — A).

Let A be a complex n x n matrix. Show that the coefficient of A" ™' in the
characteristic polynomial is the trace of A, defined as ), a;;, the sum of the
entries down the main diagonal. Also verify that the trace of A is equal to
the sum of the eigenvalues.

If det (A) # 0, show that A~! may be obtained as a polynomial in A. Hint:
Use the Cayley - Hamilton theorem.

Recall Problem 24] on Page 83 which shows that if V, W are two vector spaces
over a field of scalars F then £ (V, W) is also a vector space over the same field
of scalars. Let {vy,...,v,} be a basis for V and suppose Lv; = w; € W. Thus
L is defined on the basis vectors of V. Now define L on all linear combinations
of these basis vectors as follows.

L (i: ckvk> = zn: Ckka.
k=1 k=1

Verify that with this definition, L € £ (V, W) and is well defined and uniquely
determined. Thus you can define a linear transformation by specifying what
it does to a basis.
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17.

18.

19.

20.

21.

22.

TIn the case that V and W are finite dimensional vector spaces, it is natural
to ask for the dimension of £ (V,W). Let {v1,...,v,} be a basis for V and
let {wy,...,wn} be a basis for W. Define the linear transformation denoted
by w;v; as follows.

wﬂ)j (vk) = wi§jk

Thus w;v; (vi) = w; if k = j and w,;v; (vi) = 0 if £ # j. Show that if
L e £(V,W), then

L= Z Lijwivj
0,J
where the L;; are defined by

L’Ui = Z Ljiwj
J

Thus {w;v;}, ; is a spanning set of £ (V,W). These special transformations
are called dyadics.

1In the situation of the above problem, show {w;v; }” are linearly independent
in addition to spanning £ (V,W). Therefore, these form a basis. Conclude
that the dimension of £ (V, W) = mn. The matrix of L € £ (V,W) is defined
as (L;;) where

L= Z Lijwﬂ)j.
1,J

IShow that if T € £ (V,V) where dim (V) = n, there exists a unique monic
polynomial p (A\) of minimal degree which satisfies p (T') = 0. This is a more
elegant version of Problem 24] on Page [187| because it makes no reference to
matrices or particular coordinate systems.

For T € L (V,V), give conditions on the minimal polynomial for T" which will
ensure that 7! exists. Then find a formula for 7-! in terms of a polynomial
in T.

Let V,W be finite dimensional vector spaces having bases {v1,...,v,} and
{wy, ..., wm} respectively. Also let {w;v;}, ; be as defined in Problem 17 and
the problems following that one. Show that (w;v;) (vyw;) = 0jw;w;. Also
show that idy = E” d;jwswy, where idy denotes the identity map on W.
Thus the matrix of the identity map is just the usual identity matrix. Now
consider the identity with respect to two different bases on W.

: ! . !
idy = E cijw;wy, idw = g drswyws.
%7 T,8

Show that the matrices (c¢;;) and (drs) are inverses of each other.

INow suppose {v1,...,v,} and {wi,...,wy,} are two bases for V and W
respectively and let {v],...,v,} and {w],...,w],} denote respectively two
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23.

24.
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other bases for V and W and let L € £ (V,W). How do the matrices of L
with respect to these bases compare? Hint:

Z Lijwiv; = L =idw Lidy = Z cijwiw; (Lpgwyvy) drsv,vl.

,J ,5,P:4,7,8

Now use the preceding problem to get

E : / /
wiciijrdrsU5~

,75758

In the case where W =V, establish the usual result that [L]; = pt [L]g P
for a suitable matrix P as a special case.

Let A be a complex n X n matrix with characteristic polynomial P4 (\). Sup-
pose an eigenvalue p has algebraic multiplicity h. This means that when the
characteristic polynomial is factored, it is of the form

Pa)=M\—w"a(N

where ¢ () # 0. Show that the eigenspace for p has dimension at most h.
Hint: Use the Cayley - Hamilton theorem and Problem [15/ on Page 131! to
show that

" =ker (A= puD)") @ ker (q(4)).

Now let 3; = {v1,...,v,} be a basis for ker (A — uJ) and extend this to a
basis for ker ((A - ,uI)h) which is of the form {vi,...,v,,35}. Now letting

B4 be a basis for ker (¢ (A)) and 8 = {5, Bs, B3}, explain why [ is a basis
and why the matrix [A], is a block diagonal matrix of the form

D
E
F

where D is a diagonal matrix which has r entries down the diagonal, each
equal to p. Show that (A — p)" divides the characteristic polynomial, and so
r < h.

Let A be an m x n matrix and let B be an n x m matrix for m < n. Then
denoting by py (¢) the characteristic polynomial of the matrix N, show that

pBA (L) =t"""pap (1),

so the eigenvalues of BA and AB are the same including multiplicities except
that BA has n —m extra zero eigenvalues. Hint: Use block multiplication to

write
AB 0 I A\ [(AB ABA
B 0 (I B BA

(21)(5 80)-(% )
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25.

26.

27.

Explain why this implies that the following two matrices are similar and there-
fore have the same characteristic equation.

AB 0 0 O
B 0)’\ B BA
Now note that AB is m x m and BA is n x n. Explain why
t™ det (tI — BA) =t"det (tI — AB)

In the case where A is an m X n matrix with m > n and A has full rank,
Problem 2/on Page 152 outlined why there exists an n xn matrix @ having the
property that Q*Q = QQ* = I obtained from the Gram Schmidt procedure
by having the columns of @) form an orthonormal set such that A = QR where
R is upper triangular in the sense that r;; = 0 if 4 > j. Show, using block
multiplication that there exists ()7 an m X n matrix and R an upper triangular
n X n matrix such that A = Q1 R. This is called the thin QR factorization by
Golub and Van Loan.

Suppose A is a complex n X n matrix which can be diagonalized. Consider
the first order initial value problem

x' = Ax, x(0) = xo.

Letting {v1,...,Vv,} be a basis of eigenvectors, Avy, = A\, vy, show that there
is a unique solution to the initial value problem and it is given by

n
x(t) = Z apviett
k=1
where ay, is defined by

n
Xo = E AEVi.
k=1

For the meaning of e***, see Proposition [5.6.2. Hint: By assumption, P =
( Vi -+ Vp ) is such that

Art

P 'AP=D, PDP ' =A

where D is a diagonal matrix having the eigenvalues of A down the main
diagonal. Hence
x' = PDP ™ 'x.

Now let y = P~!x and argue that
yi (8) = Ay (8) , i (0) = (P~ 'x0), (0)
Use Proposition 5.6.2/ to determine y and then use x = Py.
Let ®(t) = (y1(t) -+ yn(t) ) where each yy (t) is a differentiable vector

valued function. Show that

(det @) (1) =D det (y1(t) -~ yp(t) -+ yal(t)).
k=1
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28.

29.

30.

31.
32.

33.
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Establish Abel’s formula in the case where A can be diagonalized. This for-
mula says that if ® (¢) is an n x n matrix whose columns are solutions of the
differential equation

x'(t) = Ax (),

then there exists a constant C' such that
det @ (t) = Cletrace(A)t

which shows that ® (t) is either invertible for all ¢ or for no ¢. This determinant
is called the Wronskian. Hint: Reduce to the case where

Y =D,

for D a diagonal matrix having the eigenvalues of A down the main diagonal
and ¥ = P~1® where D = P~'AP. Use Problem [14 above or else note that,
since D is similar to A, its trace equals the trace of A. (Problem 23 on Page
2001)

Let A be a complex n x n matrix. The i*" Gerschgorin disk is the set of all

z € C such that
laii — 21 <Y Jagl.
J#i
Thus there are n Gerschgorin disks, one for each diagonal entry of A.

Gerschgorin’s theorem says that all eigenvalues of A are contained in the
union of the Gerschgorin disks. Prove this important theorem.

Explain why A is invertible if and only if it has no zero eigenvalues. A complex
n X n matrix is called diagonally dominant if for each ¢,

laiil > " lai| -
i
Show that such a diagonally dominant matrix must be invertible.
Explain carefully why every complex n X n matrix has an eigenvector.

TLet A be a complex n X n matrix. Show that there exists an orthonormal
basis {uy,--- ,u,} such that Au; = Auy.

TLet A be a complex n X n matrix. Show that there exists a matrix U such
that U* AU is of the form

Ar

0 A

and U*U = I where U* = (U)T, the tranpose of the conjugate of U. That
is, you replace every entry of U with its complex conjugate and then take the
transpose of the result. Thus the ;" entry of U*U is W; - u; = (uj,u;). In
the formula, A; is an (n — 1) x (n — 1) matrix, 0 is an (n — 1) x 1 matrix and
ris a 1x (n — 1) matrix.
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TLet A be a complex nxn matrix. Show that there exists a matrix U such that
U*U = I and U*AU is an upper triangular matrix 7. Hint: Use the above
result and induction. This is Schur’s theorem, possibly the most important
theorem in spectral theory.

TLet T be a complex upper triangular n x n matrix. Show by induction on
the size of T' that there exists a unique solution to the first order initial value
problem given by

7 (1) 1 (1) f1 () z1 (0) T10
: =T : + : ) : = :
iy, (1) T (1) fn () zy, (0) Tno

This is written more compactly as x’ = Tx + f, x(0) = x¢. Here you must
assume only that each f; is a continuous function so that it is possible to
take an integral. Hint: To solve the scalar equation ¥y = ay + f, write as
y — ay = f and multiply both sides by e~%. Verify that this reduces the
left side to 4 (e~“*y). Then integrate both sides to get rid of the derivative.

dt
Hence, in particular, there exists a unique solution in the case that T is 1 x 1.

TLet A be an n X n complex matrix. Show that there exists a unique solution
to the initial value problem y’ = Ay +f, y (0) = yo. Hint: Use the above
problem and Schur’s theorem. When you have done this problem, you have
almost done all the mathematical content of a typical ordinary differential
equations class.

Let A be a complex n x n matrix. The trace of A denoted as trace(A) is
defined as the sum of the entries on the main diagonal of A. Thus the trace
equals ), A;;. Show that if A is simlar to B then they have the same trace.
Then show using Schur’s theorem that the trace is always equal to the sum
of the eigenvalues.

TLet A, B be complex m x n matrices. The Frobenius inner product is defined
as (A, B) = trace(AB*) where B* is defined as (E)T. Show this is an inner
product and that ||A|]* = Do |Aij|2. Show that the matrices e;; obtained
by placing a 1 in the ij** position and a 0 in every other position is an

orthonormal basis for the space of m x n matrices. Thus the dimension of the
vector space of m X n matrices is mn.

TLet A be an n X n complex matrix. Show that there exists a unique monic
polynomial p(A) having smallest possible degree such that p(A) = 0. Also
describe an easy way to find this minimal polynomial. (Monic means the
coefficient of the highest power of A\ equals 1.) Using the Cayley-Hamilton
theorem, explain why the minimal polynomial must divide the characteristic
polynomial.

Find the minimal polynomial for the matrix



204 CHARACTERISTIC POLYNOMIAL AND EIGENVALUES OF A MATRIX

—-14 =30 0
5 1 0
—11 =23 1

Is this the same as the characteristic polynomial?

41. Find the minimal polynomial for the matrix

5 12 16
0 1 0
-1 -3 -3

Is this the same as the characteristic polynomial?

42. If you have an nxn matrix A, then you can obtain its characteristic polynomial
det (AT — A). This is a monic polynomial of degree n. Suppose you start with
a monic polynomial of degree n. Can you produce a matrix which has this
polynomial as its characteristic polynomial? The answer is yes, and such a
matrix is called a companion matrix. Show that the matrix

0 - 0 —a
1 0 - —a
1 —0p—1

is a companion matrix for the polynomial p (A) = A" 4-a, 1 A" "'+ - -+a; A -ao.

8.3 The Jordan Canonical Form*

Earlier we showed how to find the matrix of a linear transformation with respect
to various bases. The Jordan form of a matrix is one of these matrices. It exists
exactly when the minimal polynomial, described above in Problem 24/ on Page [187,
splits. This term means that there exist scalars \; € F' such that

PA)=A=A)" (A= A2)™ - (A= Ap)"™

One situation in which this always happens is when the field of scalars equals C.
The Jordan form is the next best thing to a diagonal matrix.

Recall the definition of direct sum of subspaces given in Problem 14 on Page
130. One writes

(8.5) V=Vi®---aV,

if every v € V' can be written in a unique way in the form v = v;+- - - +v, where each
vk € Vi. Recall also from this problem that if 3, is a basis for V;, then {3,---,3,}
is a basis for V.
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Theorem 8.3.1 Let T be a linear transformation mapping V to V, an n dimen-
sional vector space, and suppose 8.5 holds for the subspaces V; of V. Suppose also
that T : V; — V;. Letting T; denote the restriction of T to V;, suppose that the ma-
triz of T; with respect to V; is M; with respect to B;, a basis for V;. Then it follows

that that the matriz of T with respect to {51, e ,ﬂp} is the block diagonal matrix
My
M =
M,
Proof. Let 6 denote the coordinate map corresponding to § = {ﬁl, e ,Bp} .

Also, letting 3; be the above basis for V;, let 6; denote the coordinate map from V;
to F% where d; is the dimension of V;. It follows that that for v = vy + --- + Vp
where each v; € V;,

Ov = (61v1,-- -, 0p0p).

Thus from the definition of the matrix of a linear transformation, and using block
multiplication,

Mi6qv; AT
MbOv = =
M,0,vp 0pTpvp
= 0(Thv+ -+ Tpvy) = 0Tw.

Therefore, M is the matrix of T" with respect to § as claimed. O

Definition 8.3.2 Let W be a vector space and let N : W — W be linear and satisfy
N"w =0 for all w e W. Such a linear mapping is called nilpotent.

We also need the following definition.

Definition 8.3.3 Ji (a) is a Jordan block if it is a k x k matriz of the form

a 1 0
0

Ji (@) =
ST |
0 --- 0 «

In words, there is an unbroken string of ones down the super diagonal, and the
number « filling every space on the main diagonal, with zeros everywhere else.

Proposition 8.3.4 Let N € L (W, W) be nilpotent,
N™ =0

for some m € N. Here W is an p dimensional vector space with field of scalars F.
Then there exists a basis for W such that the matrix of N with respect to this basis
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1s of the form

0 ()

where ry > 1y > - > 1y >1and Y.._, r; = p. In the above, the Jr, (0) is a Jordan
block of size r; x r; with 0 down the main diagonal.

Proof: First note the only eigenvalue of N is 0. This is because if
Nv = v, v #0,

and X # 0, then 0 = N™v = A™ !y which contradicts the requirement that v # 0.
See Problem [18 on Page [132.

Let vy be an eigenvector. Then {vy, v, - ,v,} is called a chain based on vy if
Nuvgy1 = v for all K = 0,1,2,--- ,r where vg is defined as 0. It will be called a
maximal chain if there is no solution v, to the equation Nv = v,..

Claim 1: The vectors in any chain are linearly independent and for

{’Ul,’UQ, R 7'07“}
a chain based on vy,
(8.6) N :span{vy,vq, - ,v.} — span{vy,ve, -+ ,v.}.
Also if {v1,va,-- ,v,} is a chain, then r < p.

Proof: First note that 8.6/ is obvious because NZ::l Cciv; = 2222 civi—1. It
only remains to verify that the vectors of a chain are independent. This is true if
r = 1. Suppose true for r —1 > 1. Then if >, _, ¢xvr, = 0, an application of N to
both sides yields Y ;_, cxvk—1 = 0. By induction, each ¢y, k > 1 equals 0. Hence
c¢1 = 0 also and so the claim follows.

Consider the set of all chains based on eigenvectors. Since all have total length
no larger than p, it follows that there exists one which has maximal length,

{1}%,"- v} }EBl.

If span { By } contains all eigenvectors of N, then stop. Otherwise, consider all chains
based on eigenvectors not in span {B1} and pick one, By = {v{, -+ ,vZ } which is
as long as possible. Thus ro < 7. If span {B;, B2} contains all eigenvectors of N,
stop. Otherwise, consider all chains based on eigenvectors not in span { By, Bo} and
pick one, Bs = {vi”, e ,vfg} such that r3 is as large as possible. Continue this way.
Thus ri > rg41-

Claim 2: The above process terminates with a finite list of chains
{Blv Ty Bs}

because for any k,{Bi,--- , B} is linearly independent.
Proof of Claim 2: The claim is true if £ = 1. This follows that from Claim
1. Suppose it is true for k — 1,k > 2. Then {By,- -, Bx—1} is linearly independent.
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Now consider the induction step going from k& — 1 to k. Suppose that there exists
a linear combination of vectors from from {By,---, Br_1, By}.

P
Zcqwq:(), cg #0

q=1

By induction, some of these w, must come from Bj. Let vf be the vector of By
for which i is as large as possible. Then apply N?~! to both sides of the above
equation to obtain v¥, the eigenvector upon which the chain By, is based, is a linear
combination of {Bj,---,Bg_1} contrary to the construction. Since {Bi,---, By}
is linearly independent, the process terminates. This proves the claim.

Claim 3: Suppose Nw = 0 (w is an eigenvector). Then there exist scalars ¢;

such that i
w = Z civ{.
i=1

Recall that the 7*" chain is based on vi.
Proof of Claim 3: From the construction, w € span {By, - , Bs} since other-
wise, it could serve as a base for another chain. Therefore,

s i

— ki

w = E E c; vy,
i=1 k=1

Now apply N to both sides. It follows that 0 = Y7, >"", cFoi |, and so by

Claim 2, ¢ =0if k > 2,i = 1,--- ,s. Therefore, w = Y ;_, ctv} and this proves
the claim.

In fact, there is a generalization of this claim.

Claim 4: Suppose N*w = 0, k a positive integer. Then w € span {By,--- , By} .

Proof of Claim 4: From Claim 3, this is true if k£ = 1. Suppose that it is true
for K —1>1 and N*w = 0. Then if N¥~1w = 0 the result follows by induction, so
suppose N¥1w # 0. Then N*~!w,--- , Nw,w is a chain based on N*~'w having
length k. It follows that each B; has length at least as long as k because the
construction chooses chains of maximal length. From Claim 3 there exist scalars
] such that

S S
k=1, _ G i k=10
N w = E vl = E A N" ..
i=1 i=1

Therefore, 0 = N*k~1 (w - Z;:l c{vi) Now by induction

w—Zc{vi € span (By,- -, By)

j=1

which shows w € span (By,--- , Bs).

From this claim, it is clear that span {By,--- , Bs} = W because N™ =0 on W.
Since {Bi,- -+, Bs} is linearly independent, this shows it is a basis for W.

Now consider the matrix of N with respect to this basis. Since {By,---, B} is
a basis, it follows that

W =span (By) @ - - - @ span (Bs) .
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Also each span {By} is N invariant. It follows that from Theorem [8.3.1 that the
matrix of N with respect to this basis is block diagonal in which the k** block is the
matrix of Ny, the restriction of N to span (By). Denote this matrix as J*. Then
by the definition of the matrix of a linear transformation,

ko _ ok ko k
vj_y = Nvj = g Jii0i s
i

and so

e[ lifi=j-1
i 7 1 0 otherwise

Hence this block is of the form

01 0
0
= Jp (0)
0 0

where there are rj vectors in By. This proves the proposition. O

Let V be an n dimensional vector space and let T be a linear mapping which
maps V to V. Also suppose the minimal polynomial (See Problem [19 on Page
199.) splits as described above. Then it follows from a repeat of the arguments
of Problems [15/- 17 beginning on Page (131l that there exist scalars Ay, --- , A, such
that

V = ker((A=MD)")@--@ker (A—Xp)™)
— Vl@"'@v;r

Just replace the term n x n matrix with the words “linear mapping” and the results
of these problems give the above direct sum.

Each (A — \;I) is nilpotent on V;. Therefore, letting 3, denote the basis on V;
for which

[A— N\I] 3,
is of the form given in the above proposition, it follows that from Lemma 7.1.6/ that

(Al = [A—Nd] + Al

(8.7) = . = J..
0 Jrs ()‘i)

Then from Theorem 8.3.1, the matrix of A with respect to the basis

{ﬂlvﬂ%"' aﬂp}
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is of the form

J1 0

Ja
(8.8)

0 JIp
This proves the following theorem.

Theorem 8.3.5 Let T : V. — V be a linear mapping for V a finite dimensional
vector space. Suppose also that the minimal polynomial splits. Then there exists a
basis B for V such that [T]ﬁ 1s of the form shown in|8.8 where each of the blocks J;
is of the form shown in[8.7 for J. (\) described in Definition [8.3.5.

Much more can be said relative to the uniqueness of the Jordan form, but we
will only need its existence. Note that the Jordan form of the linear transforma-
tion, determined by multiplication by an n x n matrix A, is an upper triangular
matrix. Therefore, the diagonal entries are the eigenvalues of A, listed according
to multiplicity since the Jordan form of A and A are similar and therefore have the
same characteristic polynomial.

The existence of the Jordan form makes possible the proof of many significant
results. A few of these are illustrated in the following exercises.

8.4 Exercises
1. Here is a matrix. Find its Jordan canonical form by finding chains of general-

ized eigenvectors based on eigenvectors to obtain a basis which will yield the
Jordan form. The eigenvalues are 1 and 2.

-3 -2 5 3
-1 0 1 2
-4 -3 6 4
-1 -1 13

Why is it typically impossible to find the Jordan canonical form?

2. Here is a matrix in Jordan form.

2100
0200
0030
000 4

What is the Jordan form of

2 1 0
0 2.000001 O
0 0 3
0 0 0

- O O O
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3. Let A be a complex n x n matrix. Show that there exists a sequence of n x n

matrices { A}, such that the ijt" entry of A converges to the ij!" entry of
A and each Ay can be diagonalized. Hint: If A can be diagonalized, there is
nothing to prove. Suppose then that J = P! AP where J is in Jordan form,
being a block diagonal matrix with each block having a single eigenvalue down
the main diagonal. Describe a modified matrix Ji such that J; has n distinct
entries down the main diagonal and such that the entries of Jj all converge as
k — oo to the corresponding entries of J. Explain why Ji can be diagonalized.
(See Lemma [8.1.11.) Then consider Ay = PJ,P~!.

Let A be an n x n matrix over a field F' which can be diagonalized. Give an
exceedingly easy proof of the Cayley - Hamilton theorem for such a matrix.

Now use the above Problem [3/to prove the Cayley - Hamilton theorem for any
complex n X n matrix.

Using the Jordan form, show that for any complex n x n matrix A and p a
positive integer,

o (AP) =0 (A).

Here o (B) denotes the set of eigenvalues of B and o (A)"” denotes the set
{N: A€o (A)}. Hint: Use block multiplication in the Jordan form.

p

Let f be an analytic function, one which is given correctly by a power series,

f(z)= Zakzk.
k=0

Define for A a complex n X n matrix
||A]] = max {Jai;| . i,j < n}.

Show first that ||AB|| < n||A]|||B|| and ||A + B|| < ||A]|| + ||B||. Next show
that if Z,;“;O aiz* converges for all complex z, then if one defines

m
Bm = Z akAk
k=0

it follows that for every € > 0, there exists N, such that if m,p > N, then
|| By, — Byp|| < e. Explain why this shows that for each 4, j the ij*" entry of B,
is a Cauchy sequence in C and so, by completeness, it must converge. Denote
by f (A) the matrix whose ij*" entry is this limit. Using block multiplication
and the Jordan form, show that f (0 (4)) = o (f (A)) where

flo(A) ={f(N):rea(A)}.

1Let ||A]| be as defined in the above problem for A a complex n x n matrix
and suppose |A| > n ||A]|. Show that then AI — A must be invertible so that
A ¢ o (A). Hint:It suffices to verify that AI — A is one to one. If it is not,
then there exists x # 0 such that

Ax = Ax.
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In particular
)\Z‘i = Zaijxj.
J
Let |z;| be the largest of all the |x;|. Then explain why
A | < [| Al [ -

9. 1The spectral radius of A, denoted by p (A) is defined as
p(A) = max {]A|: A € o (A)},
In words, it is the largest of the absolute values of the eigenvalues of A. Use the

Jordan form of a matrix and block multiplication to show that if |A| > p (A),

111/
then for all k sufficiently large, ’f\‘—: < 1. Thus for any € > 0, it follows

that for k£ sufficiently large,
|AR|[Y* < p(a) +e.

Hint: Recall that there exists an invertible matrix P such that A = P~1JP
where J is Jordan form. Thus J is block diagonal having blocks of the form
Al + Nj, where N is upper triangular having ones or zeros down the super
diagonal and zeros elsewhere. Since Ny and Al commute, you can apply the
binomial theorem to the product

Al + N m
\ .
Using some elementary calculus involving the ratio test or the root test, verify

that the entries of these blocks raised to the m'® power converge to 0 as
m — co. Thus Hi—mH — 0 as m — 0. Explain why

HA’" 17

A A7

Jm
== el = ot 5] <
whenever m is large enough. Here C), is a constant which depends on n.

10. TFor A a complex n X n matrix, a famous formula of Gelfand says that
p(A)= lim ||47||"/”
p—oo

where || B|| is the norm of the matrix. Here we will define this norm as’
||BH = max{|aij‘ 7iaj = la s ,Tl}.

Hint: If A € 0 (A), then \¥ € 0 (AP) by Problem (6. Hence by Problem (8,
A" = |A\P| < n||AP||. Finally use Problem 9 to explain why for each ¢ > 0,
there exists a P, such that if p > P,

n/? (| AP||MP > p(A) > [|4P|)P — e

It turns out that it makes absolutely no difference in this formula how you define the norm
provided it satisfies certain algebraic properties. This is just a convenient norm which was used
in the above problems.
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Using some elementary calculus and the above inequality, show that
lim ||AP||*?.
P00

exists and equals p (A).2

11. Explain how to find the Jordan form of a complex n x n matrix whenever the
eigenvalues can be found exactly. Hint:The proof of its existence actually
gives a way to construct it. It might help to consider how the chains were
constructed in Proposition 8.3.4. If you have a basis for W {w1,...,wn},
and if NPz # 0 for some = € W, explain why NPwy # 0 for some wg. Thus
you could consider wy, Nwy, N2wy, . .. for each wy, and one of these must have
maximal length.

12. Let A be an n x n matrix and let J be its Jordan canonical form. Recall J
is a block diagonal matrix having blocks Ji (A) down the diagonal. Each of
these blocks is of the form

Al 0
A
Jr(A) =
1
0 A

Show that DZ1Jy (\) D, has the same form as Ji (\) but instead of ones
down the super diagonal, there is e down the super diagonal. That is, Ji (A)
is replaced with

A€ 0
A

€

0 A

Now show that for A an n X n matrix, it is similar to one which is just like the
Jordan canonical form except instead of the blocks having 1 down the super
diagonal, it has €.

13. Proposition 18.3.4! gave the existence of a canonical form of a certain sort.
Show that this matrix described there is unique. Then give a sense in which
the Jordan canonical form is uniquely determined. Hint: Suppose you have

2This amazing theorem is normally done using the theory of Laurent series from complex
analysis. However, the Jordan form allows this much more elementary treatment in the case of
finite dimensions.
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14.

15.

two such matrices which are of the sort described in the proposition J and J’.
Then since these are similar matrices, R (Jk) =R (J’k) foreach k =1,2,....
However, this condition would be violated if there is a discrepancy in the size
of the blocks when viewed from the upper left toward lower right. Explain
why. As to the Jordan form, the blocks corresponding to each eigenvalue must
be of the same size, because this size equals the algebraic multiplicity of the
eigenvalues due to the fact that the two Jordan forms are similar. Next pick
an eigenvalue and subtract A\;I from both of the two Jordan forms and explain
why the rank of the resulting matrices is determined by the rank of the blocks
corresponding to \p. Now use the Proposition about nilpotent matrices.

Let A be an n x n matrix whose entries are from a field F'. It was shown above
that the Jordan canonical form of A exists provided the minimal polynomial
pr (A) splits. Recall the definition of the minimal polynomial pg () as the
monic polynomial having coefficients in the field of scalars F with the property
that pr (A) = 0 and pp (A) has smallest degree out of all such polynomials.
Using Problem [21] on Page 106, show that there exists a possibly larger field
G such that pp (M) splits in this larger field. Of course A is a matrix whose
entries are in GG, and one can consider the minimal polynomial pg (A) . Since
pr (A) = 0, explain why pg () must divide pg (M) . Now explain why there
exists a field G containing F' such that pg (A) splits. Thus, in this larger field,
A has a Jordan canonical form. Next show that if a matrix has a Jordan
canonical form, then the minimal polynomial must divide the characteristic
polynomial. Finally, note that the characteristic polynomial of A described
above does not change when the fields are enlarged. What does this say
about the generality of the Cayley-Hamilton theorem (See Problem 28 on
Page 188))7 In fact, show that the minimal polynomial of L always divides
the characteristic polynomial of L, for L any linear transformation from a
vector space to itself.

To find the Jordan canonical form, you must be able to exactly determine
the eigenvalues and corresponding eigenvectors. However, this is a very hard
problem and typically cannot be done. Various ways of approximating the
eigenvalues and eigenvectors have been used. Currently the best method is the
QR algorithm, discussed briefly later. An earlier method was based on the LU
factorization. Consider the following algorithm. A = LU, UL = L1U; = A;.
Continuing this way, you obtain A4,, = L,U,, and U,L,, = A,+1. Show that
Api1 = U, AU, Tterating this, show that the sequence of matrices {A,,}
are each similar to the original matrix A. Now it can be shown that if B is close
to C in the sense that corresponding entries are close, then the eigenvalues of
B will be close to the eigenvalues of C' when they are counted according to
multiplicity. This follows from Rouche’s theorem in complex analysis. This is
an algebra book, so we will agree to believe this result. Then if the matrices
A, are close to a given matrix A which has a form suitable to easily finding its
eigenvalues, it follows that we could find them and thereby have approximate
values for the eigenvalues of A. This method, based on an LU factorization, is
inferior to the QR algorithm because of stability considerations, among other
issues such as a given matrix not having an LU factorization. Nevertheless,
it does work, at least on simple examples.
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Some applications

9.1 Limits of powers of stochastic matrices

The existence of the Jordan form is the basis for the proof of limit theorems for
certain kinds of matrices called stochastic matrices.

Definition 9.1.1 An n X n matriz A = (a;;), is a transition matric if a;; > 0
for alli,j and
Zaij =1.
i

It may also be called a Markov matrixz or a stochastic matriz. Such a matriz is
called regular if some power of A has all entries strictly positive. A vector v.e R™
is a steady state if Av=v.

Lemma 9.1.2 The property of being a transition matriz is preserved by taking
products.

Proof: Suppose the sum over a column equals 1 for A and B. Then letting the
entries be denoted by (a;;) and (b;;) respectively, the sum of the k** column of AB
is given by

> Zj:aijbjk = zj:bjk (Zaj> =1

%

It is obvious that when the product is taken, if each a;;, b;; > 0, then the same will
be true of sums of products of these numbers.

Theorem 9.1.3 Let A be a p X p transition matriz and suppose the distinct eigen-
values of A are {1, \a,..., A\ } where each |\;| < 1.

Then lim,,_,., A" = A, exists in the sense that lim,,_ a;; = a7y, the igth
entry of Aeo. Also, if A = 1 has algebraic multiplicity r, then the Jordan block
corresponding to A = 1 is just the r X r identity.

215
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Proof. By the existence of the Jordan form for A, it follows that that there
exists an invertible matrix P such that

I+ N

JT2 (/\2)
P7'AP = ] =J

Jr (Am)

where I is 7 x r for r the multiplicity of the eigenvalue 1, and N is a nilpotent
matrix for which N” = 0. We will show that because the sum over every column is
1, N=0.
First of all,
Jr, (Ni) = Nl + N;

i

where NV; satisfies N;* = 0 for some r; > 0. It is clear that N; (\;I) = (A1) N be-
cause a multiple of the identity commutes with any matrix, and so, by the binomial

theorem,
W =S (MY wkank — S5 () wkpne
) =30 () et =3 () e

k=0 k=0

which converges to 0 due to the assumption that |A;| < 1. There are finitely many
terms and a typical one is a matrix whose entries are no larger than an expression
of the form

This expression converges to 0 because, by the root test, the series Y~ |)\i\"7k nk
converges. Thus for each i =2,...,p,
lim (J,, (\))" =0.
n—oo
By Lemma 9.1.2, A™ is also a transition matrix. Therefore, since the entries
are nonnegative and each column sums to 1, the entries of A™ must be bounded

independent of n.
It follows easily from

n times

P 'APP 'APP 'AP... P AP =P AP

that
(9.1) PlAMP = Jm.
Hence J™ must also have bounded entries as n — oco. However, this requirement is

incompatible with an assumption that N # 0.
If N # 0, then N* # 0 but N*™ = 0 for some 1 < s < r. Then

(I+N)" = I+§S: (Z)N’f.

k=1
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One of the entries of N* is nonzero by the definition of s. Let this entry be n;.
Then this implies that one of the entries of (I + N)" is of the form (Z) ni;. This

entry dominates the 75" entries of (Z) NP for all k < s because

g (1)/(3) ==

Therefore, the entries of (I + N)" cannot all be bounded independent of n. From
block multiplication,

(I+N)"

R (s (22)

(Jr (Am))"

and this is a contradiction because entries are bounded on the left and unbounded
on the right.
Since N = 0, the above equation implies lim,,_, ., A™ exists and equals

1

P ) Pt

This proves the theorem. O

What is a convenient condition which will imply a transition matrix has the
properties of the above theorem? It turns out that if a;; > 0, not just > 0, then
the eigenvalue condition of the above theorem is valid.

Lemma 9.1.4 Suppose A = (a;;) is a transition matriz. Then A =1 is an eigen-
value. Also if X is an eigenvalue, then || < 1. If a;; > 0 for all i, j, then if p is
an eigenvalue of A, either |u| < 1 or p = 1. In addition to this, if Av=v for a
nonzero vector v.€ R", then vjv; > 0 for all 4,3, so the components of v have the
same Sign.

Proof: Since each column sums to 1, we have I — A ~

0 0 e 0
—azn l—ao -+ —az,
—0n1 —0n2 e 1= Ann

on adding the other rows to the first row. Therefore, the determinant of I — A = 0.

Suppose then that p is an eigenvalue. Are the only two cases |u| < 1 and p =17
As noted earlier, p is also an eigenvalue of A’. Let v be an eigenvector for A® and
let |v;| be the largest of the |v;|. Then

_ t
Mo = E @;;V;.-
J
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Now multiply both sides by uw; to obtain

2 2 JE— —
lul™ [vil” = Z aﬁjvﬂliu = Z aﬁj Re (v;T; )
J J

2 2
> allul oil”* = |l ol
J

IN

Therefore, |p| < 1.

Now assume each a;; > 0. If || = 1, then equality must hold in the above, and
so v;U; it must be real and nonnegative for each j. In particular, this holds for j =1
which shows 7t and hence p are real and nonnegative. Thus, in this case, p = 1.
The only other case is where |u| < 1. O

The next lemma says that a transition matrix conserves the sum of the entries
of the vectors.

Lemma 9.1.5 Let A be any transition matrix and let v be a vector having all its
components non negative with y . v; = c¢. Then if w = Av, it follows that w; > 0
for alli and ), w; = c.

Proof: From the definition of w,
w; = Zaijvj > 0.
J

Also

E w; = E E G5V = E E aijvjzg ’UjZC.D
i i Jjooi J

The following theorem about limits is now easy to obtain.

Theorem 9.1.6 Suppose A is a transition matriz in which a;; > 0 for all i,j and
suppose W is a vector. Then for each i,

lim (Akw)

k—o0

Py
where Av =v. In words, A¥w always converges to a steady state. In addition to
this, if the vector, w satisfies w; > 0 for all i and ), w; = ¢, Then the vector, v
will also satisfy the conditions, v; >0, Y. v; = c.

Proof: By Lemma [9.1.4, since each a;; > 0, the eigenvalues are either 1 or
have absolute value less than 1. Therefore, the claimed limit exists by Theorem
9.1.3l The assertion that the components are nonnegative and sum to ¢ follows
from Lemma 9.1.5. That Av = v follows from

v= lim A"w = lim A""'w = A lim A"w = Av.
n—oo n—oo n—oo
This proves the theorem.O

This theorem and the following corollary are special cases of the Perron - Frobe-
nius theorem applied to transition matrices. To see different proofs from those
presented here, see the book by Nobel and Daniel [11]. In the next section, we will
present an important example of a transition matrix involving a Markov chain with
absorbing states in which these theorems cannot be applied.
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Corollary 9.1.7 Suppose A is a regular transition matriz and suppose W is a vec-
tor. Then for each i,
lim (A"w),

i = Vi
n— oo

where Av =v. In words, A"w always converges to a steady state. In addition to
this, if the vector, w satisfies w; > 0 for all t and ), w; = ¢, Then the vector, v
will also satisfy the conditions, v; >0, Y . v; = c.

Proof: Let the entries of A* be all positive. Now suppose that a;; > 0 for all
i,j and A = (a;;) is a transition matrix. Then if B = (b;;) is a transition matrix
with b;; > 0 for all ¢j, it follows that BA is a transition matrix which has strictly
positive entries. The " entry of BA is

Z birar; > 0,
k

Thus, from Lemma(9.1.4] A* has an eigenvalue equal to 1 for all k sufficiently large,
and all the other eigenvalues have absolute value strictly less than 1. The same must
be true of A, for if X is an eigenvalue of A with |\ = 1, then A\* is an eigenvalue for
A* and so, for all k large enough, A* = 1 which is absurd unless A = 1. By Theorem
9.1.3 lim,, ..o A™w exists. The rest follows as in Theorem 9.1.6. This proves the
corollary. [J

9.2 Markov chains

We now give an application of Corollary 9.1.7. The mathematical model is a simple
one, but it is the starting point for more sophisticated probability models (stochastic

processes).
We are given a family of objects F, each of which is in one of n possible states,
State 1,..., State n. The objects can move from State ¢ to State j. We record the

number of objects in each state at time intervals of (say) one year. We find that the
probability p;; of an object moving from State j to State ¢ is the same year after
year. We now have a Markov chain with n X n transition matrix A = (p;;).

Example 9.2.1 F is the set of fields under cultivation in an area that grows only
peas (State 1), beans (State 2) and potatoes (State 3). If the transition matrix is

0.2 0.5 0.1
A= 03 04 02 |,
0.5 0.1 0.7

then the fraction of fields switching from potatoes to peas each year is 0.1; the
fraction of fields that stick with potatoes each year is 0.7.

You can easily make up further examples. We concentrate here on a phenomenon
which occurs unless the transition matrix is a rather unusual one: there is a steady
state, that is, in the long run, the proportion of objects in State j approaches a
limiting value p;.
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Definition 9.2.2 A probability vector is a vector.
P
P2
withp; >0(j=1,...,n) and
p1+p2+--+p, =1

Thus a transition matrix is an n X n matric A = ( P1 - Pn ) whose columns
p; are probability vectors.

The conditions in the definition of a transition matrix arise in an obvious way.
Once j is fixed, the sum over ¢ = 1,...,n of the fractions p;; of objects in F
switching from State j to State ¢ must be 1.

We can use a probability vector qy, to represent year h, with the i*” entry showing
the fraction of objects in state i that year. We have the simple relation

dn+1 = Aqp.
ay bl

To see this, let q = : yAht1 = : |. Then
an, by,

b; = fraction of objects in State j in year h +1
n
= (fraction of objects in State k in year h)
k—

=

X (probability of moving from State k to State j)

n
= E agpPjk, OT
k=1

qn+1 = Aqp.
We call qq the initial probability vector, measured in year 0. Now
a1 = Aqo,qz = Aq = A’qo,q3 = Aqy = A’qq

and so on. Evidently q, = A"qp.
We have the following corollary of Theorem 9.1.3/ and Corollary 9.1.7.

Corollary 9.2.3 Suppose that the eigenvalues A; of the transition matriz A are
either 1 or satisfy |\;| < 1. Then the vector qy representing year h has a limit p
as h — oo. Moreover,

(i) p is a probability vector.

(it) Ap = p.
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The above condition on the eigenvalues will hold if some power of the transition
matriz has all positive entries.

Proof. In the case where the transition matrix A is regular, the corollary follows
from Corollary [9.1.7. Assume the first condition about the eigenvalues, which may
hold even if the condition on the power of the matrix does not. By Theorem 9.1.3,

lim A" =C
h— o0
exists. So
lim q, = lim A"qy = Cqo
h—oo h—oo
exists. Let Cqp =p = ( pP1 ... DPn )t~

Since p; is the limit of entry ¢ of qp,
pi 2 0.

Also, p1 + -+ + py, is the limit of the sequence 1,1,1,... (the sum of the entries of
anis 1). Sopi + -+ p, = 1. Thus p is a probability vector.
Why is p an eigenvector of A with eigenvalue 1?7 We have

Aqp = qpt1-
Take the limit on both sides to obtain
Ap=p. O

The vector p in the Corollary is a steady state vector.

Recall it was shown in Lemmal9.1.4/ that the eigenvalues of any transition matrix
are in absolute value no larger than 1 and as discussed above, regular transition
matrices, as well as many which are not, have the property that the only eigenvalue
having magnitude 1 is A = 1. However, it is easy to find transition matrices having
the eigenvalue —1, so that the Corollary fails to apply.

Example 9.2.4 Let A be a transition matrix with column 7 = e; and column
Jj =e;, where i # j. Let q = ae; + bej. Then

Aq = ae; + be;.
This shows that
(i) —1 is an eigenvalue (take a = 1,b = —1),
(ii) there is a probability vector qo = 1/3e; +2/3e; (for instance) such that A"q;
oscillates between two values for odd and even h. (There is no steady state

vector.)

The following example is much more typical.

Example 9.2.5 Find the steady state vector in Example [9.2.1.
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Notice that the value of qp has not been provided! The matrix of this example
is a regular transition matrix, so all the above theory applies, and one only needs to
find the steady state which is an eigenvector for A = 1 because from the above, all
other eigenvalues have absolute value less than 1. This eigenvector, scaled so that
the sum of its components is 1, will be the limit. Thus, to find the limit vector p,
we compute the eigenspace for A = 1:

0.8 —-0.5 —0.1
ker(I — A) =ker | —0.3 0.6 —0.2

-05 —-0.1 0.3
After row operations, this equals
1 0 —-16/33
=ker| 0 1 —19/33
00 0

The corresponding set of equations reads zy = 16/33z3,z0 = 19/33xz3. The
eigenspace is the line span{(16,19,33)}. Since p is a probability vector on this
line,

p = (16/68,19/68,33/68) .

Notice that the argument shows that when the transition matrix has eigenvalues
which are either 1 or have absolute value less than 1, then the limit must exist and
the limit will be an eigenvector for A = 1. If the eigenspace for A = 1 is one
dimensional as in this case, then the steady state vector does not depend on qq. It
is the unique vector in the one-dimensional space ker(I — A) whose coordinates add
up to 1.

0.3 09 0.2 0.1
0.2 0.1 0.6 0.3
04 0 0.1 05
0.1 0 0.1 0.1
trix because A2 has all positive entries. Maple gives the approximate eigenvalues
1,—-0.1840.39i, —0.18 —0.394, —0.04, conforming to the above theory. Thus lim,,
A™qq exists and is an eigenvector for A = 1. The eigenspace corresponding to 1 is

Example 9.2.6 Let A = . It is a regular transition ma-

span{(684,437,369,117)},

which is one dimensional, and so the limiting vector is (dividing by the sum of the
coordinates)

p (684, 437, 369, 117).

~ 1607

It might be interesting to note that this theory of transition matrices is the
basis for the way which google orders web sites. A transition matrix is determined
according to number of times a link to a web site is followed from one web site
to another. This defines a transition matrix which is very large. Then a limiting
vector is obtained which ranks the web sites. This is discussed in Moler, Cleve, The
world’s largest matrix computation. MATLAB News and notes, The Mathworks,
Natick, MA, October 2002.
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9.3 Absorbing states

There is a different kind of Markov chain containing so called absorbing states
which result in transition matrices which are not regular. However, Theorem [9.1.3
may still apply. One such example is the Gambler’s ruin problem. There is a total
amount of money denoted by b+ 1. The Gambler starts with an amount j > 0 and
gambles till he either loses everything or gains everything. He does this by playing
a game in which he wins with probability p and loses with probability ¢. When he
wins, the amount of money he has increases by 1 and when he loses, the amount of
money he has, decreases by 1. Thus the states are the integers from 0 to b+ 1. Let
p;i; denote the probability that the gambler has i at the end of a game given that
he had j at the beginning. Let p;; denote the probability that the gambler has i
after n games given that he had j initially. Thus

n+1l __ n
by = Zpikpkjv
k

and so p;; is the ijt" entry of P™ where P is the transition matrix. The above
description indicates that this transition probability matrix is of the form P =

1 ¢ 0 --- 0

0o 0 . 0
(92) 0 p q

: 0 0

0O --- 0 p 1

The absorbing states are 0 and b+ 1. In the first, the gambler has lost everything
and hence has nothing else to gamble, so the process stops. In the second, he has
won everything and there is nothing else to gain, so again the process stops.

To consider the eigenvalues of this matrix, we give the following lemma.

Lemma 9.3.1 Let p,q >0 and p+ q = 1. Then the eigenvalues of

0qg O 0
p 0 ¢ 0
0p O

0 q

have absolute value less than 1.

Proof: By Gerschgorin’s theorem, (See Page 202)) if \ is an eigenvalue, then
|A| < 1. Now suppose v is an eigenvector for A. Then

qu2 U1

pu1 + qus U2

Av = : =A :
Pun—2 + qUn Un—1

PUn—1 Un,
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Suppose |A| = 1. Then the top row shows that ¢ |vs| = |v1], so |vi| < |va|. Suppose
[v1| < |va| < -+ < |vg| for some k < n. Then

[Avi| = [ve| < plvk—1] + ¢lvesr] <ploe| + qlveal
and so subtracting p |vg| from both sides,
q|ve| < qlvrs1]

showing {|vy|};_, is an increasing sequence. Now a contradiction results on the
last line which requires |v,—1| > |v,|. Therefore, |A| < 1 for any eigenvalue of the
above matrix and this proves the lemma.

Now consider the eigenvalues of 9.2. For P given there,

1-X ¢ 0 - 0
0 -\ 0
P\ = 0 .
-0
0 0 p 1-2)\

and so, expanding the determinant of the matrix along the first column and then
along the last column yields

-\ gq

(1-N>2det | 7
-\ q
P —=A

The roots of the polynomial after (1 — /\)2 have absolute value less than 1 because
they are just the eigenvalues of a matrix of the sort in Lemma 9.3.1. It follows that
the conditions of Theorem 9.1.3 apply and therefore, lim,, .., P" exists.

Of course, the above transition matrix, models many other kinds of problems.
It is called a Markov process with two absorbing states.

Of special interest is lim, . pp;, the probability that the gambler loses every-
thing given that he starts with an amount j. The determination of this limit is left
for the exercises.

9.4 Exercises

1. Suppose
10 .7
A= 01 0
00 .3
Find lim,, . A™e;. Now find lim,,_,, A™e2, and lim,,_,, A™es. If you did it

right, you see that this matrix does not produce a single steady state vector.
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2. Here are some transition matrices. Determine whether the given transition
matrix is regular. Next find whether the transition matrix has a unique steady
state probability vector. If it has one, find it.

@ (33)

w

(d)

—
o
SN—
0= = ©~r9 ©or
SO Lt © Wt
NN~ 0NN O

3. Suppose A is a transition matrix which has eigenvalues {1, A\; 41, ..., A, } where
each |A;| < 1and 1 has algebraic multiplicity r. Let V' denote the set of vectors
v which satisfy
v= lim A"w

n—oo

for some w. Show that V is a subspace of C™ and find its dimension. Hint:
Consider the proof of Theorem [9.1.3.

4. In the city of Ichabod, it has been determined that if it does not rain, then
with probability .95 it will not rain the next day. On the other hand, if it
does rain, then with probability .7 it will rain the following day. What is the
probability of rain on a typical day?

5. In a certain country, the following table describes the transition between being
married (M) and being single (S) from one year to the next.

S | M
S |71
M|.3].9

The top row is the state of the initial marital situation of the person and the
side row is the marital situation of the person the following year. Thus the
probability of going from married to single is .1. Determine the probability of
a person being married.

6. In the city of Nabal, there are three political persuasions, republicans (R),
democrats (D), and neither one (N). The following table shows the transi-
tion probabilities between the political parties, the top row being the initial
political party and the side row being the political affiliation the following
year.

R|D|N
R|9|.1].1
D|l.1]|.7]1
N 218
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Find the probabilities that a person will be identified with the various political
persuasions. Which party will end up being most important?

The University of Poohbah offers three degree programs, scouting education
(SE), dance appreciation (DA), and engineering (E). It has been determined
that the probabilities of transferring from one program to another are as in
the following table.

SE | DA | E
SE | .8 | .1 3
DA .1 | .7 5
E d ] .2 2

where the number indicates the probability of transferring from the top pro-
gram to the program on the left. Thus the probability of going from DA to E
is .2. Find the probability that a student is enrolled in the various programs.
Which program should be eliminated if there is a budget problem?

From the transition matrix for the gambler’s ruin problem, it follows that

po; = qu(gl,l) +ppg(}i1)f01" jeLb—1],

poo = 1, and pg, = 0.
Assume here that p # g. The reason for the top equation is that the ij*" entry
of P™ is

-1 1 1
Poj = Zpgk Prj = qu(j—l) +ppg(j+1)
k

Now it was shown above that lim,,_ .o py; exists. Denote by P; this limit.
Then the above becomes much simpler if written as

(93) Pj = qu—l —|-ij+1 fOI‘jE [1,b—1]7

(9.4) Py = land P, =0.

It is only required to find a solution to the above difference equation with
boundary conditions. To do this, look for a solution in the form P; = r/and

use the difference equation with boundary conditions to find the correct values
of r. Show first that the difference equation is satisfied by r =

1 1
2 (1—|—«/1—4pq>, % (1— «/1—4pq)
Next show that /1 —4pg = \/1 —4p + 4p? = 1 — 2p. Show that the above

expressions simplify to 1 and %. Therefore, for any choice of C;,i = 1,2,

J
Ci +C, (q)
p

will solve the difference equation. Now choose C7, C5 to satisfy the boundary
conditions. Show that this requires that the solution to the difference equation
with boundary conditions is

¢ - (qb‘j —pt=d )

P =
J qbfpb qbfpb
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9. To find the solution in the case of a fair game, it is reasonable to take the
lim,,_,; /5 of the above solution. Show that this yields

b—j
pP; = .
J b
Find a solution directly in the case where p = ¢ = 1/2 in [9.3 and 9.4 by

verifying directly that P; = 1 and P; = j are two solutions to the difference
equation and proceeding as before.

10. Using similar techniques to the above, find the probability that in the gam-
bler’s ruin problem, he eventually wins all the money.

11. In the gambler’s ruin problem, show that with probability 1, one of the two
absorbing states is eventually attained.

9.5 The Cayley-Hamilton theorem

As another application of the Jordan canonical form, we give another proof of the
Cayley- Hamilton theorem in addition to the earlier one given in Problem 28 on
Page 188. This is a better proof because it can be generalized (See Problem [14
on Page [213)) to include the case of an arbitrary field of scalars, in contrast to the
proof given in Page 188 which was based on taking a limit as |\| — oo, which option
might not be available for some fields, such as a field of residue classes. However, we
are mainly interested in the case where the field of scalars is C or R, so the earlier
version is entirely adequate for our purposes.

Theorem 9.5.1 Let A be an n X n matriz with entries in a field F'. Suppose the
minimal polynomial of A (see Problem 16/ on Page [131) factors completely into
linear factors Then if q (\) is the characteristic polynomial,

det (AT — A) =q(N),

it follows that
q(A)=0.

Proof. Since the minimal polynomial factors, it follows that A has a Jordan
canonical form. Thus there exists a matrix P such that

P AP =]

where J is of the form
J1
J =
Jp

n case F' = C, this is automatic because of the fundamental theorem of algebra. In general,
when F' is an arbitrary field, one can enlarge the field sufficiently to obtain a proof of the Cayley-
Hamilton theorem in complete generality.
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Here J; is an r; X r; matrix of the form

Ji = )\iln. + N, N =0.

1
with Aq,..., A, the distinct eigenvalues of A. Therefore, the characteristic polyno-

mial of A is of the form

A=) =N Fan A" ar )\ + ao.

p

i=1

It follows from block multiplication that

q(J1)
q(J) =
Q(Jp)

It follows that

p
() =1 (55 =)™ =TT (55 = M) N = 0.
i=1 i#j
It follows that ¢ (J) = 0 and so
q(A)=q(PJP™') =Pq(J)P~* =0.

This proves the Cayley- Hamilton theorem. O

9.6 Systems of linear differential equations

We give a further application. For a set of functions y1(x),...,y,(z) in Scla,b] we
write
(9.5) Y = (W yn)

for the vector of derivatives. Consider a system of linear differential equations of
the form

Yy =anyr + -+ amyn

y;L = 0n1Y1 + -+ Q1nYn,

where A = [a;;] is a matrix over C. We may write this

!/

y = Ay.
A way to find a solution to this system of equations is to look for one which is
of the form

y (t) = ver.



9.6. SYSTEMS OF LINEAR DIFFERENTIAL EQUATIONS 229

Then this will be a solution to the equation if and only if
AeMv = Avel,
Cancelling the e* on both sides, this shows that
Av = Av,

so that (A, v) is an eigenvalue with corresponding eigenvector.

Example 9.6.1 Solve the linear system x’ = Ax using Maple, in the case

1 3 3
A= -3 =5 -3
3 3 1

Using Maple, we find the eigenvalues and eigenvectors are of the form

-1 1 0
1 — 1, 0 , 1 — —2
-1 -1 -1
Therefore, we can obtain three solutions to the first order system,
-1 1 0
1 e, 0 e 2 and 1 e 2.
-1 -1 -1

It follows easily that any linear combination of these vector valued functions will
be a solution to the system of equations x’ = Ax.

The main question is whether such linear combinations yield all possible solu-
tions. In this case the answer is yes. This happens because the three eigenvectors
are linearly independent, which will imply that if x (¢) is any solution to the system
of equations, then there exist constants ¢; such that

-1 1 0
x(0)=¢c 1 J4+e| 0 J+es| 1
-1 -1 —1
It will follow that both x (t) and
-1 1 0
(9.6) c1 1 et + ¢ 0 e 4 ¢y 1 e 2
-1 -1 -1

are solutions to the initial value problem

y' = Ay, y (0) =x(0).

It will be shown below that there is a unique solution to this system, and so 9.6
must equal x (¢).
Note that this general solution can also be written in the form

—et e 0
(9.7) et 0 e? Jec
et 2 2

where c¢ is a constant vector in R3.
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9.7 The fundamental matrix

In the above, it was easy to come up with this general solution because in this exam-
ple, the matrix A had a basis of eigenvectors. However, such a basis of eigenvectors
does not always exist. Furthermore, even in the case where there exists such a basis,
it may be impossible to find the eigenvalues and eigenvectors exactly. Therefore, it
is important to have another way to obtain solutions of this problem which will be
completely general. The matrix in 9.7 is sometimes called a fundamental matrix.
We will be a little more specific about this term, however.

Definition 9.7.1 If ® (t) is a matriz with differentiable entries,

)= (a(t) a) - a.(t))
then @' (t) is defined as
()= (ar(t) ap(t) - a,(t)).

Let A be an n x n matriz. Then ® (t) is called a fundamental matrixz for A if
(9.8) O (t) = AdD(t), ®(0) =1,
and ® (t)~" exists for all t € R.

The fundamental matrix plays the same role in solving linear systems of differ-
ential equations of the form

y () =4y () +£(t), y(0) =yo
as the inverse matrix does in solving an algebraic system of the form
Ay =b.

Once you know the fundamental matrix, you can routinely solve every such system.

We will show that every complex n X n matrix A has a unique fundamental
matrix. When this has been done, it is completely routine to give the variation of
constants formula for the solution to an arbitrary initial value problem

y' =Ay+1£(t), y(0) = yo.
To begin with, consider the special case for a complex valued function y satisfying
(9.9) y' =ay+f(t), y(0)=yo.
By Proposition [5.6.2, there is a unique solution to the initial value problem
y'(t)=(a+ib)y(t), y(0) =1,
and this solution is e(*T®)* with the definition

elatib)t _ oat (cos (bt) + isin (b)) .
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Proposition 9.7.2 Let f (t),a,yo be complex valued with f (t) continuous. Then
there exists a unique solution tol9.9 and it is given by a simple formula.

Proof. Using Proposition [5.6.2/ and the rules of differentiation,

d

7 (e="y) =e " f(t).

Then after an integration,

"

ey (t) —yo = / e~ f(s)ds,

0

and so

t
y(t) = eyo + / e*=5) f (5) ds. O
0

Now here is the main result, due to Putzer [13]. This result is outstanding be-
cause it gives a good approximation to the fundamental matrix, even if the eigenval-
ues are not known exactly. This is in stark contrast to the usual situation presented
in ordinary differential equations which relies on finding the exact eigenvalues. It
also has no dependence on the existence of the Jordan form, depending only on the
much easier Cayley- Hamilton theorem for complex vector spaces.

Theorem 9.7.3 Let A be a complex n X n matriz whose eigenvalues are
{1, , A} repeated according to multiplicity. Define

k
Pe(A) =[] A= nD), Py(A) =1,

m=1

and let the scalar valued functions 1 (t) be the solutions to the following initial
value problem

7o (1) 0 70 (0) 0
] (%) A7y (8) 4+ 7o (2) r1 (0) 1
’I“é (ﬁ) — )\27“2 (t) + 71 (t) , T2 (0) — 0
(1) Natn (6) + a1 (1) o (0) 0
Now define
Q(t)= > rry1(t)Pr(A)
k=0
Then
(9.10) & (1) = AdD (), ®(0) = 1.

Note that the equations in the system are of the type in Proposition|9.7.2.
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Proof. This is an easy computation.
®(0) = rr+1 (0) P (A) =11 (0) Py (A) = I.
Next consider the differential equation.

(1) = T (1) Pr (A)

ot
= O

= (Me17r41 (8) + 75 (1) Pr (A) -
0

=
Il

Also

n—1

Zﬁcﬂ ) APy (A).

k=0
By the Cayley- Hamilton theorem, P, (A4) = 0. Then the above equals

n—1

> g (8) (A = Nesa D) P (A +Zrk+1 ) M1 Pr (A)

k=0
= > () Pe(A) + > rhp (8) Ay P (A)

because r¢ (t) = 0. This is the same thing as ®’ (¢) . This proves the theorem.O

This theorem establishes an important theoretical conclusion, that every n x n
matrix has a fundamental matrix of the sort described above. However, in finding
the fundamental matrix, we usually use more ad hoc methods. Suppose

D)= (x1(t) - xn(t))

and A can be diagonalized. This often happens. (Recall Lemma 8.1.11] which
implies that if the eigenvalues are distinct, then the matrix can be diagonalized.)
When it does, the computation of the fundamental matrix is particularly simple.
This is because, for some invertible P,

A
——
@' (t)= P 'DP®(t), P®(0) = P,
where D is a diagonal matrix. Therefore, letting ¥ (¢t) = P® (¢),
(9.11) V' (t) =DV (t), ¥ (0) =P,

A1
D =
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It is particularly easy to solve this initial value problem. In fact, a solution to[9.11
is

e)\lt
U (t) = P,
eAnt
because
/\1€A1t
Apetnt
)\1 6>‘1t
P =DV (¢),
An ernt
and

v (0) = P.

Then the fundamental matrix is ® (¢) where
(t) =P 1U(t).
We illustrate with the following example.

Example 9.7.4 Find the fundamental matrix for

-3 -2 =8
A= 3 2 6
11 3

This matrix can be diagonalized. To do so, you find the eigenvalues and then
let the columns of P~! consist of eigenvectors corresponding to these eigenvalues.
As explained earlier, PAP~! is then a diagonal matrix. Maple and other computer
algebra systems are adept at diagonalizing matrices when this can be done. To do
so, you ask for the Jordan form of the matrix. If the matrix is diagonalizable, the
Jordan form will be a diagonal matrix. In this case

-3 -2 -8
3 2 6 =
1 1 3
p! P
—~
1 2 =2 -1 00 1 0 2
-1 0 1 0 10 1 11
0o -1 1 0 0 2 11 2
Thus ¥ (t) =
et 0 10 2 et 0 2t
0 e 0 111 )= et et et ,
0 0 e 11 2 et 2t 92t
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and so @ (t) =
1 2 =2 et 0 2t
-1 0 1 et et et
0 -1 1 et 2t 22t
et 4 2et — 262t 2et — 2e2t 2e~t 4 2t — 4%t
— _eft +62t e2t _Zeft + 262t
et 4 o2t et 4 o2t et 4 92t

Checking this, @' (t) =

—e~t 4+ 2et — 42t 2et — 42t —2e7t 4 2t — 8e??

et 4 2e%t 2¢?t 2¢et 4+ 4e?t
_et +262t _et +262t _et +462t
and A® (t) =
-3 -2 -8 e~t 4+ 2et — 262t et — 22t 2e7t 4 2t — 4e?t
3 2 6 —e b4 2 et —2¢~t 4 2¢2
1 1 3 —el 4 2t —el 4 %t —el + 2¢?t
—e P4 2et — 4e?t et — 4e?t —2e7t 4 2¢t — 82t
= et 4 2% 2%t 2e~t 4 42t
—et 4 2¢2 —et 4 22 —et 4 4e?

which is the same thing. The multiplications are tedious but routine. They were
accomplished here through the use of a computer algebra system.

We need to justify the use of the definite article in referring to the fundamental
matrix. To do this, we need a simple result which depends on calculus. It is called
Gronwall’s inequality.

Lemma 9.7.5 Let u (t) be a continuous nonnegative function which satisfies
¢
u(t) < a+/ ku(s)ds, k> 0.
0

fort>0. Then u(t) < ae*® for allt > 0.

Proof. Let w(s) = [, u(7)dr. Then w(s) >0, w(0) = 0. By the fundamental
theorem of calculus, w’ (s) exists and equals u (s). Hence

w' (s) —kw(s) <a
Multiply both sides by e~*¢. Then using the chain rule and product rule,

% (e_ksw (t) < ae*s

Applying the integral fot ds to both sides,

1— eftk:

¢
0<eMuw(t) < a/ e *ds=a
0 k
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It follows that w (t) < a (£€* — 1), and so a+ kw (t) < ae**. Therefore, from the
assumptions,

0<u(t)<a+kw(t)<ae ™. O
Definition 9.7.6 Let A be a complex m x n matriz. Let

HAH :max{‘Ai]"ﬂi € {17"' 7m}7j € {17"' vn}}

The integral of a matrix whose entries are functions of ¢ is defined as the matrix
in which each entry is integrated. Thus

(/ot ? (S)ds) S /Ot ® (s),; ds.

Lemma 9.7.7 Let A be an m X n matriz and let B be a n X p matriz. Then

|AB[| < n|[A[l[|B]] -

¢ ¢
‘/@ s)ds g/ [|® (s)]] ds.
0 0

Proof. This follows from the definition of matrix multiplication.

Z Alk?Bk?j

Since ij is arbitrary, the inequality follows. Consider the claim about the integral.

(/Ot@(s)ds>ij /thJ(S)ide S/Ot (s ds§/0t|<p(s)|d8.

Hence the result follows. O
Lemma 9.7.8 Let ® be a matriz which satisfies

(9.12) o' (t) = A (t), @ (0) = 0.

Also,

‘(AB

< ZlAml | Bij| < n[[A[[||B]]-

)ij

Then @ (t) = 0. Also, the solution to9.10 is unique.

Proof. Integrating both sides, it follows that

t):/OtA(I)(S)dS
I @ I—H/ A® (s _/ w1111 (s)]] s

It follows from Lemma [9.7.5 with @ = 0 that ® (¢) = 0 for all ¢ > 0. This proves
the first part. To prove the second part, if ®; is a solution to 9.10/ for i = 1,2, then
U (t) = @4 (t) — Po (t) solves 9.12. Therefore, from what was just shown, ¥ (¢) =0
forallt>0. O

Therefore,
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Corollary 9.7.9 The fundamental matriz ® (t) of [9.10 has an inverse for all t.
This inverse is ® (—t). Furthermore, ® (t) A = A® (t) for all t > 0. In addition,

(9.13) D(t—s)=0(t)D(—s).

Proof. First consider the claim that A and ® (¢) commute. Let ¥ (¢) = ® (¢) A—
A® (t). Then

U (1) = & (t)A—AD (t) = AD (1) A — A%D (t)
= AP@)A—AD () = AV (7).
Also ¥ (0) = A — A = 0. Therefore, by Lemma 9.7.8, ¥ (¢) = 0 for all £ > 0.
Now consider the claim about the inverse of ® (¢). For ¢ > 0,
(@)@ (=) = ()@ (-t) - (1) (-1)
= A®(¢) t)— @ (t) AD (—t)
= d(t)A t)—®

Also @ (0) @ (0) = I, and each entry of ® (t) ® (—t) is a constant. Therefore, for all
t>0,

o (—
o (—

O ()P (~t) = 1.

Recall that this shows ® ()~ exists and equals ® (—t) for all ¢ € R.
To verify the last claim, fix s and let ¥ (¢) = ® (¢t —s) — & (¢t) P (—s). Then
¥ (0) = 0. Moreover,

V() = @ (t—s)— ()P (—s)

= A@(t—5)— D) D(=s)) = AV (1).

By Lemma [9.7.8| it follows that ¥ (t) =0 for all t > 0. O

9.8 Existence and uniqueness

With Corollary 9.7.9 and Theorem 9.7.3, it is now easy to solve the general first
order system of equations.

(9.14) x' () =Ax(t) +£(t), x(0) = x9 € R™.

Theorem 9.8.1 Let f (t) be a continuous function defined on R. Then there exists
a unique solution to the first order system|9.14, given by the formula

(9.15) x(t)—q)(t)XoJr/Ot(I)(ts)f(s)ds

where ® (t) is the fundamental matriz of Theorem [9.7.5.

Proof. From Corollary [9.7.9, the right side of the above formula for x (¢) is of
the form

D (t) xq +<I>(t)/0 O (—s)f(s)ds
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Using the fundamental theorem of calculus and the product rule, the derivative of
this is

AD (t) xo + AD () /t O (—s)F(s)ds+ B (£) D (—t)F (t)
0

A((I)(t)x0+<l>(t)/0 @)(—s)f(s)ds) E@)
= Ax()+£(1).

Therefore, the right side of 9.15 satisfies the differential equation of 9.14. Evaluating
at t = 0 yields x (0) = xo. Therefore, there exists a solution to 9.14.
In fact, this is the only solution. If y (¢) is a solution to [9.14, then

y' (t)— Ay (t) =£(t).

Multiplying by ® (—t), it follows from the chain rule that
0 (—)y () + @ (=t)y' (t)

= —AD(=t)y () +®(—t)y' (t)
= O(-t)(y' (t) - Ay (1)).

&
~
—~
—
L
~
<
—~
~—
~
|

Therefore,
L@ (~1)y (1) = B (-)F(1).

Now apply fg to both sides to obtain

w4ww—maémﬂﬂ@w

which yields 9.15. O

This formula is called the variation of constants formula. Since every n'"
order linear ordinary differential equation for a scalar valued function, can be con-
sidered as a first order system like the above, it follows that the above section
has included the mathematical theory of most of an ordinary differential equations
course as a special case, and has also resolved the difficult questions about existence
and uniqueness of solutions, using methods which are mainly algebraic in nature.
In addition, the above methods are not dependent on finding the exact values of
the eigenvalues in order to obtain meaningful solutions.

9.9 The method of Laplace transforms

There is a popular algebraic technique which may be the fastest way to find closed
form solutions to the initial value problem. This method of Laplace transforms
succeeds so well because of the algebraic technique of partial fractions and the fact
that the Laplace transform is a linear mapping.

We will ignore all analytical questions and emphasize only the algebraic proce-
dures. The analytical questions are not trivial and for this reason are never discussed
in undergraduate courses on differential equations anyway.
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Definition 9.9.1 Let f be a function defined on [0,00) which has exponential
growth, meaning that
[f (6)] < Ce™

for some real X. Then the Laplace transform of f, denoted by £(f) is defined as

Lf(s) = /Oooe_tsf(t)dt

for all s sufficiently large. It is customary to write this transform as F (s) and the
function as f (t). In case £ (t) is a vector valued function, its Laplace transform is
the vector valued function obtained by replacing each entry by its Laplace transform.

We leave as an exercise the verification that £ is a linear mapping.
The usefulness of this method in solving differential equations, comes from the
following observation.

/O o (t)e Hdt = w(t)e S|P +/O se”tx (t) dt
= —2(0)+sLx(s).

Doing this for each component, it follows that after taking the Laplace transform
of
x' = Ax+f(t), x(0) = xo,

we obtain the following for all s large enough.
sX (s) —xg = AX (s) + F (s)
where X (s) = L (x) (s). Thus for all s large enough,
(sT = A) X (s) = %0 + F (s),

and so
X (s) = (sI —A) " (x0 + F(s)).

Now you examine the component functions of X (s) and look in the table to find the
functions of ¢ which result in these component functions. This is then the solution
to the initial value problem.

Here is a simple table. In this table, T' (p 4+ 1) denotes the gamma function

r(p+1):/ e ttPdt
0

The function w, (t) denotes the step function which equals 1 for ¢ > ¢ and 0 for
t < c¢. The expression in formula 18.) is explained in Exercise 12 below. It models
an impulse and is sometimes called the Dirac delta function.
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Table of Laplace Transforms

f)=L7{F(s)} F(s) =2{f )}
1) 1 1/s

2.) e 1/(s—a)
3.) t",n positive integer gn"—il
4yt p>—1 %iifill)

5.) sinat e

6.) cosat rar

7.) eiat St

8.) sinhat T

9.) coshat oz

10.) e sinbt m
11.) e cos bt (=
12.) t"e% n positive integer ﬁ
13.) u. (1)

14.) ue (t) f(t—c¢) e~ F (s)
15.) et f (1) F(s—c¢)
16.) f(ct) 1F (%)
17) frg=Jlf(t—u)g(@)du | F(s)G(s)
18.) 6 (t—¢) e~ s

19.) f'(¢) sF (s) — f(0)
20.) (=0)" f (¢) & (9)

Here is an example.
Example 9.9.2 Solve the initial value problem

(1) (t) o= (3)

Using the above discussion and the table, the Laplace transform of the solution
desired is obtained from solving the following algebraic equation.

xo= (5 9)-(13) () ()
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33—32—23+1
(s2—3s+1)s?
52+25—1 :

(s2—3s+1)s2

Therefore, X (s) equals

Now it is just a matter of using the table to find the functions whose Laplace
transforms equal these functions. However, the entries in the above vector are not
listed in the table. Therefore, we take the partial fractions expansion of these entries
to find things which are in the table. Then the above vector equals

141, 1 1 _ 1 1
TS T4 (57(g+§)) NG (8,(g,§))
_ 1 1, 545 1 + 5—/5 1

52 s 10 (3+2x/5) 10 57(%7§)

Each of these terms is in the table. Hence the solution to the initial value problem
is

t+1+ %e(ﬂzﬁ)t _ (R

x(t) = Vs (25)1 ° (555)1
g

Note that the eigenvalues of the matrix in the initial value problem are

3+v5 3—V5
2 2

This is not a coincidence.

Example 9.9.3 Use the method of Laplace transforms to solve the following initial
value problem.

3 3 2 1
x = -1 0 -1 |x+ t ,
0 -1 1 sin (2t)
0
x(0) = 1
0

The matrix cannot be diagonalized.

From the above technique,

0 3 3 2 1/s
sX( )= |1 ]= -1 0 -1 |X(s)+ 1/s?
0 0 -1 1 2/ (s* +4)

Then, solving for X (s) and then finding the partial fraction expansion of each entry
yields X (s) =

2 27 21 | 5 1 —34431
st 5(s—1)2 = 25(s—1) T 1 T3t 100 244 ’
7 2 9 3 —
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It follows from going backwards in the table, x (¢) =

2e% + 20gel — W89t 4 2L 4 3¢y L (—17sin (2t) + 31 cos (2t))
et —2e2t — 9 — 3¢ — - (3cos (2t) —sin (2t))

2e — Zpel — 10 4 B2et — 3¢ — Lo (13sin (2t) + 41 cos (2t))

We used a computer algebra system to accomplish these manipulations, but they
can all be done by hand with more effort.

We have now included all important techniques for solving linear ordinary dif-
ferential equations.

9.10 Exercises

1. Abel’s formula was proved for a complex n X n matrix which can be diagonal-
ized in Problem 28 on Page 202 Extend this result to an arbitrary complex
n X n matrix using Problem [3 on Page 210. Hint: Let A; be matrices which
can be diagonalized such that the entries of Ay, all converge to the correspond-
ing entries of A. Let ®y (t) correspond to ® (¢) in Problem 28 on Page [202
with A replaced with A;. Now it follows that

t
#6) ~@e )l < [ 1A= 40 @ (9]l as.
Apply Gronwall’s inequality to obtain that

lim (bk (t) =& (t) 5

k—o0
and use the formula of Problem 28 on Page 202.
2. In the theoretical treatment above, the fundamental matrix ® (¢) satisfies
(9.16) & (1) = AP (1), ®(0) = I.
With such a fundamental matrix, the solution to
x = Ax+f, x(0) = xo,
was given by

x (¢) :<I>(t)xo+/0 O (t—s)f(s)ds.

However, it may be less trouble to simply insist that & (O)_1 exists. When this
weaker requirement is made, we will refer to ® (¢) as a fundamental matrix.
Then by Abel’s formula in Problem [T, ® (£)™" exists for all £. Find a formula
for the solution to the initial value problem [9.16 in terms of a fundamental
matrix.

3. Suppose x1 (t),- -+ , X, (t) each are solutions of the differential equation

y = Ay.
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Then let
D(t)=(x1(t) -+ %, (t))

and suppose that at some to, det (® (t9)) # 0. Using Problem [I, show that
det (@ (t)) # 0 for all ¢ and that ® (¢) is a fundamental matrix.

If v is an eigenvector of A corresponding to an eigenvalue \, show that vel
is a solution to x’ = Ax. We say that w is a generalized eigenvector for the
eigenvalue \ if for some positive integer m,

(M —-A)"w=0.

Thus a generalized eigenvector is on the top of a chain based on an eigenvec-
tor as in the proof of the existence of the Jordan canonical form. Suppose
(M — A)w = v where v is an eigenvector of A, so that (\] — A)> w = 0. Show
that

wet + tvet

is a solution of the equation x’ = Ax. Now suppose that v, w;, ws is a chain
satisfying (A — A) wa = wy, (Al — A) wy; = v. Show that

2

Evekt + twle)‘t + woe

At

is a solution of x’ = Ax. Generalize to obtain a formula for a chain of
arbitrary length. Describe how to use this to find a fundamental matrix.
Hint: Use Problem (1] and show that every chain is linearly independent.
Why do there exist enough solutions of the various kinds just described to
yield a fundamental matrix?

Let A be an nxn complex matrix and suppose also that it can be diagonalized,

A=PDP!
where
A
D =
An
Show that the fundamental matrix is
6)\1t
p P
eAnt

6. Here is a matrix whose eigenvalues are 1, —1,0.

1 1 2
A= -4 -6 —10
2 3 5

(a) Find a fundamental matrix for this matrix.
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(b) Using this fundamental matrix, give the solution to the initial value prob-

lem
x' = Ax+f (1), x(0) = (1,0,0)",
where
f(t)= t
2

7. Solve the above problem using the method of Laplace transforms.

8. Here is a matrix whose eigenvalues are 1 +4,1 — ¢ and 1.

1 -1 0
1 1 0
0 0 1
(a) Find a fundamental matrix for this matrix.

(b) Using this fundamental matrix, give the solution to the initial value prob-

lem
x' = Ax +f(t), x(0) = (0,0,1)"
where
1
ft)y=11
t

9. Find the solution to the above problem using the method of Laplace trans-
forms.

10. Recall that the power series for e given by

1+x+—+ Zkr

What if you formally placed an n x n matrix in place of 7 The partial sums
would all make sense and would yield a matrix which is an n x n matrix. Show
that the partial sums obtained by this formal substitution are a sequence of
n x n matrices having the property that for S (p), y denoting the ij" entry

o0
of the p'" partial sum in the above series, {S (p); j} is a Cauchy sequence
p=1

and therefore, converges. This series
>
k=0
is denoted by e, not surprisingly. Go ahead and assume? the series

el tkAk

k!
k=0

2This is not too hard to show but involves more analysis than we wish to include in this book.
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can be differentiated term by term. Show that if this is so, then this series
yields the fundamental matrix ® (¢). Hint: For ||A|| given as above, show
that it suffices to show that for every € > 0 there exists p such that for k,1 > p,

IS (k) =S (D] <e.

Consider the following initial value problem.
y"' =y =y +y=t y(0)=1,4(0)=0,5"(0) =0.

This can be considered as a first order system in the following way. Let

zy (1) 2 (1)

x5 (t) | = 3 (1) :
s (t) z3 (t) + a2 () — a1 (t) +1

I3 (0) 0

Now finish writing this in the form
x' = Ax+f, x(0) = xo.

All such linear equations for a scalar function can be considered similarly as
a first order system. However, it does not go the other way. You cannot
consider an arbitrary first order system as a higher order equation for a scalar
function. Explain why.

Verify that the Laplace transform £ is a linear transformation in the sence
that £ acting on a linear combination equals the linear combination of the
transformed functions. Also verify the entries of the table. To get 5.) and
6.) you ought to just do 7.) and then take real and imaginary parts to save
a lot of trouble. A similar trick works well with 10.) and 11.) and in fact,
if you have done these two, you can simply let a = 0 to get many of these
entries all at once. In the table, 6 (¢ — ¢) denotes the dirac measure having unit
mass at ¢. The way to think of this is as something which does the following:
JoS8(t—c) f(t)dt = f(c). It is an idealization of a large positive function
which has integral equal to 1 which is only nonzero on a small interval. An
example of such a thing would be the force exerted by a hammer on a nail
during the short time it is in contact with the head of the nail.

Use the method of Laplace transforms and Problem |5/ to obtain the variation
of constants formula in the case where A can be diagonalized.
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14.

15.

Show that if ® (¢) is the fundamental matrix satisfying
' (t) = Ad(t), ®(0) =1,
then the Laplace transform @ (s) of @ (¢) equals
(sI —A)~".
Compare the second line of the table of Laplace transforms.

Using the above problem, find the fundamental matrix for the differential
equation

x' = Ax
where
3 4 4
A= 2 3 4
-3 -4 -5

This is a defective matrix which has eigenvalues 1,1, —1. The term defective,
when applied to a matrix, means that the matrix is not similar to a diagonal
matrix.
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Unitary, orthogonal,
Hermitian and symmetric
matrices

10.1 Unitary and orthogonal matrices
Given a complex matrix A = (a;;), we write
A= (ay)
for the matrix obtained by complex conjugation of the entries. We recall Definition

6.4.1: the adjoint of A is
t

A= (@)
We noted in Chapter (6 that
(A")*=A,(A+ B)" = A"+ B*,(AB)" = B*A"

(for matrices permitting the sum or product to be formed).

Definition 10.1.1 The n X n matriz A is said to be unitary if
(10.1) AA* = 1.

A real unitary matriz is said to be an orthogonal matrix.
Of course we could define an orthogonal matrixz to be a real n X n matriz with
AA =1T.

The following is a simple but important observation.

Observation 10.1.2 A matriz A is unitary if and only if A*A = 1. A matriz is
orthogonal if and only if A*tA=1.

This follows right away from the result presented earlier that for a square matrix,
right inverses, left inverses, and inverses are all the same thing. See Theorem [3.3.6
on Page [62.

247
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Example 10.1.3 The matrix

34i 144
ViI V22
( 1 —4-2 | (a12z)

Vil V22

is unitary. For with a little calculation, we obtain |a;| = |az| = 1,(a;,a2) = 0.
Hence the 4, j entry of A*A is

. 1ifi =
a;a; = (a;a;) =< "
/ 0if i # j.
This shows that A’A = I. Conjugating,
A*A=1

and A* is the inverse of A.
The same argument shows that a unitary matrix is a square matrix A satisfying

lifi=y
<ai7aj>: P .
0if ¢ # j.

That is, a unitary matrix is a square matrix over C whose columns are an orthonor-
mal set in C™. In the real case, an orthogonal matrix is a square matrix over R
whose columns form an orthonormal set in R™.

Example 10.1.4 The matrix

I 1

V3 V6 V2

_1 2 _

V3 V6 *(al az a3)
11 1

V3 V6 V2

is orthogonal. It is simply a matter of checking that the columns have unit length
and are orthogonal in pairs.

A linear mapping 7' : R™ — R" is said to be orthogonal if the matrix of T is
orthogonal. A linear mapping T : C"* — C" is unitary if the matrix of T is unitary.

Example 10.1.5 A rotation T : R? — R? is orthogonal.
For the matrix of T,
cosf) —sind
sinf  cosf
is easily seen to be orthogonal.
Example 10.1.6 A reflection T : R? — R? is a linear mapping of the form

T(zlwl + IQWQ) = T1W1 — T2W2.

Here w1, ws is an orthonormal basis of R2.
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The matrix of T in the basis w1, ws is certainly orthogonal: it is

(0 5)

This suggests that we should look at orthogonal (or unitary) mappings in a ‘coordinate-
free’ way.

Lemma 10.1.7 Let T : C* — C" be linear. The following statements are equiva-
lent.

(i) T is unitary.
(i) (Tu, Tv) = (u,v) always holds.

(iii) There is an orthonormal basis v1,...,v, of C" such that Tvy,...,Tv, is an
orthonormal basis of C™.

Proof. It suffices to prove that (i) = (i) = (i) and (i) = (i) = (i7).
Suppose that (i) holds. Let A be the matrix of 7. As we saw earlier, A’/A = I.
Hence
(Tu,Tv) = (Au)'Av = ' A"Av = u'v = (u, V).

Suppose that (ii) holds. In particular,
<Tel-,Tej> = <ei,ej>.

So the columns of the matrix of T are an orthonormal set and (i) holds.
Suppose that (ii) holds. Pick any orthonormal basis vy, ..., v, of C". Then

lifi=j

(Tvi, Tvj) = (vi,vj) = {0 if i # 3.

This proves (iii).
Suppose that (iii) holds. For any u =a1vi + -+ an vy, v=01vy + -+ + b, v,
in C",

<T11, TV> = <i aiTV“ i bjTVj>
i=1 j=1

= Zajl_)j = (u,v),
j=1

which establishes (ii) O

Lemma 10.1.7/ remains true if we replace C by R and ‘unitary’ by ‘orthogonal’.
We can now say the reflection in Example [10.1.6 is orthogonal, because (iii) is
applicable: Twy,Twsy is the orthonormal set wi, —wo.

Example 10.1.8 Fix an orthonormal basis w1, wo, ws for R3. A rotation of R?
about the axis wy is a mapping 1" defined by

T(x1wW1 + 2oWa + x3W3) = (21 cos 8 — x5 8in @)wy + (1 8in 0 + x5 cos 0)wy + 3w3.
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(If, for example wi, wa, w3 point east, north and vertically, this is a rotation
through 6 about the vertical axis, as one can easily see.) The rotation is an orthog-
onal mapping, again using (iii) of Lemma [10.1.7;

Twi = (cos)wy + (sin0)wo, Twy = (—sinf)wy + (cos0)wa, Twsy = ws.
Likewise a reflection in the plane of wy, ws, defined by
S(x1wW1 + 2oWo + X3W3) = 1 W1 + ToWs — T3W3

is an orthogonal mapping.
Note that |Tu| = |u| for a unitary mapping T : C* — C" or an orthogonal
mapping T : R” — R™. This follows from (ii) of Lemma [10.1.7 with u = v.
Lemma [10.1.7 suggests how to define a unitary mapping in an infinite dimen-
sional inner product space; we can use (ii) for the definition. We will not pursue
this idea here.

10.2 (@R factorization

The following factorization is useful in solving large scale systems of equations, in
particular in the method of least squares.

Lemma 10.2.1 Let A be a real m X n matriz of rank n. We can write A as
(10.2) A=QR,

where Q is an m x n matriz whose columns form an orthonormal basis for Col (A),
and R 1s an n X n upper triangular matriz with positive entries on the diagonal.

Proof. Let A = ( a; --- a, ) Apply the Gram-Schmidt process to ay, ..., a,
to produce an orthonormal basis uy,...,u, of Col (A). We recall that
a; € span{uy,...,u;},

but a; ¢ span{ay,...,a;_1}. It follows that
a; = (aj, uu; + -+ (a;,u;)uy, (a;,u;) # 0.

We may assume that (a;,u;) > 0 (if necessary, replace u; by —u;). Now 10.2 holds
with

Q=(u - u,),
(ar,ur) (az,ur) -+ (a,un)
R (az,us) (an, ug)

(an, un)
because column j of the product QR is
(aj, ur)ur +--- + (a;,u;)u; = a;. O

This is also called the thin QR factorization by Golub and Van Loan.
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Example 10.2.2 Find a QR factorization of

= (alagag) .

NN DN
=)
w w oo

We let, rescaling for convenience,
V] = (1/2) a; = (17 1, 1, l)t,

/ <327V1> t t
=a,— = (0,1,1,1)" — 3/4(1,1,1, 1),
Va2 a2 <V1,V1>V1 ( s Ly ) / ( )

vl =as — (ag, v1) vy — (ag, v2)
(vi,v1) (v2,va)

=3((0,0,1,1)" —2/4(1,1,1,1)" — 2/12(~3,1,1,1)")

=1/2((0,0,6,6)" —(3,3,3,3)" — (—=3,1,1,1)")

=1/2(0,-4,2,2)"
vy = (0,-2,1,1)".

Normalizing, we take

1/2\;—1%0
o | 2 7 F

Since Q@ is the 3 x 3 identity I, QR = A implies

R=Q'A
1/2 1/2 1/2 1/2 200
=3 1 _1 _1_ 210
=\ viz viz2 Vi2 Vi2 91 3
—2 1 1
0 % % X 2 1 3
4 3/2 3
| o » o
- V12 V12
o 0o S

V6

Example 10.2.3 For larger examples, Maple produces the QR factorization under
‘Solvers and forms’. Note that this is a way of doing the Gram-Schmidt process via
Maple.



252 UNITARY, ORTHOGONAL, HERMITIAN. ..

Example 10.2.4 Use Maple to redo Example 6.3.3] of Chapter 6, i.e. find an
orthonormal basis of Col (A),

w =N O
O N W

Within ‘QR decomposition’, select ‘Unitary factor’. We obtain

(-1/3)V3 (5/51)V51 15v/102
(1/3)v3  (1/51)Vb1  1L:v/102

0 (1/17)v/51 2102
(1/3)v3  (4/51)v/51 —L/102

The columns of this matrix are the vectors uj, us, us obtained previously (Chapter
6), but written a little differently.

Example 10.2.5 Use Maple to find an orthonormal basis of Col (A), where

3 2 1
6 3 1
A=11 1 -1
5 —1 2
4 2 6

Solution: Write a = 75603,b = 17142763. The solution is uj, us, us where

w; = v/87(1/29,2/29,1/87,5/87, 4/87),
30 31 59 227 62
= va (25201’ 25201" @’ a a) ’

b
us = %(7433, —1693, —1317, —250, 3506).

This is more horrible than might naively be expected.
The usefulness of the QR factorization (which is relatively cheap in computer
time) emerges when we want to solve a linear system

Ax = b,

where A is m x n of rank n. We write A = QR as above, and solve the equivalent
system

(10.3) Rx = Q'b.

From [10.3, given the triangular shape of R, we can easily read off z,,x,_1,...,21
in succession. In particular, least squares computations which have the shape

AtAx = A'b.
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are generally done in this way if the m x n matrix A has rank n.

It is standard practice to make an assumption that A has rank n but it is not
necessary in order to obtain a QR factorization. Nor is it necessary to assume A is a
real matrix, if you replace ) orthogonal with ) unitary. We illustrate the technique
for A a square, possibly complex, matrix. The generalization to rectangular matrices
is slightly different than the above. The idea here is to always have @) be a unitary
matrix and R an upper triangular matrix in the sense that r;; = 0 whenever j < 4.

Proposition 10.2.6 Let A be any n x n complex matriz. Then there exists a
unitary matriz QQ, and an upper triangular matriv R which has all non-negative
entries on the main diagonal.

Proof. Letting A = ( a; --- ay, ) be the matrix with the a; the columns,
each a vector in C", let )1 be a unitary matrix which maps a; to |a;|e; in the case
that a; # 0. If a; = 0, let Q7 = I. Why does such a unitary matrix exist? From
the Gram-Schmidt process, let

{al/ |al| yUg, - - 7u7l}

la

be an orthonormal basis, and let @ (%) = e1,Q1 (u2) = es etc. Extend Q4

linearly. Then Q1 preserves lengths because it maps an orthonormal basis to an
orthonormal basis and is therefore unitary by Lemma 10.1.7. Then

QA = (Qay Quay -+ Qia, )
= (|ailer Qiaz --- Qian ),
which is a matrix of the form
lai] b
0 A /-

Now do the same thing for A; obtaining an n — 1 x n — 1 unitary matrix Q% which,
when multiplied on the left of A;, yields something of the form

ab1
0 Ay, )°

Then multiplying A on the left by the product

((1) 63’2 )Ql = (201,

yields a matrix which is upper triangular with respect to the first two columns.
Continuing this way,

QTLQn—l t QIA = R7

where R is upper triangular having all positive entries on the main diagonal. Then
the desired unitary matrix is

Q = (QnQn—l e Ql)* .0

In the following exercises, you might want to save time by using Maple or some
other computer algebra system. To use maple, you first open maple, then click on
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the matrix tab on the left of the screen. Then select the size of the matrix in the
two lines below this tab. Next click on insert matrix. This produces a template for
a matrix. Fill in the symbols with the desired numbers. Then right click on the
matrix you just entered, select solvers and forms, and finally click on QR. Maple
will do all the tedious computations for you.

10.3 Exercises

1.

If @ is an orthogonal matrix, show that the only possible values of det (Q) are
+1. When this value is 1, the orthogonal matrix is called proper. Show that
rotations in R? are proper and that reflections about an axis are not proper.

TIf @ is a proper 3 x 3 orthogonal matrix, show that () must have an eigenvalue
equal to 1. Hint: Show that the absolute value of all eigenvalues must equal
1. Then explain why the determinant of a complex matrix equals the product
of the eigenvalues.

Using the proof of Proposition [10.2.6 generalize the result to obtain one which
is valid for A an m x n matrix, which may have m # n, and in which there is
no assumption made about rank.

If @ is an orthogonal matrix, show that the columns are an orthonormal set.
That is, show that for

Q=(ar -+ an),

it follows that q; - q; = 9;;. Also show that any orthonormal set of vectors is
linearly independent.

For real matrices, a QR factorization is often accomplished through the use
of Householder reflections. Using Problem 32/ and the problem right after this
one on Page 117, describe how to use Householder reflections to obtain a QR
factorization for an arbitrary m xn real matrix. Hint: Follow the procedure of
the proof of Proposition 10.2.6, except obtain )1 as the Householder reflection
which maps a; to |a;|e;.

Find a QR factorization for the matrix

1 2 1
3 -2 1
1 0 2

Find a QR factorization for the matrix

1
3
1

O O N
(NI
== O

If you had a QR factorization, A = QR, for @ a unitary matrix, describe
how you could use it to solve the equation Ax = b for A an arbitrary m x n
matrix.
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9.

10.

11.

Show that you can’t expect uniqueness for Q R factorizations in the case where
A is not invertible. Consider

o O
o O
—_ =

and verify this equals

0 1 0 00 v2
Wz o iv2 00 0
V2 0 —3V2 00 0
and also
100 000
010 001
001 001

Show that if A is an invertible real or complex n X n matrix, then there is only
one QR factorization of A. Hint: Show that if @ is unitary and R is upper
triangular having all positive entries on the main diagonal and if @) = R, then
both matrices equal I. Show that you can reduce to this case.

*Suppose that the entries of @, R, converge to the corresponding entries of
an orthogonal matrix Q where @,, is orthogonal and R,, is upper triangular
having all positive entries on the main diagonal. Show that then the entries of
@, converge to the corresponding entries of () and the entries of R,, converge
to the corresponding entries of the identity. Hint: Letting a7; denote the
ijt" entry of A" show first that ¥ qf — q; where the i*" column of Qy is
q? and the 7*" column of @ is q;. Then argue that this implies r¥; — 1 and
consequently, that qf — q;. Next consider the second column of the product
QrRy. Explain why
E ko .k k
T12d1 + 72202 — Q2

and take the inner product of both sides with qf to conclude r¥, — 0 and
that 7§, — 1.

Let A be an n X n complex matrix. Let A9 = A. Suppose that A;_; has been
found. To find Ay, let

A1 = QrRy, A = RpQx,

where Q Ry, is a QR factorization of Ax_;. Show that every pair of matrices
in this sequence are similar. Thus they all have the same eigenvalues. This
is the QR algorithm for finding the eigenvalues of a matrix. Although the
sequence {Ax} may fail to converge, it is nevertheless often the case that for
large k, Ay is of the form
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where the B; are blocks which run down the diagonal of the matrix, and all of
the entries below this block diagonal are very small. Then letting Ts denote
the matrix obtained by setting all of these sub-diagonal entries equal to zero,
one can argue, using methods of complex analysis, that the eigenvalues of Ay
are close to the eigenvalues of Ts and that each of these eigenvalues is an
eigenvalue of a block B;. To see more on this algorithm, consult Golub and
Van Loan [3]. For an explanation of why the algorithm works see Wilkinson
[16].

2 _01 and B = ( (2) _02 ) are similar;
that is, there exists a matrix S such that A = S~'BS. Now show that there is
no orthogonal matrix @ such that QT BQ = A. Show that the QR algorithm
does converge for the matrix B although it fails to do so for A. Hint: You
should use maple or some other computer algebra system to find the sequence
of matrices in the QR algorithm. The claim will be obvious as soon as you do
this. To verify that there can be no orthogonal matrix such that QT BQ = A,

you might use the fact that orthogonal matrices preserve distances.

12. 1Show that the two matrices A = (

10.4 Schur’s theorem

Letting A be a complex n X n matrix, it was shown in Section 8.3/ that there exists an
invertible matrix P such that P~'AP = J where J is an upper triangular matrix
which has a very special structure. Schur’s theorem is similar, but instead of a
general invertible matrix P one can use a unitary matrix U.

Theorem 10.4.1 Let A be a complex n X n matriz. Then there exists a unitary
matriz U such that

(10.4) U*AU =T,

where T is an upper triangular matriz having the eigenvalues of A on the main
diagonal, listed with multiplicity.

Proof. The theorem is clearly true if A is a 1 x 1 matrix. Just let U = 1, the
1 x 1 matrix which has entry 1. Suppose it is true for (n — 1) x (n — 1) matrices
and let A be an n x n matrix. Then let vy be a unit eigenvector for A. Then there
exists A1 such that

AVl = )\1V1, ‘V1| =1.
Extend {vi} to a basis and then use the Gram - Schmidt process Lemma [6.3.2

to obtain {vi,---,v,}, an orthonormal basis of C". Let Uy be a matrix whose ‘"
column is v;. Then from the definition of a unitary matrix Definition [10.1} it follows

IListed with multiplicity’ means that the diagonal entries are repeated according to their
multiplicity as roots of the characteristic equation.
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that Up is unitary. Then Uj AU, is of the form

Mok oo %
0

. Al

0

where A; is an n — 1 x n — 1 matrix. Now by induction, there exists an (n — 1) x
(n — 1) unitary matrix Uy such that

Ur AU, =T, 4,

an upper trianguar matrix. Consider

1 0
()

An application of block multiplication shows that U; is a unitary matrix and also

that
wsavan = (o 5 ) (5 4) (o 7))

)\1 * _
( 0 Tn_l > :T

where T is upper triangular. Then let U = UyU;. Since (UpgUs)" = U U, it follows
that A is similar to T" and that UypU; is unitary. Hence A and T have the same
characteristic polynomials, and since the eigenvalues of T' are the diagonal entries
listed with multiplicity, this proves the theorem.O

The same argument yields the following corollary in the case where A has real
entries. The only difference is the use of the real inner product instead of the
complex inner product.

Corollary 10.4.2 Let A be a real n X n matriz which has only real eigenvalues.
Then there exists a real orthogonal matriz Q such that

QTAQ=T

where T is an upper triangular matriz having the eigenvalues of A on the main
diagonal, listed with multiplicity.

Proof. This follows by observing that if all eigenvalues are real, then corre-
sponding to each real eigenvalue, there exists a real eigenvector. Thus the argument
of the above theorem applies with the real inner product.O

10.5 Hermitian and symmetric matrices

A complex n x n matrix A with A* = A is said to be Hermitian. A real n x n
matrix A with A = A is said to be symmetric. In either case, note that

(Au,v) = (Au)'v = u' A"V = u'Av = (u, Av).
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Thus, as a numerical example, the matrix

1 1-—x
147 2

is Hermitian, while

1 -1 -2
-1 2 4
-2 4 3

is symmetric. Hermitian matrices are named in honor of the French mathematician
Charles Hermite (1822-1901).

With Schur’s theorem, the theorem on diagonalization of a Hermitian matrix
follows.

Theorem 10.5.1 Let A be Hermitian. Then the eigenvalues of A are all real, and
there exists a unitary matriz U such that

U*AU = D,

a diagonal matriz whose diagonal entries are the eigenvalues of A listed with mul-
tiplicity. In case A is symmetric, U may be taken to be an orthogonal matriz. The
columns of U form an orthonormal basis of eigenvectors of A.

Proof. By Schur’s theorem and the assumption that A is Hermitian, there
exists a triangular matrix T, whose diagonal entries are the eigenvalues of A listed
with multiplicity, and a unitary matrix U such that

T=U"AU =U*A*U = (U*AU)" =T™*.

It follows from this that T' is a diagonal matrix and has all real entries down the
main diagonal. Hence the eigenvalues of A are real. If A is symmetric (real and
Hermitian) it follows from Corollary [10.4.2l that U may be taken to be orthogonal.

That the columns of U form an orthonormal basis of eigenvectors of A, follows
right away from the definition of matrix multiplication which implies that if u; is a
column of U, then Au; = column i of (UD) = \ju;. O

Example 10.5.2 The eigenvectors for the Hermitian matrix

1 2
—2i 1
are i corresponding to the eigenvalue 3 and (
eigenvalue —1. Thus
A=p(3 0 )p

0 -1

where the columns of the unitary matrix
r-(2 %)
V2 V2

are obtained from these eigenvectors by normalizing.

EZ ) corresponding to the
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Example 10.5.3 Let

3
A=1| 2
2

N W N
W NN

Find an orthonormal basis of R3 consistin
form

of eigenvectors of A. Write A in the

ae

A= PDP,

where P is an orthogonal matrix and D is a diagonal matrix.
One can use Maple to find the eigenvalues, but in fact the factorization of P4(X)
is fairly obvious:

A—3 =2 -2
det(A — A) = det -2 A-=-3 =2
-2 -2 A-=3

A—1 1—-X\ 0
= det -2 A=3 =2
0 X—1 Xx-1

(by subtracting row 2 from each of the other rows). Taking out the factor A — 1
twice,

1 -1 0
det(A\] — A) = (A —1)?det | —2 A —3 —2
0 -1 1
=A=12\=7)
(expanding by row 1).
The eigenspace for A =1 is
-2 =2 =2 111
ker| -2 =2 -2 | =ker| 0 0 O
-2 -2 =2 000

The corresponding system of equations is 1 + x2 + x3 = 0, with general solution

—To — X3 -1 -1
T2 = X9 1 + x3 0
I3 0 1

A basis of the eigenspace is wi = (—1,1,0),wz(—1,0,1). Since we want an or-
thonormal basis, we use the Gram-Schmidt process: vi = wy,

(wa, v1)
<W17V1>

(-1,0,1) — 1/2(-1,1,0)

=(-1/2,-1/2,1).

This is quickly converted into an orthonormal basis

( 1 1 O) ( 1 -1 2 )
u; = T T =T = Yy = | ===, (=, = | -
! V2 V2 ? 6 V6 /6

Vo = Wao — 1
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The eigenspace for A = 7 is obtained from doing row operations and equals

4 -2 =2 1 1 -2 1 0 -1
ker| -2 4 -2 =ker| 0O 6 -6 =ker| 0 -1 1
-2 -2 4 0 -6 6 0 0 0

The corresponding system of equations reads z; = x3,x2 = x3. A basis of the
eigenspace is y3 = (%, %7 L ) It follows that A = PDP? with

V3
1 1 1
V2 V6 V3 1
P = % —% % orthogonal, D = 1
0o 2 7
V6 V3

10.6 Real quadratic forms

A real quadratic form is a function @ : R® — R of the form
Qz1,...,2n) = Q(x) = Z Zaijibixj (aij = aj; € R).
i=1 j=1
The matrix of @ is the symmetric matrix
A= (aij) .

For example, Q(x) = 2% + 3x122 + 223 has a11 = 1,a22 = 2,a12 = a1 = 3/2. The
matrix of () is
1 3/2
< 3/2 2 ) '

Quadratic forms occur in a variety of problems. For instance, let f(z1,...,z,)
be a smooth real function on R™ with a stationary point at c, that is,

gxfj:Oatx:c (j=1,...,n).

A satisfactory approximation to f(c 4 y) for small y is

fle) + Q)

where @ is the quadratic form with matrix
2

at x =c.
&vlﬁmj

a,-j = 1/2

Thus we can predict whether c is a local maximum, a local minimum or a saddle
point (i.e. neither a local maximum nor a local minimum) by studying the quadratic
form Q). See Edwards (1994) for further discussion.

As another instance, we mention that a good model for a planetary surface
centered at 0 is an ellipsoid, which with a correctly chosen set of axes has equation

2 2 2
1 | T3 | T3
S+t +t5=1
a b c
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If the axes are chosen differently the equation would be

Qly)=1

where @ is a positive definite quadratic form Q = Q(y1,y2,y3)-

Definition 10.6.1 Let Q(x1,...,2,) be a real quadratic form. We say that Q is
positive definite if Q(x) > 0 whenever x # 0; Q is negative definite if Q(x) <0
whenever x # 0. If Q is neither positive definite nor negative definite, then Q is
indefinite.

A simple example of an indefinite quadratic form is Q(x) = (ax1+bxs)(cx1+dx2)
where (a,b) # (0,0) and (¢, d) ¢ span{(a,b)}. You should be able to visualize the
regions where (Q > 0 and @ < 0.

For one class of quadratic forms, the diagonal forms, it is easy to decide between
positive definiteness, negative definiteness and indefiniteness. A diagonal form has
the shape

Q(x) = b2+ - + b2,

The matrix of @ is of course diagonal. Clearly @ is positive definite if b; >
0,...,b, >0, negative definite if b; < 0,...,b, < 0, and indefinite in all remaining
cases.

Conveniently, a change of basis can be used to bring any @ into diagonal form.
In fact, we can find an orthonormal basis # of R™, depending on @, such that

Q(Px) = Zn: bix?,
i=1

where the columns of P are the vectors of 3.

Lemma 10.6.2 Let vy,...,v, be a basis of R", and let
y =Px
give the relation between coordinates in the bases 3 : e1,...,en([V]g = y) and
§:vy, ..., vu([v]s = x).
The quadratic form Q(y) = yt Ay with matriz A can be written as
Q(Px) = x'"(P'AP)x.
That is, Q has the matriz P* AP in the coordinates 1, ..., Ty.
Proof. This is almost trivial. We first note that
n n
Y AY =y Y amyr = Qy)
j=1 k=1
(again interpreting a 1 x 1 matrix as a real number). Hence

Q(Px) = (Px)'A(Px) = x"(P*AP)x. O
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Corollary 10.6.3 Let Q(y) be a quadratic form in (y1,...,yn) with matriz A.
There is an orthonormal basis v1,...,v, of R™ such that

Q(Px):Z)\im?, P=(vi - vy).
i=1

The \; are the eigenvalues of A, and Av; = \;v;.
Proof. From Theorem [10.5.1,
A= PDP!

where D is diagonal,
A1
D =
An

P = ( Vi - Vg ) is orthogonal, and Av; = \;v;. Since

Q(Px) =x'P'APx = x'Dx = Z N2,
i=1

this gives the desired result. O

Example 10.6.4 Obtain the representation
Q(PX) = )\1%‘% + )\21‘%

of the Corollary when
Q(y) = =5y} +4y1y2 — 243

-5 2
(3 5)

has characteristic polynomial (A +5)(A+2) —4 = (A 4+ 1)(A + 6).
The eigenspace for A = —1 is

4 -2\ 1 -1/2
ker<_2 1 )—ker(o 0 >
1

The corresponding system of equations is x1 — 52 = 0 and a basis of the eigenspace

is (%, %) Now the eigenspace for A = —6 must have basis (%, \7—%),

The matrix of @),

A=PDP!, or D= P'AP,

()0 (3 %)

with

and
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10.7 Exercises

1.

Here is a quadratic form.
2 2
xry + 4.1311‘2 + Ty

Find new variables (y1,y2) and an orthogonal matrix P such that x = Py
and the expression in terms of y is a diagonal quadratic form.

. Here is a quadratic form.

4ot + 2120 + 4o

Find new variables (y1,y2) and an orthogonal matrix P such that x = Py
and the expression in terms of y is a diagonal quadratic form.

. Here is a quadratic form.

—32% + 2x129 — 323

Find new variables (y1,y2) and an orthogonal matrix P such that x = Py
and the expression in terms of y is a diagonal quadratic form.

. Here is a quadratic form.

2 22
3z] — 2x170 + 315 — 73

Find new variables (y1,y2,y3) and an orthogonal matrix P such that x = Py,
and the expression in terms of y is a diagonal quadratic form.

. Here is a quadratic form.

327 — 22129 + 323 + 223

Find new variables (y1,y2,ys) and an orthogonal matrix P such that x = Py,
and the expression in terms of y is a diagonal quadratic form.

. Here is a quadratic form.

323 + 2z w3 + 223 + 3x§

Find new variables (y1,y2,¥y3) and an orthogonal matrix P such that x = Py,
and the expression in terms of y is a diagonal quadratic form.

Show that if A is an Hermitian invertible matrix, then the quadratic form
X — <A2x, x> is positive definite.

. If Ais an arbitrary matrix, does it follow that x — <A2x, x> is positive defi-

nite? Hint: You might consider ( 3 _22 >

. An nxn matrix A is called normal if AA* = A*A. Show that every Hermitian

matrix is normal. Show that

1+¢ 1—4
1—4 144

is not Hermitian but is normal.
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10

11.

12.

13.

14.

15.
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Show that if U is a unitary matrix and A is a normal matrix, then U* AU is
also a normal matrix.

Show that every upper triangular normal matrix must be a diagonal matrix.
Explain how this shows with Theorem [10.4.1 that an n X n matrix is normal
if and only if there exists U unitary such that

U*AU =D
where D is a diagonal matrix.

Let A be an n x n complex matrix. Show that A is Hermitian if and only if
for some U unitary,

U*AU =D
where D is a diagonal matrix having all real entries.

Let F' be an n x n complex matrix. Show F*F' is Hermitian and has all
nonnegative eigenvalues.

Suppose A is an n xn Hermitian matrix which has all nonnegative eigenvalues.
Show that there exists an n x n Hermitian matrix B such that B? = A, all
eigenvalues of B are nonnegative, and B commutes with every matrix which
commutes with A. Hint: You know that there exist a unitary matrix U
such that U*AU = D where D is a diagonal matrix having all nonnegative
entries down the main diagonal. Now consider the problem of taking the
square root of D. As to the part about commuting, suppose CA = AC. Then
A = UDU* but also, for any C, C = UCyU* for a unique Cy. Then show
CA = AC if and only if DCy = CyD. Then show this is the same as having
DY2Cy = CyDY2.

1The above problem deals with the square root of a Hermitian matrix which
has nonnegative eigenvalues. Show that there is at most one such Hermitian
square root having nonnegative eigenvalues which has the property that it
commutes with all matrices which commute with A. Hint: Suppose that
B, By both satisfy these conditions, explain why for C = B, By,

(Cx,x) > 0.
Next use this to verify that for any x,
(10.5) <B (B — Bl)X7 (B — Bl)X> Z 0, <Bl (B — Bl)x, (B — Bl)X> 2 0.

Adding these inequalities and using the assumption about commuting, explain
why
((B*=B})x,(B—B1)x) =0

and why each inequality in [10.5is actually an equality. Let v/B, /B denote
the square root of B, B; whose existence is guaranteed by the above problem.
Explain why

VB(B - B))x=0=/B; (B - B))x.
Then conclude that B (B — B1)x = 0 =B; (B — By) x. Finally,

0=(B(B—By)x— By (B-B)x,x)=|(B— By)x*.
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16.

17.

18.

TLet F' be an n x n matrix. Explain why there exists a unique square root U
for F*F. Next let {Uxy,---,Ux,} be an orthonormal basis for U (C™) and
let {Ux1, - ,UXp,Yr+1, "+ ,¥Yn} be an orthonormal basis for C™. Verify that
{Fx1,---,Fx,}isalso an orthnormal basis. Let {Fx1, -+, FX;,Zp11, " ,Zn}
be an orthonormal basis for C™. Now for x arbitrary, there exist unique scalars

¢;,d; such that
T n
X:ZCiUxi"" Z d;yi.
i=1 i=r+1

Then define Rx by

Rx = ZT:CiFXi + zn: dlzl
i=1 i=r+1

Verify that R preserves distances, and is therefore unitary. Letting x be
arbitrary, it follows that there exist unique b; such that

Ux = zT:l)leXZ

i=1

Verify that RUx =Y ,_, b;Fx; = F (}_;_, bix;) . Finally verify that

i=1

Thus F' = RU where R is unitary and U is Hermitian having nonnegative
eigenvalues, and commuting with every matrix which commutes with F*F.
This is called the right polar decomposition. In mechanics, when F is a
3 x 3 real matrix, the matrix U is called the right Cauchy Green strain tensor.
It measures the way a three dimensional set is stretched while the R merely
preserves distance. Can you extend the result of this theorem to the case
where F' is an m X n matrix with m > n? The answer is yes, and the proof is
just like what is given above.

If A is a general n x n matrix having possibly repeated eigenvalues, show there
is a sequence {Ai} of n x n matrices having distinct eigenvalues which has
the property that the ij*" entry of A, converges to the ij*" entry of A for all
ij. Hint: Use Schur’s theorem.

Prove the Cayley-Hamilton theorem as follows. First suppose A has a basis of
eigenvectors {vy};_, , Avi = A\gvi. Let p (\) be the characteristic polynomial.
Show p (A) v = p(Ag) vi = 0. Then since {vy} is a basis, it follows that
p(A)x = 0 for all x, and so p (A) = 0. Next, in the general case, use Problem
17/to obtain a sequence { A} of matrices whose entries converge to the entries
of A such that Ay has n distinct eigenvalues, and therefore Ay has a basis of
eigenvectors. Therefore, from the first part and for py (A) the characteristic
polynomial for Ay, it follows py (Ax) = 0. Now explain why and the sense in
which

khj{.lopk (Ax) =p(A).
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19.

20.

21.

22.

23.

24.

25.

26.
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The principal submatrices of an n x n matrix A are Ay where Ay consists
those entries which are in the first & rows and first & columns of A. Suppose
A is a real symmetric matrix and that x — (Ax, x) is positive definite. Show
that each of the principal submatrices are positive definite. Hint: Consider

( x 0 ) A ( :; ) where x consists of k entries.

TShow that if A is a symmetric n x n real matrix, then A has an LU fac-
torization with the property that each entry on the main diagonal in U is
positive.

TLet A be a real symmetric n X n matrix and A = LU where L has all ones
down the diagonal and U has all positive entries down the main diagonal.
Show that A = LDH where L is lower triangular and H is upper triangular,
each having all ones down the diagonal and D a diagonal matrix having all
positive entries down the main diagonal. In fact, these are the diagonal entries
of U.

TShow that if L, L; are lower triangular with ones down the main diagonal
and H, Hy are upper triangular with all ones down the main diagonal and D,
D, are diagonal matrices having all positive diagonal entries, and if LDH =
LiDyHy, then L = Ly, H = H;,D = D;. Hint: Explain why D;'L;7'LD =
H,H~'. Then explain why the right side is upper triangular and the left side is
lower triangular. Conclude these are both diagonal matrices. However, there
are all ones down the diagonal in the expression on the right. Hence H = Hj.
Do something similar to conclude that L = L; and then that D = D;.

1Show that if A is a symmetric real matrix such that x — (Ax,x) is positive
definite, then there exists a lower triangular matrix L having all positive
entries down the diagonal such that A = LLT. Hint: From the above, A =
LDH where L, H are respectively lower and upper triangular having all ones
down the diagonal and D is a diagonal matrix having all positive entries. Then
argue from the above problem and symmetry of A that H = L”. Now modify
L by making it equal to LD'/2. This is called the Cholesky factorization.

THere is a positive definite symmetric matrix
5 1 2
141
21 4
Find its Cholesky factorization.

1Show that if A is a real symmetric matrix and x — (Ax, x) is positive definite,
then there exists an upper triangular matrix U, having all positive diagonal
entries such that (Ax,x) = |Ux/|.

Letting A be a real m x n matrix, m > n having rank n, consider least
squares solutions to Ax = b. Recall this required finding the solutions to
AT Ax =A"b. How could the Cholesky decomposition be useful in doing this
problem?



The singular value
decomposition

11.1 Properties of the singular value decomposi-
tion

The singular value decomposition of an m X n complex matrix is a useful tool in
data compression. In this application, the idea is to approximate a given (very
large) matrix by a matrix of small rank. It also has important applications to the
problem of least squares and the Moore Penrose inverse.

Before giving the decomposition, we prove a simple lemma.

Lemma 11.1.1 Let A be an m x n real matrixz. Then
R(A*A) = R(A).
Also ker (A*A) = ker (A).

Proof. If Ax =0, then evidently A*Ax = 0. On the other hand, if A*Ax = 0,
then
0 =x"A"Ax = (Ax, Ax),

so that Ax = 0. Thus A and A* A have the same kernel, say V. Since A*A is n x n,

R(A*A) =n—dimV = R(A).O

Lemma 11.1.2 Let A be a complex m x n matriz. Then A*A is Hermitian, all its
eigenvalues are nonnegative, and if A # 0, there is at least one nonzero eigenvalue.

Proof: It is obvious that A* A is Hermitian because
(A*A)" = A* (A")" = A*A.
Suppose A*Ax = Ax where x # 0. Then
AMx|* = (Ax,x) = (A*Ax, x) = (4Ax,A4x) > 0.

267
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Hence A\ > 0. By Theorem [10.5.1}
A*A=U*DU

where the entries of the diagonal matrix D are the eigenvalues of A*A. If all eigen-
values are 0, then A*A = 0 and Lemma [11.1.1 gives the absurd conclusion that
A=0.0

Definition 11.1.3 Let A be an m X n complex matriz. The singular values of A
are the positive square roots of the positive eigenvalues of A*A.

The following theorem gives the existence of a singular value decomposition of

A.

Theorem 11.1.4 Let A be an m X n complex matrix of rank r. We can write A
in the form

(11.1) A=U%XV*

where

(i) U is a unitary m X m matric

(i1) V is a unitary n X n matriz

(iii) ¥ = (045) is m x n, and is quasi-diagonal in the sense that o;; =0 for i # j.

(iv) Writing o; instead of 0;;, we have
o1>092>->0,.>0,0,=0 fori>r.
In case A is a real matriz, U,V can be orthogonal matrices.

These are the principal features of the decomposition [11.1, which is called a
singular value decomposition (SVD) of A. The positive numbers o1, ..., 0,
(where r < min(m, n)) are called the singular values of A. We will see below that
this agrees with Definition[11.1.3. We will note other features later. If m = 4,n = 3,
then

g1 0 0

o 0 (%) 0
X = 0 0 o3 |’

0 0 O

while if m =2, n = 3, then

_ g1 0 O
X = ( 0 g9 0 ) ’
Note that once we have an SVD of A, we immediately obtain an SVD of A*.

For 11.1] gives the expression
A* = VXU,

which has all the desired properties with V, X!, U in place of U, X, V. For this reason
we may assume that m > n in proving Theorem [11.1.4.
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Proof of Theorem 11.1.4/ By Lemma [11.1.2| and Theorem [10.5.1}, there exists
an orthonormal basis {v;}_, such that A*Av,; = o?v; where 67 > Ofori=1,--- ,k
where k > 1 and o; = 0 for ¢ > k. Thus for i > k, A*Av; = 0 and so, by Lemma
11T, Av; = 0.

Fori=1,---  k, define u; € F™ by

u; = a;lAvi.
Thus AVZ‘ = o;u;. Now
(ui,uj> = <0'i_1AV1',0'4_1AVj> = <U;1Vi,0;1A*AVj>

J

_ _ o
= <O’i 1vi,aj lofv]) = ﬁ (Vi,vj) = 04j.
3

Thus {ui}f:1 is an orthonormal set of vectors in C". Also,
AA*u; = AA*O'Z»_IAVZ' = oi_lAA*Avi = cri_lAazzvi = o?u;.

Now using the Gram Schmidt process, extend {ui}f:1 to an orthonormal basis for
all of C™, {u;}.", and let the unitary matrices U and V be defined by

U:(u1 um),V:(v1 vn).

Thus U is the matrix which has the u; as columns and V is defined as the matrix
which has the v; as columns. In case A is a real matrix, we may take v;,u; to be
real and have U and V be orthogonal matrices. Then

u
U*AV = uj A(v1 vn)
*
um
*
u;
- * 0 --- 0
= u, gi1uy Uk
*
um

o 0
(53)-
where o is the k x k diagonal matrix of the form

g1

ok

In the above, the zero blocks are the sizes needed in order to make the matrix 3 an
m x n matrix. This proves the theorem.O



270 THE SINGULAR VALUE DECOMPOSITION

As mentioned above, for A an m X n matrix, we write

< (39)

where the zero blocks are the size needed to make the resulting matrix m x n.
The matrix ¢ is uniquely determined as the diagonal matrix which has the singular
values of A in descending magnitude from the top left toward the lower right.

Notice that the matrix 3 is uniquely determined by [11.1and the properties (iii)
and (iv). For [11.1] yields

(11.2) A*A=VSIU UV = VEIXV*
ot
o
so that 0?,...,02 are the eigenvalues of A*A in non-increasing order, counted with

muliplicity. However, if » < m, the SVD is not unique; there are many possibilities
for upy1,. .., Wy

Example 11.1.5 In [11.1, suppose that m = n, A is a real matrix, and that o; >
-+« > 0, > 0. Show that the SVD is unique apart from the signs of the vectors in
V and U.

From [11.2] which in turn follows from [11.1, the columns v; of V are eigen-
vectors of A*A in order corresponding to the distinct numbers o%,...,02. As the
eigenspaces are one-dimensional, the v; are unique apart from sign. Moreover,

—1
01

U=AV*"tst = AV

—1
n

_( Avx .. Avy
- o2 on ’

which is the prescription for U used in the proof of Theorem [11.1.4.

a

Example 11.1.6 Find an SVD of
2 -1
A:(2 1).
«4_ (80
wa(30)

An orthonormal set of eigenvectors of A*A is vi = e, vy = eg, so that V = I.
Moreover, 02 = 8,02 = 2; so

First of all,

z:(m )
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Now, as prescribed above,

1 1 (2 -1\ /(1
mom AT 2<2 1><0)<

1 1 /2 -1\ /0 -
w- a5 (3 (0)- ()

Example 11.1.7 Find an SVD of

-1/2 3/2 0
A=| =3/2 12 0
0 0 3
First of all,
5/2 =3/2 0
A*A=1 =3/2 5/2 0
0 0 9

has characteristic polynomial
(A=5/2)* =9/4) A =9) = (A= 9)(A —4)(A - 1),

so that 01 = 3,092 = 2,03 = 1. An easy computation gives an orthonormal basis
V1, Ve, vy of eigenvectors of A*A,

A*AVJ—O'?V]',
namely
1 1
0 7 \{5
V1: 0 ’V2: —% ,V3— ﬁ
1 0 0
We now take
AVl 0
u; = 73 = 0 5
1
1
- AV2 o \{E
I T WCh
0
1
V3
us — AVgZ —% .
0
1 1 1 1
3 0 VoG] 0 -5 5
So ¥ = 2 V=10 _% % U=1|o0 _% _%
1 1 0 0 1 0 0

Example 11.1.8 Use www.bluebit.gr/matrix-calculator/ to solve Example [11.1.7.
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If we follow the simple procedure at this site and select 9 decimal digits, we get
> as above.

0 —a —a 0 a -—a
U=10 —a a V=10 —a —a
1 0 0 1 0 O

with @ = 0.707106781. We ‘correct’ this to a = % by using |(—a, —a,0)] = 1. Note
the differences in sign in U,V from the solution that we found above.

The singular value decomposition has as an immediate corollary the following
interesting result.

Corollary 11.1.9 Let A be an m X n matriz. Then the rank of A equals the rank
of A*and both equal the number of singular values.

Proof. Since V and U are unitary, they are each one to one and onto, and so it
follows that

rank (A) = rank (U*AV)
rank (X)

number of singular values.

Also since U,V are unitary,

rank (A*) = rank (V*A*U)
rank ((U*AV)")
= rank (¥*)

= number of singular values.

This proves the corollary. [J

A lot of information about subspaces associated with A is ‘embedded’ in the
SVD. This takes its most attractive form in the case where the matrices are all real.
Lemma 11.1.10 Let A = UXV? be an SVD of an m x n matriz of rank r. Then
(i) the first r columns of V' are an orthonormal basis for the row space of A,
(ii) the last n — r columns of V' are an orthonormal basis for ker(A),
(iii) the first r columns of U are an orthonormal basis of Col (A),

(iv) the last m — v columns of U are an orthonormal basis of ker(A?).

Proof. From A = UXV?, it follows that
U'A =XV,

and so the row space of A equals the row space of U*A which equals the row space
of LV which equals the column space of the first r columns of V. This proves (i).
(Recall that multiplication on the left by an invertible matrix is the same as doing
a sequence of row operations which preserves the row space.)
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‘We noted above that
(11.3) Av,i 1 == Avg =0.

Therefore, the space ker A, of dimension n — r, contains the orthonormal set
Vyi4l,--.,Vp. Since the rank of A equals r, this implies that {v,y1,...,vg} is a
basis for ker (A). This proves (ii).

In A* = VX!U?, the roles of U and V are interchanged. Thus (iii) is a conse-
quence of (i) with A*, U in place of A,V and similarly (iv) follows from (ii) with
At U in place of A, V. O

11.2 Approximation by a matrix of low rank
We now return to the topic raised at the beginning of the chapter. If A is a complex
m X n matrix with rank r, what is the closest matrix to A that has rank ! (where

1 <1l < r)? To measure distance between matrices, we regard the vector space of
m X n complex matrices under addition as coinciding with C™”. Thus

a1l a12 i3
a21 G22 @23

(alla aiz, @13, 421, 422, (123),

is identified with

for example. Now the inner product of two m x n complex matrices A = (a;;), B =
(bZJ) is

the length or Frobenius norm of A is

1/2
n

AL = (>0 layl?

i=1 j=1

and the distance from A to B is ||A — B||. (Other ‘distance measures’ are also
important, see Horn and Johnson (1990). In fact, we used another one in the
discussion of first order systems of differential equations.)

We can express (A, B) in terms of trace. The trace of an n x n matrix A = (a;;)

n
trA = Z Q-
i=1

is

Lemma 11.2.1 (i) Let A be m x n and C be n x m. Then tr(AC) = tr(CA).
(ii) Let A and B be m x n. Then

(A, B) = tr(AB*) = tr(BA*) = (B, A).
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Proof. (i) The ij*" entry of AC is
n
Z ik Clj-
k=1
Hence

C)=> amcki=Y_ Y _ critin

i=1 k=1 k=11i=1

= tr(CA).

(ii) tr(AB*) =

i Ms

gij — (A, B).

Interchanging A and B gives

n

(A, B) = tr(AB~) :iZa F:iji Tirbix = (B, A)
i=1 k=1

i=1 k=1

We are not using (i)! O
It turns out that the solution to our problem of minimizing ||A — B|| (with A
given and B of rank < h) is the following. Let

A:UEV*,E:(U 0)

00
where
01
g =
oy
is an SVD of A. Then we take
!
(11.4) A’:U(% 8)1/*.
where
g1
o =
oh
In other words, we modify ¥ by replacing op41,...,0, by 0.

To prove this, we need the following simple lemma about the Frobenius norm,
denoted by || || 5.

Lemma 11.2.2 Let A be an m X n complex matrix with singular matriz

= (7 0)
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with o the diagonal matriz of singular values decreasing from upper left to lower
right. Then

2 2
(11.5) %] = [[Allz-

Moreover, the following holds for the Frobenius norm. If U,V are unitary and of
the right size,

(11.6) WUAV][p = [|Allp -
Proof: From the definition, and letting U, V be unitary and of the right size,
|UAV|]% = tr (UAVV*A*U*) = tr (UAA*U*) = tr (AA*U*U) = tr (AA*) = ||A|[5
Now consider [11.5. From what was just shown,
2 #)12 2
HA[lF = IUSVH |7 = [IZ]]F -
This proves the lemma.O

Theorem 11.2.3 Let A be a complex m X n matriz of rank r. Then the matriz of
rank h or less which best approximates A in the Frobenius norm is the matriz

’r_ o 0 *
o (7 )

where o’ is obtained by replacing o; with 0 for all i > h + 1.
Proof. Let B be a matrix which has rank h or less. Then from Lemma 11.2.2

|A- B[} = ||U*(A-B)V|%=||U"AV - U*BV||}.

c 0 2
_ TT*
= ‘ < 0 0 > U*BV
where o is the diagonal matrix described earlier consisting of the singular values of
A arranged in decreasing order from the upper left to lower right. Now U*BV has

rank < h. Since the singular values of A decrease from the upper left to the lower
right, it follows that for B to be as close as possible to A in the Frobenius norm,

N (0
U*BV = ( 0 0 > ,
where ¢’ is obtained from o by replacing o; with 0 for every ¢ > h. (Recall that
the Frobenius norm involves taking the square root of the sum of the squares of the

absolute values of the entries of the matrix.) This implies B = A" above. O
The last part of the above argument is obvious if you look at a simple example.

Say
30
UO>
=1 0 2
(00 00
b

for example. Then what rank 1 matrix would be closest to this one in the Frobenius
norm? Obviously

F

00
00
00

O O W
o O O
o O O
o O O
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Example 11.2.4 Find to two decimal places the closest matrix B of rank 2 to

4 6 1 4
21 2 3
A= 312 2
1 40 2
From bluebit we obtain the SVD
A=UxV?,
where

—.780 .255 —.298 —.488
—.345 —.560 .730 —.186
—.341 —.603 —.490 .529 ’
—-.396 .507 .373  .669
10.578

3.567

1.143
0.255
( 04
—.494 —.657 —.203 —.532
-394 671 —.581 —.240
—.724 —.047 .160 .670
—.277 342 772 459
Thus
g1
_ g2 t
B=U 0 %
0

(10.578a; 3.567a; 0 0 )V*

3.72 6.03 1.15 4.17
| 264 113 192 248 |
| 263 093 1.98 244 | 0 'WO decrmalplaces.

1.36 3.97 —0.20 1.80

You can also use maple to find a singular value decomposition of an m X n
matrix. Say you want to find a singular value decomposition for the matrix

12 3
A_(4 5 6)'
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First open maple. Then select file followed by new followed by worksheet mode. If
you want to see things in the usual math notation, be sure you have selected math
on the top left corner of the worksheet. It doesn’t really matter but it will look
different if you don’t do this. On later versions of maple, this is the default anyway,
so you don’t have to do anything. Now you will have something which looks like >.
You type the following next to it: with(LinearAlgebra); A::Matrix({ i ? 2 )
To get the matrix between those parentheses, just place the cursor there and click
on “Insert Matrix” on the left side of the screen. This will give a template and
you replace the symbols with numbers. Press return. This will place a blue copy
of the matrix in the middle of the screen. You have just defined the matrix A. On
the following line, after >, you type SingularValues(A,output=['U",/ S’/ Vt']) and
then press enter. It will give you the left unitary matrix followed by a list of the
singular values followed by the right unitary matrix such that A = UXV where
g 8 for o the diagonal matrix which consists of the singular
values listed in the middle of the above output. The little primes in the output
are obtained from pressing the key which has quotes on the top and a single small
vertical mark on the bottom.

If you just want the singular values, enter the matrix in the usual way. Then
right click on the matrix and select “eigenvalues, etc.” then select singular values.
If you want these to be in terms of decimals instead of complicated radicals, make
sure at least one entry in the matrix has a decimal point. For example, type 5.0
rather than 5.

Y is the matrix

11.3 The Moore Penrose Inverse
Consider the least squares problem
A"Ax = A%y.

Recall that A = UXV*, and so A* = VX!U*. Therefore, x is a least squares
solution if and only if
VEIUrUSV*x = VEIU Y

14 ( 0 0 Vix=V 0 0 Uy
which is the same as

a2 0 “ o 0 "
" (7 ) vx=(5 Yoy
It is very easy to spot one solution to the least squares solution,
ot 0 "
x=V < 0 0 ) Uy.

It turns out that this particular solution to the least squares problem has some very
nice properties and is so important that it is given a name Aty.

Thus
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Definition 11.3.1 Let A be an m X n matriz and let ( g 8 ) be the associated
singular matriz. Then the Moore Penrose inverse of A, denoted by A" is defined
as
—1
y_ o 0 "
AT = V( 0 0 ) U~.
Here
* (o0

= (5 0)

as above.

Thus Aty is a solution to the least squares problem to find x which minimizes
|Ax — y|. In fact, one can say more about this. In the following picture My denotes
the set of least squares solutions x such that A*Ax = A*y.

Af(y)

/

ker(A*A)

Then AT (y) is as given in the picture.

Proposition 11.3.2 A%y is the solution to the problem of minimizing |Ax — y|
for all x, which has smallest norm. Thus

‘AA"'y - y| < |Ax —y| for allx
and if x1 satisfies |Axy —y| < |Ax —y| for all x, then |[ATy| < |x1].

Proof: Consider x satisfying A* Ax =A*y. Then as pointed out above,

2
o 0 «._ (0o 0 %
(5 0)v==(50)vs
and it is desired to find the x satisfying this equation which has smallest norm.
This is equivalent to making |V*x| as small as possible because V* is unitary and
thus preserves norms.

For z a vector, denote by (z), the vector in C™ which consists of the first r
entries of z. Here o is r x . Then if x is a solution to [11.7,

(00 ) (o),
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and so (V*x), = o~ ! (U*y), . Thus the first r entries of V*x are determined. In
order to make |V*x| as small as possible, the remaining n — r entries should equal

zero. Therefore,
e [ (V'x),\ _ (o7 H(UY),
Vix= ( 0 - 0
o1 0 «
0'_1 0 * +
x=V 0 0 U'y=A"y.

This proves the proposition.O
The four conditions of the following lemma are called the Penrose conditions.

and so

Lemma 11.3.3 The matriz AT satisfies the following conditions.
(11.8) AATA = A, ATAAT = AT AT A and AA™ are Hermitian.

Proof: This is routine. Recall that
o 0 "
amu(g )y

—1
+ o 0 «
A _v( . O)U

and

so you just plug in and verify that it works.O

A much more interesting observation is that AT is characterized as being the
unique matrix which satisfies [11.8, the Penrose conditions. This is the content of
the following Theorem.

Theorem 11.3.4 Let A be an m X n matriz. Then a matrix Ag, is the Moore
Penrose inverse of A if and only if Ag satisfies

(11.9) AAgA = A, AgAAg = Ay, ApA and AAy are Hermitian.

Proof: From the above lemma, the Moore Penrose inverse satisfies [11.9. Sup-
pose then that Ay satisfies[11.9. It is necessary to verify that Ay = AT. Recall that
from the singular value decomposition, there exist unitary matrices U and V such
that

* . — o 0 o *
UAV—E_<OO>,A_UEV.
Let
« _ (P Q
(11.10) 1% AOU—<R S)

where P is k x k, the same size as the diagonal matrix o.
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Next use the first equation of [11.9 to write

Ao
S |
—~ P Q —~ = ~—
UZV*V(R S)U*UEV*ZUEV*.

Then multiplying both sides on the left by U* and on the right by V,

o 0 P Q o0\ (o0
00 R S 00/ \L0o0)/
Now this requires
ocPo 0 o 0
) (57 0)- (5 0).

Therefore, P = o~!. From the requirement that AAg is Hermitian,

Ao
A

—_——f
~oy (P . _ o 0 P Q *
UZVV(R S)U —U(O 0)<R S)U
must be Hermitian. Therefore, it is necessary that
c 0 P Q B oP oQ
0 0 R S o 0 0
I oQ
0 0

I oc@Q\ _ I 0
0 0 T\ Q¢ 0 )
Thus Q*¢ = 0, and so, multiplying both sides on the right by ¢!, it follows that

@Q* = 0 which implies Q = 0.
From the requirement that AgA is Hermitian, it is necessary that

is Hermitian. Then

Ao
S |

P Q\ s Po 0.
V(RS>UUEV _V(RUO>V

I 0 "
=V ( Ro 0 ) v
I 0
Ro 0
is Hermitian. Thus R = 0 because this equals

I 0\ (I o*R*
Ro0) ~\0 0

is Hermitian. Therefore, also
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which requires Ro = 0. Now multiply on the right by ¢! to find that R = 0.

Use [11.10/ and the second equation of [11.9 to write

A() A AU AO
P QN iy P QY P Q.
V<R5>UUEVV(RS>U—V<RS U-.

which implies

(ke $)(50) (5 5)=(25)

This yields from the above in which it was shown that R, @ are both 0,
(] c 0 o7l 0 . o1 0
0o S 00 0o S B 0 0
o o1 0
- 0o s/
Therefore, S = 0 also, and so
" _ (P Q\ _ ol 0
VAoU:(R S)_(O 0)

1
AOZV(U 0>U*5A+.

which says

0 0

This proves the theorem.
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The theorem is significant because there is no mention of eigenvalues or eigen-
vectors in the characterization of the Moore Penrose inverse given in [11.9. It also
shows immediately that the Moore Penrose inverse is a generalization of the usual

inverse.

In the following exercises, you might want to use some computer algebra system

to save yourself trouble.

11.4 Exercises

1. Find a singular value decomposition for the matrix

1 2 3
0 -3 2
1 2 5

2. Find the rank 2 matrix which is closest to

1 2 3
4 -3 2
1 6 7

in the Frobenius norm. You should get something like

.955078958 1.96458304 3.03703698
4.00619717 —2.99511398 1.994 89049
1.01776061 6.01400294 6.985356 54
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Show that if A is an n X n matrix which has an inverse then AT = A1,

Using the singular value decomposition, show that, for any square matrix A,
it follows that A*A is unitarily similar to AA*.

Let A be an m x n matrix. Show

2 _ 2
Al = (4, 4)p =) o3
J
where the o; are the singular values of A.
Suppose {vy,---,v,} and {wy, -+, w,} are two orthonormal bases for F"
and suppose @ is an n X n matrix satisfying Qv; = w;. Then show @ is

unitary. If |[v| = 1, show that there is a unitary transformation which maps
Vv to e;.

Let A be a Hermitian matrix, so A = A* and suppose that all eigenvalues of
A are larger than §°. Show that

(Av,v) > 6% |[v]?

where here, the inner product is
n
(v,u) = Z 0.
j=1
The discrete Fourier transform maps C* — C™ as follows.
1 n—1
o
F (x) = z where 2z, = — Z e Ik,
Vi =
Show that F~! exists and is given by the formula
1 n—1
F~'(z) = x where 7, = — Z P L
Vi 2

Here is one way to approach this problem. Note z = Ux where

-2 -2 22 -2
e~ #5200 e~ 10 et 20 . e—l%(n—l)-o
.9 ] -2 ;2
e~ 501 et 11 et 21 efzf(nfl)-l
U— 1 o202 o—iZE12 12522 o e—iZE (n—1)2
NG
e—i%”@(n—l) e—i%’w(n—l) e—i%’Q-(n—l) e—i%’f(n—l)-(n—l)

Now argue that U is unitary and use this to establish the result. To show this

verify each row has length 1 and the dot product of two different rows gives
227 S 27

0. Now Uy; = e~ "% 7% and so (U = etk
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10.

11.

12.

Let A be a complex m x n matrix. Using the description of the Moore Penrose
inverse in terms of the singular value decomposition, show that

lim (A*A+6I)" A" = A*

6—0+
where the convergence happens in the Frobenius norm. Also verify, using the
singular value decomposition, that the inverse exists in the above formula.

Give an estimate in terms of § and the singular values of A which will describe
how close the approximation on the left is to A™.

Here is a matrix:

Thus from Problem 3| above, the Moore Penrose inverse is just the ordinary
inverse. Use the formula of Problem (9 to obtain an approximation to the
Moore Penrose inverse, hence the usual inverse, by assigning 6 = .001.

Find an approximation to the Moore Penrose inverse for the matrix

2
2
—4

W = =
N O N
— W W

by using § equal to various small numbers in Problem [9.

Find an approximation to the Moore Penrose inverse for the matrix

NI R
N = O
w N W

—4

by using § equal to various small numbers in Problem [9. Use to obtain an
approximation to the best least squares solution to the system

113 1
2 0 2 Y |2
113 Y171 3
20 2 o 4

Then find all least squares solutions and obtain the one with smallest norm.
Compare with what you obtained using the approximate Moore Penrose in-
verse.
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Appendix

A.1 Using Maple

In this Appendix we provide simple instructions in using Maple for the calculations
in this book.

Open Maple. From the menu on the left-hand side, select the right-pointing
arrow next to ‘matrix’. It then points vertically down, and you can choose ‘number
of rows and columns’. Let us choose 3 x 3.

Put the cursor on the screen; you can now ‘Insert Matrix’ there. It appears as

mi1 M2 M13
m21 M22 M23
m31 M3z 1MM33

To insert the top left entry 2, put the cursor there and type ‘2’. For remaining
entries, type ‘tab’ between each one. (Erasing entries and deleting larger areas is
similar to word processing.)

To multiply a matrix A by another matrix B, place B immediately to the right
of A, put the cursor to the right of B, and type ‘enter’. Forming A + B is similar,
with a + sign between A and B. To multiply A by 15, place ‘*x15’ to the right of A.

Let us say

200
A= 340
369

Right click on A and choose ‘eigenvalues etc.” Among the choices is ‘eigenvalues’,
displayed as

2

4

9

Selecting ‘eigenvalues’ gives a matrix with these eigenvectors as columns in corre-
sponding order,

7/6 0 0
—7/4 0 -5/6
1 1 1

285
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Note that working like this with
2.7
3
3

D= O

0
0
9

=

produces slightly incorrect eigenvalues suc
27/10 instead of 2.7.

Right click on A; select ‘Standard operations’, with the useful options ‘determi-
nant’ ‘inverse’ and ‘transpose’. Select instead ‘Solvers and forms’. ‘Jordan form’ is
one option, so that if

as 8.99.... To get an exact answer, use

A=PEpP!

with E the Jordan form, E is displayed as ‘Jordan form’ and P as ‘transformation
matrix’. If E is diagonal, then we have the diagonalization of A; if not, A is
not diagonalizable. ‘Solvers and forms’ also offers ‘LU decomposition’ leading in
particular to ‘RREF” (row reduced echelon form).

Choose ‘RREF” for

1
C=11
2

W NN
=W W

Four matrices are displayed, the last being

1 1
0
0

o = O

2
0
the row reduced form of C.

Another option under ‘Solvers and forms’ is ‘QR factorization’. The use of this
to perform the Gram-Schmidt process (as well as factoring A as QR) is described
in Chapter 6l

For singular value decomposition, we use the ‘bluebit’ matrix calculator; see
Chapter 11! for details.

Another topic touched on in the book is factorizing a polynomial, say z3 — 1
Enter

solve ('3 —1=0,x)

and type ‘Enter’. We obtain
1,—1/2+1/21V3,-1/2 — IV/3.

(Zeros are displayed with multiplicity, by the way.) Here I is the Maple version of

i.
To plot a function, for example

f(z) =2z —sinz on [-2,7],
the command is

plot (z —sin(z),z = —2...7).

Maple is much more powerful than this sketch reveals; see e.g. the book of Heck
(2003).
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A.2 Further Reading

To carry your knowledge of linear algebra further, a good starting point is Horn
and Johnson (1990). If you intend to carry out genuine large scale applications, you
should have Golub and Van Loan (1983) to hand.

To appreciate the vast scope of applications of linear algebra, and for detailed
references to results across a broad spectrum, you should consult the multi-author
‘Handbook of Linear Algebra’, edited by Leslie Hogben.

You will find references to areas that go well beyond linear algebra, but are nat-
urally suggested by studying it, scattered through this book. Details are collected
below under ‘References’.

If you would like to trace the historical development of linear algebra, visit the
superb MacTutor website:

www-groups.dcs.st-and.ac.uk/ history/

Do not be convinced by this book that matrices in applications are small (m x n
with m,n at most 6). As an antidote, read about the application of linear algebra
to Google in K. Bryan and T. Leise, STAM review vol. 48, pp. 569-581, entitled
‘The $25,000,000,000 eigenvalue problem: the linear algebra behind Google’. The
relevant n x n matrix had n about 8 x 10° at the time the article was written in
2005 (it appeared in 2006).
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Abel’s formula, 185
adjoint, 147
adjugate, [176
Archimedian, 21
augmented matrix, 24

basis, 94

bijective, 2

block matrix, 179

block multiplication, 178
bluebit, 271

Cauchy-Schwarz inequality, 136

Cayley-Hamilton theorem, [188] 210}
913, 227, 265

change of basis, 161

characteristic polynomial, 187, [189

Cholesky factorization, 266

codomain, (79

cofactor, [175

Col A, 118

companion matrix, 204

complex conjugate, [12

complex inner product space, 135

complex numbers, [11

components of a matrix, 28

conformable, [31

congruence classes, [14

coordinate vector, 98

Cramer’s rule, 177

cross product, 13

defective

matrix, 196
degree, [11}, [145, 174
derivative, 184
diagonal, 261
diagonal matrix, 167
diagonalizable, 167
diagonalized, 192

290

diagonally dominant, 202
diagonally dominat, 202
differentiable, 184

differential mapping, 110
direct sum, 130

discard process, 94

discreet dynamical system, 197
discrete Fourier transform, 282
distance, |4} 136, 273

Dolittle’s method, (67

domain, 79

dot product, [7, 14

dyadics, 199

dynamical system, 197

eigenspace, [191
eigenvalue, 132} 190
eigenvector, 132, 190
elementary matrices, 43
ellipsoid, 260

entries of a matrix, 28
equivalence relation, (71, 133
Euclidean algorithm, 17
even permutation, 168
expansion by column, [175
expansion by row, [175
exponential growth, 238

Fermat’s little theorem, [22
Fibonacci sequence, 99
field
extension, 106
fields, [13
finite-dimensional, [93
first order systems
existence and uniqueness, 203
Fourier series, [145
Fredholm alternative, 160
free variable, 26
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Gauss Jordan method for inverses, 59

generalized eigenspace, 132

Gerschgorin’s theorem, 202

Gramian matrix, 159

greatest common divisor, 21
polynomials, [22] 106

Gronwall’s inequality, 234

Hermitian, 158

Hermitian matrix, 257
homogeneous coordinates, [117
Householder reflection, 117

identity matrix, 135

image, 79

image of a linear transformation, |83
inconsistent, 26

indefinite, 261

injective, 2

inner product, 135

inner product space, 135

inverse, 48

invertible, 48

Jordan block, 205
Jordan form, 286

kernel, 120
linear transformation, 83

leading entry, 52

least squares, 149
least-square solution, 147
least-squares line, [150
left inverse, 62

length, [3

linear combination, 49
linear mapping, [83), 109
linear transformation, [83
linearity, 109

linearly dependent, [86
linearly independent, |86
LU decomposition, 286

MacTutor, 287

Markov chains, 215

Markov matrix, 197, 215
steady state, 215

matrix, 27

291

defective, 245

orthogonal, 116
matrix for a given basis, [163
matrix norm

Frobenius, 273
matrix of a linear mapping, 110
matrix of a quadratic form, 260
mean square distance, 136
metric tensor, 159
minimal polynomial, 131} [187
minor, 175
monomial, [174
Moore Penrose inverse, 151, 157, 278
multiplicity, 124
multipliers, |66

negative definite, 261
nilpotent, 205
norm

Frobenius, 273
normal, 6}, 263
normalizing, 141
null space, 120
nullity, (64

odd permutation, [168

one to one, 2

onto, 12

orthogonal, 137

orthogonal basis, 138

orthogonal mapping, 248

orthogonal matrix, 116 247
proper, 254

orthogonal set, 137

orthogonal vectors, [137

orthonormal, 137

orthonormal basis, 138, [141

orthonormal polynomials, (154

orthonormal set, 137

parity, 168

partial sum, [145

PDEs, liii

Penrose conditions, 279
permutation, 167

permutation matrices, 43

pivot column, (52}, 54

plane, 6

plot z —sin(z),z = —2...7),1286
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polynomial, 174
positive definite, 261
probability vector, 220
projection, 110
projection map
subspace, [155
projection mapping, [142

QR algorithm, 255
QR factorization, 152
thin, 201, 250

quadratic form, 260

rank
matrix, (64
rank of a matrix, 118
rank of linear mapping, 118
real inner product space, 135
reflection, 248, 250
regular
Markov, 215
regular Sturm Liouville problem, 154
residue classes, [14
restriction, [123
Riesz representation theorem, 160
right inverse, 59, [62
right polar decomposition, 265
rotation, 109, 249
about a given unit vector, [117
about a vector, [166
row equivalent, 54
row operations, 25} 143
row reduced echelon form, 51} [52
row reduction, 87
row space, 119
RREF, 286

saddle point, 260

scalar, [2

scalars, 27, [77

Schur’s theorem, 203

sets, 11

similar matrices, 167
singular value decomposition, 268
singular values, 268

skew symmetric, 37, 140
solve (z*3 —1=0,x), 286
solvers and forms, 286
span, |82

INDEX

spanning set, 85
splits, 204
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