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Chapter 1

Vectors and Vector Spaces

1.1 Vector Spaces

Underlying every vector space (to be defined shortly) is a scalar field F'.
Examples of scalar fields are the real and the complex numbers

R := real numbers

C := complex numbers.

These are the only fields we use here.

Definition 1.1.1. A vector space V is a collection of objects with a (vector)
addition and scalar multiplication defined that closed under both operations
and which in addition satisfies the following axioms:

(i
(ii) a(Bz) = (aB)z

(a+B)r=ax+ Pz forallz €V and o,f € F

(iii) z+y=y+axforall z,y e V

(iv) e+ (y+2)=(r+y)+z forallz,y,z€V

(vi) 30 € V 50+ x = z; 0 is usually called the origin

o

(vii

)
)
)
)
(v) ez +y) = oz + ay
)
) 0z =
)

(viii) ex = x where e is the multiplicative unit in F'.
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The “closed” property mentioned above means that for all a, 3 € F and
z,yeV

ax+PyeV

(i.e. you can’t leave V using vector addition and scalar multiplication). Also,
when we write for o, € Fand z € V

(a+ B)x

the ‘+’ is in the field, whereas when we write x + y for x,y € V, the ‘4+’ is
in the vector space. There is a multiple usage of this symbol.

Examples.
(1) Ry ={(a1,a2) | a1,a2 € R} two dimensional space.

(2) R, = {(a1,a9,...,ay) | a1,a2,...,a, € R}, n dimensional space.
(a1,az,...,ay) is called an n-tuple.

(3) Cq and C,, respectively to Re and R,, where the underlying field is C,
the complex numbers.

n .
(4) P, =2 > ajz? | agp,ai,...,a, € R p is called the polynomial space of
§j=0
all polynomials of degree n. Note this includes not just the polynomials
of exactly degree n but also those of lesser degree.

(5) £, = {(ai,...) | ai € R,3|a;[P < oo}. This space is comprised of
vectors in the form of infinite-tuples of numbers. Properly we would
write

to designate the field.

N
(6) Ty = { > apsinnmz | a,... a4, € R}, trigonometric polynomials.

n=1

Standard vectors in R"

e1 = (1,0,...,0) These are the
e2 = (0,1,0,...,0) unit* vec-
es = (0,0,1,0,...,0) tors which

point in the
n  orthogonal®
directions.
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*Precise definitions will be given later.

For R?, the standard vectors are
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e 0,1)
€
€1 = (1,0) >
ez = (0,1) (0,0) (1,0)

Graphical representa-
tion of e; and es in the
usual two dimensional
plane.

Recall the usual vector addition in the plane uses the parallelogram rule

For R?, the standard vectors are e L0,0,1)
€] = (1, 0, 0) e2
€2 = (Oa 1a 0) >
0,1,0
€3 = (0, 0, 1) € ( )
(1,0,0)

Graphical representa-
tion of e1, ez, and eg in
the usual

Linear algebra is the mathematics of vector spaces and their subspaces. We
will see that many questions about vector spaces can be reformulated as
questions about arrays of numbers.

1.1.1 Subspaces

Let V be a vector space and U C V. We will call U a subspace of V if U
is closed under vector addition, scalar multiplication and satisfies all of the
vector space axioms. We also use the term linear subspace synonymously.
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Examples. Proofs will be given later

let V =R?={(a,bc)|a,bceR} (1.1)
U={(a,b,0) | a,b € R}.

Clearly U C V and also U is a subspace of V.

let V1,02 € R3 (1.2)
W ={avy + bvy | a,b € R}
W is a subspace of R3.

In this case we say W is “spanned” by {vi,ve}. In general, let S C V, a
vector space, have the form

S = {1}1,1)2,... ,’Uk}.

The span of S is the set
k
U= Zajvj |ai,...,ap € R
j=1

We will use the notion
6(1)1,1)2, e ,Uk)
for the span of a set of vectors.

Definition 1.1.2. We say that
U =ayv1 + -+ apvg
is a linear combination of the vectors vi,vs,... , V.

Theorem 1.1.1. Let V be a vector space and U C V. If U is closed under
vector addition and scalar multiplication, then U is a subspace of V.

Proof. We remark that this result provides a “short cut” to proving that a
particular subset of a vector space is in fact a subspace. The actual proof
of this result is simple. To show (i), note that if x € U then € V and so

(ab)x = ax + bx.

Now ax, bz, ax + bx and (a+b)x are all in U by the closure hypothesis. The
equality is due to vector space properties of V. Thus (i) holds for U. Each
of the other axioms is proved similarly. O
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A very important corollary follows about spans.

Corollary 1.1.1. Let V be a vector space and S = {v1,va,... ,vx} C V.
Then S(vi,... ,vg) is a linear subspace of V.

Proof. We merely observe that

k
6(’1)1,... ,Uk) = {Zajvj | ai,...,ar € Ror C}
1

This means that the closure is built right into the definition of span. Thus,
if
V= a1v1 + -+ apUg
w:b1v1+---+bkvk
then both
v+w = (ay +br)vr + -+ (ap + by)vy

and

cv = ca1v + casv + - - - + cagv

are in U. Thus U is closed under both operations; therefore U is a subspace
of V. O

Example 1.1.1. (Product spaces.) Let V and W be vector spaces defined
over the same field. We define the new vector space Z =V x W by

Z={(v,w)| ueV, weW}

We define vector addition as (vi, wy) + (ve, we) = (v1 + va, w1 + we) and
scalar multiplication by a(v, w) = (av, aw). With these operations, Z is a
vector space, sometimes called the product of V and W.

Example 1.1.2. Using set-builder notation, define Vi3 = {(a,0,b) | a,b, €
R}. Then U is a subspace of R3. It can also be realized as the subspace of
the standard vectors e; = (1,0,0) and e3 = (0,0,1), that is to say Viz =
S (e1, e3).
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Example 1.1.3. More subspaces of R3. There are two other important
methods to construct subspaces of R3. Besides the set builder notation
used above, we have just considered the method of spanning sets. For
example, let S = {v1,v2} C Rs. Then & (S) is a subspace of R3. Simi-
larly, if T = {v1} € Rs. Then &(T) is a subspace of R3. A third way
to construct subspaces is by using inner products. Let z,w € R3. Ex-
pressed in coordinates x = (z1,x2,23) and w = (w;,ws,ws). Define
the inrner product of x and w by x - w = xyw; + xows + x3ws. Then
Uy = {x € R | z-w = 0} is a subpace of R3. To prove this it is neces-
sary to prove closure under vector addition and scalar multiplication. The
latter is easy to see because the inner product is homogeneous in «, that is,
(az) - w = arqw; + arowy + axsws = a(x - w). Therefore if x - w = 0 so
also is (aux) -w. The additivity is also straightforward. Let x,y € U. Then
the sum

(x4y)-w = (r1+y1)w + (x2+ y2) wa + (x3 + y3) w3
= (zrw1 + Tow2 + T3w3) + (Yrw1 + Yows2 + y3ws)
= 04+0=0

However, by choosing two vectors v, w,€ Rz we can define U, , = {z €
Rs|z-y=0and z-w = 0}. Establishing U, ,, is a subspace of Rj is proved
similarly. In fact, what is that both these sets of subspaces, those formed
by spanning sets and those formed from the inner products are the same set
of subspaces. For example, referring to the previous example, it follows that
Vis = S (e1, e3) = Ue,. Can you see how to correspond the others?

1.2 Linear independence and linear dependence

One of the most important problems in vector spaces is to determine if
a given subspace is the span of a collection of vectors and if so, to deter-
mine a spanning set. Given the importance of spanning sets, we intend to
examine the notion in more detail. In particular, we consider the concept
of uniqueness of representation.

Let S = {vy1,...,vx} C V, a vector space, and let U = &(vy,... ,vg) (or
&(S) for simpler notation). Certainly we know that any vector v € U has
the representation

vV =a1v1 + -+ aivg

for some set of scalars aq, ... ,a. Is this representation unique? Or, can we
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find another set of scalars b1, ..., b, not all the same as ay,... ,a; respec-
tively for which

v="bv1 + -+ bpvg.
We need more information about S to answer this question either way.
Definition 1.2.1. Let S = {v1,... ,ux} C V, a vector space. We say that

S is linearly dependent (1.d.) if there are scalars a1, ... ,a; not all zero for
which

a1v1 + asve + - - - + apvg = 0. (*)

Otherwise we say S is linearly independent (1.i.).

Note. If we allow all the scalars to be zero we can always arrange for (x)
to hold, making the concept vacuous.

Proposition 1.2.1. If S = {vy,...,vx} C V, a vector space, is linearly
dependent, then one member of this set can be expressed as a linear combi-
nation of the others.

Proof. We know that there are scalars a1, ... ,ar such that

ajvy + agve + - -+ + apvp =0

Since not all of the coefficients are zero, we can solve for one of the vectors
as a linear combination of the other vectors. O

Remark 1.2.1. Actually we have shown that there is no vector with a
unique representation in &(.5).

Corollary 1.2.1. If0 € S = {v1,...,v}, then S is linearly dependent.

Proof. Trivial. O

Corollary 1.2.2. If S = {v1,...,v;} is linearly independent then every
subset of S is linearly independent.
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1.3 Bases

The idea of a basis is that of finding a minimal generating set for a vector
space. Through basis, unicity of representation and a number of other useful
properties, both theoretical and computational, can be concluded. Thinking
of the concept in operations research ideas, a basis will be a redundancy free
and complete generating set for a vector space

Definition 1.3.1. Let V be a vector space and S = {v1,... v} C V. We
call S a spanning set for the subspace U = &(S).

Suppose that V is a vector space, and S = {vq,...,v;} is a linearly
independent spanning set for V. Then S is called a basis of V. Modify this
definition correspondingly for subspaces.

Proposition 1.3.1. If S is a basis of V, then every vector has a unique
representation.

Proof. Let S = {v1,...,vx} and v € V. Then
vV =aiv1 + -+ aipvg

for some choice of scalars. If there is a second choice of scalars by, ... ,bg
not all the same, respectively, as a1, ... ,ar, we have

v =bivy + -+ by

and

0= (a1 — bl)U1 + -+ (ak — bk)Uk-
Since not all of the differences a; — b1, ... ,ar — by are zero we must have
that S is linearly dependent. This is a contradiction to our hypothesis, and
the result is proved. [l

Example. Let V = R3 and S = {e1, e2,e3}. Then S is a basis for V.
Proof. Clearly V is spanned by S. Now suppose that
0 =aie; + azes + ases
or
(0,0,0) = a1(1,0,0) + a2(0,1,0) + a3(0,0,1)
= (a1, az,as).

Hence a1 = ag = ag = 0. Thus the set {e1, ez, e3} is linearly independent.
O
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Remark 1.3.1. Note how we resolved the linearly dependent/linearly in-
dependent issue by converting a vector problem to a numbers problem. This
is at the heart of linear algebra.

Exercise. Let S = {vi,v} = {(1,0,1),(1,—1,0)} C R3. Show that S is
linearly independent and therefore a basis of &(.5).

1.4 Extension to a basis

In this section, we show that given a linearly independent set of vectors
from a vector space with a finite spanning set, it is possible add to this set
more vectors until it becomes a basis. Thus any set of linearly independent
vectors can be a part (subset) of a basis.

Theorem 1.4.1 (Extension to a basis). Assume that the given vector space
V' has a finite spanning set S1, i.e. V.= &(S1). Let So = {z1,... ,x¢} be a
linearly independent subset of V' so that &(Sy) ; V. Then, there is a subset
St of S1, such that So U S’ is a basis for V.

Proof. Our intention is to add vectors to Sy keeping it linearly independent
and eventually becoming a basis. There are a couple of steps.
Steps.

1. Since 6(S1) 2 6(Sy), there is a vector y; € Sy such that Sp; =
{So, 1} is linearly independent and thus &(Sp1) 2 &(Sp).

2. Continue this process generating sets

So,1 = {S0,y1}
So,2 = {501, y2}

So,j = {50,j-1,Yj—1}

At each step Sp.1,S072,... are linearly independent sets. Since S; is
finite we must eventually have that

G(Som) = 6(S1) = V-

3. Since Sy, is linearly independent and spans V, it must be a basis.
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a

Remark 1.4.1. In the proof it was important to begin with any spanning
set for V' and to extract vectors from it as we did. Assuming merely that
there exists a finite spanning set and extracting vectors directly from V
leads to a problem of terminus. That is, when can we say that the new
linearly independent set being generated in Step 2 above is a spanning set
for V? What we would need is a theorem that says something to the effect
that if V' has a finite basis, then every linearly independent set having the
same number of vectors is also a basis. This result is the content of the next
section. However, to prove it we need the Extension theorem.

Corollary 1.4.1. If S = {v1,... v} is linearly dependent then the repre-
sentation of vectors in &(S) is not unique.

Proof. We know there are scalars a1, ... ,ax not all zero, for which
ajvy + - +apvp =0
let v € &(S) have the representation
v = bivy + bavg + - - - + brvg.
Then we also have the representation
v = (a1 + by)vr + (az + ba)va + - - + (a + by)v
establishing the result. O

Remark 1.4.2. The upshot of this construction is that we can always con-
struct a basis from a spanning set. In actual practice this process may be
quite difficult to carry out. In fact, we will spend some time achieving this
goal. The main tool will be matrix theory.

1.5 Dimension

One of the most remarkable features of vector spaces is the notion of
dimension. We need one simple result that makes this happen, the basis
theorem.

Theorem 1.5.1 (Basis Theorem). Let S = {v1,...,vx} CV be a basis
for V.. Then every basis of V has k elements.
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Proof. We proceed by induction. Suppose S = {v1} and T' = {w;,ws} are
both bases of V. Then since S is a basis

w1 = 11 Wy = (V1

and therefore

1 1
— w1 — —wWy = 0
(071 (%)

which implies that T' is linearly dependent (we tacitly assumed that both
a1 and ag were nonzero. Why can we do this?)

The next step is to assume the result holds for bases having up to k
elements. Suppose that S = {v1,... ,v511} and T = {wy,... , w2} are
both bases of V. Now consider S’ = {v1,... ,v¢}. We know that &(S’) &
S(S) = 6(T) = V. By our extension of bases result, there is a vector
wy, € T such that

Si = {’Ul,.. . ,Uk,wgl}

is linearly independent and &(S7) C &(S) = V. If &(57) & V, our extension
result applies again to give a vector vy, such that

!
Sll = {1)1,... ,Uk,wgl,vgl}

is linearly independent The only possible selection is vy, = vg4;. But in this
case wy, will depend on vy, ... , v, Vk+1, and that is a contradiction. Hence
6(1)1, “ee ,vk,wgl) =V.

The next step is to remove the vector vy from S} and apply the extension
to conclude that the span of the set

Sé - {’Ul, .. avk—bwfluwég}
is V. We continue in this way eventually concluding that
S,'CH = {wy,, we,, . .. ,’I,ng+1}
has span V. But S}, & T, whence T is linearly dependent. d

Proposition 1.5.1 (Reduced spanning sets). (a) Suppose that S =
{vi,... vk} spans V and v; depends (linearly) on

Sj = {Uly ey U1, V541 - Uk}

Then S; also spans V.
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(b) If at least one vector in S is nonzero (that is V- # {0}, the smallest
vector space), then there is a subset So C S that is linearly independent
and spans V.

Proof. (Left to reader.) O

Definition 1.5.1. The dimension of a vector space V is the (unique) num-
ber of vectors in a basis of V. We write dim(V") for the dimension.

Remark 1.5.1. This definition make sense possible only because of our
basis theorem from which we are assured all every linearly independent
spanning sets of V', that is all bases, have the same number of elements.

Examples.
(1) dim(R,) =n,
(2) dim(P,) =n+1.

Exercise. Let M = all rectangular arrays of two rows and three columns
with real entries. Find a basis for M, and find the dimension of M. Note

a b c
M =
i ¢ 7]
Example 1.5.1. P, = {a,2" + a,_ 12" ' + --- + a12 + a9 = 0} is the
vector space of polynomials of degree n. We claim that the powers, 20 = 1,

x,x2,...,x" are linearly independent, and since

a,b,c,d,e,fGR}

P,=6(,z,...,z2")
they form a basis of P,.

Proof. There are several ways we can prove this fact. Here is the most
direct and it requires essentially no machinery. Suppose they are linearly
dependent, which means that there are coefficients ag, a1, ... ,a, so that

ant" + ap_12" "t + -+ a1z + ag = 0, (%)

the function. (This functional view is critically important because every
polynomial has roots.) There must be a coefficient which is nonzero and
which corresponds to the highest power. Let us assume that a, # 0, for
convenience, and with no loss in generality.
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Solve for z™ to get

Gp— a a
Qp, (7% an,
Now compute the ratio of this expression divided by ™ on both sides, and
let x — oo. The left side of course will be 1. Again for convenience we take
n = 2. So, condensing terms we will have

1 1
w:bl (_)+b0(_2) -1
T X T

where b; = —aj/as. But as  — oo the expression b; (%) + by (1_12) — 0.
This is a contradiction. It cannot be that the functions 1, z, and z? are
linearly dependent.

In the general case for n we have

1 1 1
T T T

where b; = —a;/a,. Apply the same limiting argument to obtain the con-
tradiction. Thus

T={1z,...,2"}

is a basis of P,.

A calculus proof is available. It is also based on the fact that if the
powers are linearly independent and (x) holds, then we can assume that the
same relation (+x) is true. Now take the n'® derivative of both sides. We
obtain

n!l=0

a contraction, and the result if proved
Finally, one more technique used to prove this result is by using the
Fundamental Theorem of Algebra.

Theorem 1.5.2. Every polynomial (x) of exactly n'"' degree (i.e. with
an # 0) has ezxactly n roots counted with multiplicity (i.e. if ¢(x) = gnz™ +
12"+ + @z + qo € Po(C), gqn # 0 then the number of solutions of
q(z) =0 is ezactly n).

From (%) above we have an n'" degree polynomial that is zero for every
x. Thus the polynomial is zero, and this means all the coefficients are
zero. This is a contradiction to the hypothesis, and therefore the theorem
is proved. U
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Remark 1.5.2.
RSPACPRSG - CPG

On the other hand this is not true for the FKuclidean spaces Ri, Ro,... .
However, we may say that there is a subspace of R3 which is “like” Ry in
every possible way. Do you see this? We have

R2={(CL,b)|(I,b€R}
Rs ={(a,b,c) | a,b,c € R}.

No element in Ro, an ordered pair, can be in R3, a set of ordered triples.
However

U = {(a,b,0) | a,b € R}

is “like” Ry is just about every way. Later on we will give a precise mathe-
matical meaning to this comparison.

Example 1.5.2. Find a basis for the subspace Vj of R3 of all solutions to
1 +x2+23=0 (%)
where x = (71, 29, 73) € R3.

Solution. First show that the set Vy = {(z1,22,23) € R3 | z1 +z2+x3 = 0}
is in fact a subspace of R3. Clearly if z = (x1,29,23) € Vp and y =
(y1,y2,y3) € Vo then = +y = (@1 + y1,22 + y2,23 + y3) € Vo, proving
closure under vector addition. Similarly Vg is closed under scalar multi-

plication. Next, we seek a collection of vectors vi,ve,...,vr € Vy so that
S(vy,...,v,) = Vo. Let 3 = o and x93 = (3 be free parameters. Then
z1 = —(a+B).

Hence all solutions of (x) have the form

T = _(a +,6),,6,0é)
r=a(-1,0,1) + B(-1,1,0).

Obviously the vectors v; = (—1,0,1) and v2 = (—1,1,0) are linearly inde-
pendent, and z is expressed as being in the span of them. So, Vj = &(vy1,v3).
Vo has dimension 2.



22 CHAPTER 1. VECTORS AND VECTOR SPACES

Theorem 1.5.3 (Uniqueness). Let S = {vi,... v} be a basis of V.
Then each vector v € V' has a unique representation with respect to S.

Proof. Since &(S) =V we have that
V= a1V + a9 + - -+ + AUk

for some coefficients aj,as,... ,a in the given field. (This is the represen-
tation of v with respect to S.) If it is not unique there is another

v = bivy + bovo + -+ - + brvg.
So, subtracting we have
(a1 — bl)vl + (a2 — bg)’l)g + 04 (ak — bk)’l)k =0

where the differences a; —b; are not all zero. This implies that S is a linearly
dependent set. O

Theorem 1.5.4. Suppose that S = {v1,...,v;} is a basis of the vector
space V. Suppose that T = {wy,... ,wn} is a linearly independent subset
of V. Then m < k.

Proof. We know that S is a linearly independent spanning set. This means
that every linearly independent set of k vectors is also a spanning set. There-
fore, m > k renders a contradiction as Ty = {wy,... ,wy} is a spanning set
and Wi+1 € G(To). O

Definition 1.5.2. If A is any set we define

|A| := cardinality of A,
that is to say |A| is the number of elements of A.
Example 1.5.3. Let T' = {1, 2,22 2%}. Then |T| = 4.

Theorem 1.5.5. Both Ry and Cy, are k-dimensional and S, = {e1,ea,... ,ex}
is a basis of both.

Proof. 1t is easy to see that eq,...,ex are linearly independent, and any
vector x in Ry has the form

T = aje; +agzez + - -+ ageg

for ai,...,ar € R. Thus S; is a linearly independent spanning set and
hence a basis of Ry. O
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Question: What single change to the proof above gives the theorem for Cj?

The following results follow easily from previous results.
Theorem 1.5.6. Let V' be a k-dimensional vector space.
(i) Every set T with |T| > k is linearly dependent.

(it) If D = {v1,... ,v;} is linearly independent and j < k, then there are
vectors vy, ... v, €V such that

DU{’Ugl,... ,ngij}
is a basis of V.

(i) If D C V, |D| = k, and D is either a spanning set for V or linearly
independent, then D is a basis for V.

1.6 Norms

Norms are a way of putting a measure of distance on vector spaces. The
purpose is for the refined analysis of vector spaces from the viewpoint of
many applications. It is also to all the comparison of various vectors on
the basis of their length. Ultimately, we wish to discuss vector spaces as
representatives of points. Naturally, we are all accustomed to the “shortest
distance” distance from the Pythagorean theorem. This is an example of a
norm, but we shall consider them as real valued functions with very special
properties.

Definition 1.6.1. Norms on vector spaces over C, or R. Let V be a vec-
tor space and suppose that || - ||: V — RT is a function from V to the
nonnegative reals for which

(i) ||z|| >0 for all z € V and
|z|]| = 0 if and only if x =0
(i) ||ez|| = |a||z| for all a € C,R and z € V'
(iii) |lz+yl < |lz|| + |ly| for all z,y € V “The Triangle inequality”.

Then || - || is called a norm on V. The second condition is often termed the
(positive) homogeneity property.

Remark 1.6.1. The notation is a substitute function notation. The ex-
pression || - ||, without the vector, is just the way a norm is expressed.
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Examples. Let V = R, (or C,,). Define for = (x1,... ,zp)

Q) |lzll2 = (Jz1)? + |z2]? + - - - + |z,]?) /2 Euclidean norm
(i) [|z[1 = (Je1] + 22| 4 - - + |z4]) /1 norm
(iii) ||z]jco = max |z {~ norm
1<i<n

Norm (ii) is read as: ell one norm. Norm (iii) is read as: ell infinity norm.

Proof that (ii) is a norm. Clearly (i) holds. Next

lezlly = (Jawr| + |awa| + - - + [awn])
= (laflza] + [alfza] + - - + |al[zn])
= lef(|z1] + [z2] + - - + [zn]) = |all|l2]}x

which is what we needed to prove. Also,

1z +ylly = (21 + 1| + 22 + g2l + -~ + |20 + yn])
< (Jza] + [y + [zal + 2| + - + |2n] + [yn])
= (Jea] + |z2| + -+ [2al) + (fy2] + [y2] + - -+ [yn])
= [lzllx + [lyllx-

Here we used the fact that |a + 3| < |a| + |5| for numbers.
To prove that (i) is a norm we need a very famous inequality.

Lemma 1.6.1 (Cauchy—Schwartz). Given thatay,...,a, andby,... b,
are in C. Then

Sl < (Y] (30) .
1 1 1
Proof. We consider for the variable ¢
Y(a; + thy)? = La? + 2tXazb; + X0,
n
Note that (%) is obvious if ) a;b; = 0. If not take
1
n
> af
1

n

> aib;
1

t=—
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Then
S(as + th)? = Sa? — 2% st + (Zad)” g2
a; + tb; aj — ibi + ———=Xb;
Z b (Eaibi)Q
(Za ) $b?
e —Eaz _|_ =~ -/ -
(Eazbi)

YaZYh?
= (2a?) [ -1+ =25
( az) ( - (Eaibi>2>

Since the left side is > 0 and since Ea? > 0, we must have that

Salp2
(—1 + “—b2> >0
(Eaibi)

Solving this inequality we have
(Zaibi)? < Saxb?.
Now that square roots to get the result. Il

To prove that (i) is a norm, we note that conditions (i) and (ii) are
straightforward. The truth of condition (iii) is a consequence of another
famous result.

Theorem 1.6.1 (Minkowski). ||z + |l < ||z|l2 + ||ly||2-

Proof.
Y(a; + bi)? = Sa? + 2%a;b; + Tb?
< a2 +2(%a?)? (=02)"? + 50?
2
= ((za)"? + (z9)"?)
Taking square roots gives the result. Il

Continuity and Equivalence of Norms

Lemma 1.6.2. FEvery vector norm on C, is continuous in the vector com-
ponents.
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Proof. Let z € C,, and ||-|| some norm on C,,. We need to show that if the
vector 6 — 0, in components, then ||z + 6| — ||z||. First, by the triangle
inequality

|z +df < |zl + I8 or
|z + ol =zl < |4l
Similarly
|zl < [lz+6 -4
< llz+d[ +]o] or
=8l <z + 6l — (=]
Therefore

[l + 6l =l < [|4]]

Now expressing ¢ in components and standard bases vectors, we write § =
d1e1 + -+ dpe, and

18] < loulllexll + -+ [0n] [len]]
< ;
< max 18] (el + -+ fleal)
< M max |§]
1<i<n

where M = |le1]| 4+ -+ |len||. We know that if § — 0 in components, then
maxi<i<pn |0;| = 0. Therefore |||z + §|| — ||z||| — 0, as well. O

Definition 1.6.2. Let [-||, and |[-||, be two vector norms on C,. We say
that these norms are equivalent if there are postive constants m, M such
that for all z € C,

mlz|, < ], < M|zl

The remarkable fact about vector norms on C,, is that they are all equiv-
alent. The only tool we need to prove this is the following result: Fvery
continuous function on a compact set of C, assumes its mazimum (and
minimum) on that set. The term “compact” refers to a particular kind of
set K, one which is both bounded and closed. Bounded means that for
maxgck |z]| < B < oo and closed means that if lim,, o =, = z, then
z e K.
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Theorem 1.6.2. All norms on C,, are equivalent.

Proof. Since equivalence of norms is an equivalence condition, we can take
one of the norms to be the infinity norm ||-|| .. Denote the other norm by
|-]]. Now define K = { = | ||z||,, =1 }. This set, called the unit ball in the
infinity norm, is compact. Now we define

m = min [|z|| and
z e K
M = max |z
e K
Since ||-|| is a continuous function on K (from the lemma above) and since

K is compact, we have that both the minimum and maximum are attained
by specific vectors in K. Since these vectors are nonzero (they’re in K) and
because ||z|| is positive for nonzero vectors, it must follow that 0 < m <
M < oo. Hence, on K, the relation

m|z| <lzfl < M|z

holds true. For any vector x € C,, we can write x = (ﬁ) |z||, and
Z o
2 ¢ K. Thus
]| o
"lrl = el =i
1]l o 1]l oo Il ]| oo
x x x
ml= e < || el < 80 | = el
H Hx\ooH * [£1199 | I ool
mzl| <zl <Mz
and the theorem is proved. Il

Example 1.6.1. Example. Find the estimates for the equivalence of |||
and ||||oo

Solution. Let x € C,. Then, because we know for any finite sequences
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that 1" |asbi| < maxi<i<n |ai| Y5 [bil

lzlly = (Zn: Iwi|2> :

=1

1
(Zl ' |«7?z‘\2> 2
=1

) 1/2 n %
; 1
1=

1
= n2 |zl

IN

IA

On the other hand, by the Cauchy-Schwartz inequality

ol = e [z

n

>

IN

A
ST
ingh

—
N——

D=
SV
-

E)
T
N——
=
[\

Putting these inequalities together we have
_1 1
n2 |zl < 2l < 02l
This makes m = n~Y/2 and M = n3.

Remark 1.6.2. Note that the constants m and M depend on the dimension
of the vector space. Though not the rule in all cases, it is mostly the
situation.

Norms on polynomial spaces

Polynomial spaces, as we have considered earlier, can be given norms as well.
Since they are function spaces, our norms usually need to consider all the
values of the independent variable. In many, though not all, cases we need
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to restrict the domains of the polynomials. With that in mind we introduce
the notation

Py(a,b) = Py, with domain restricted to the interval [a, b]

We now define the function versions of the same three norms we have just
studied. For functions p(z) in Pj(a,b) we define

(SIS

L |lp@)ll2 = ([} | plx) [* dz)
2. |p(@)| = [} | p(x) | dz

3. [[p(x)|loo = max, | p(z) |

The positivity and homogeneity properties are fairly easy to prove. The
triangle property is a little more involved. However, it has essentially been
proved for the earlier norms. In the present case, one merely “integrates”
over the inequality. Sometimes || - ||2 is called the energy norm.

The integral norms are really the norm for polynomial spaces. Alternate
norms use pointwise evaluation or even derivatives depending on the appli-
cation. Here is a common type of norm that features the first derivative.
For p € P, (a,b) define

_ /
Il = Jmax, lp ()] + Jmax, I’ ()]

As is evident this norm becomes large not only when the polynomial is large
but also when its derivative is large. If we remove the term maxg<z<p |p ()|
from the norm above and define

N (p) = max |p' (z)]

a<z<b

This function satisfies all the norm properties except one and thus is not a
norm. (See the exercises.) Point evaluation-type norms take us too far afield
of our goals partly because making point evaluations into norms requires
some knowledge of interpolation and related topics. Leave it said that the
obvious point evaluation functions such as p(a) and the like will not provide
us with norms.
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1.7 Ordered Bases

Given a vector space V with a basis S = {v1,v2,... ,vt} we now know
that every vector v € V' has a representation with respect to the basis

v =a1v1 + agvz + -+ + apvg.

But no order is implied. For example, for Ry we have S = {e1,e2} = {e2,€1}
shows us that there is no particular order convey through the definition of
a basis. When we place an order on a basis we will notice an underlying
algebraic structure of all k-dimensional vector spaces.

Definition 1.7.1. Let V be a k-dimensional vector space with basis S =
{v1;v2;... ;v } is specified with a fixed and well defined order as indicated
by their relevant positions. Then S is called an ordered basis. With or-
dered bases we obtain coordinates. Let V be a vector space of dimension
k with ordered basis S, and suppose v € V. For 1 < i < k, we define
the i*® coordinate of v with respect to S to be the i coefficient a; in the
representation

V= aiv1 +agv2 + -+ aq;v; + -0+ agvg.

In this way we can associate each v € V with a k-tuple of numbers
(a1,a2,...,ar) € Ry that are the coefficients of v with respect to S. The
k-tuple is unique, owing to the fixed ordering of S. Conversely, for each
ordered k-tuple (aj,as,...,ar) € Ry there is associated a unique vector
v €V given by v = ajv1 + agva + - - - + a;v; + - - - + apvg.

We will express this association as

v~ (a,ag,...,ak)
The following properties are each simple propositions:
o If v~ (ar,ag,...,a;) and w ~ (by,ba,... ,bg) then
V4w~ (a1 +b1,a2+b2,... ,ak—i-bk)
o If v~ (aj,az,...,ar) and o € R (or C), then

av ~ afal,as,... ,a;) = (aag,aa, ... ,car)

o If v~ (ag,ag,...,a;r) =(0,0,...0), then v =0.
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We now define a special type of linear function from one linear space to
another. The special condition is linearity of the map.

Definition 1.7.2. Let V and W be two vector spaces. We say that V and
W are homomorphic if there is a mapping ® between V and W for which

(1.) For v and win V
O(v+w) =P(v) + P(w)
(2.) For v and a € R (or C)
O (av) = a®(v)

In this case we call ® a homomorphism from V to W. Furthermore, we say
that V and W are isomorphic if they are homomorphic and if

(3.) For each w € W there exists a unique v € V such that

O(v) =w

In this case we call ® a isomorphism from V to W.

We put all this together to show that finite dimensional vector spaces
over the reals (resp. complex numers) and the standard Euclidean spaces
Ry, (resp. Cyg) are very, very closely related. Indeed from the point of view
of isometry, they are identical.

Theorem 1.7.1. IfV is a k-dimensional vector space over R (resp C), then
V is isomorphic to Ry, (resp. Cy).
This constitutes the beginning of the sufficiency of matrix theory as a
tool to study finite dimentsional vector spaces.
Definition 1.7.3. The mapping ¢, : V' — Ry defined by
cs(v) = (ar,a9,...,ax)
where v ~ (a1, aq, ... ,a) is the so-called coordinate map.

Example 1.7.1. We have shown that in R3 the solutions to the equation
x1 +x2 + 23 = 0 for z = (x1,22,23) € Rs is a subspace Vj with basis
S ={v1,v2} = {(-1,0,1),(—1,1,0)}. With respect to this basis vy € Vp if
there are constants aq, Gy so that

Vo = Op (_17 Oa 1) + ﬂo (_L 1a 0)
With respect to this basis the coordinate map has the form

cs(vo) = (a0, Bo)

Therefore, we have established that V{ is isomorphic to Rs.
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Exercises.

. Show that {(a,b,0) | a,b € R} is a subspace of R? by proving that it

is spanned by vectors in R3. Find at least two sets of spanning sets.
Show that {(a,b,1) | a,b € R} cannot be a subspace of R3.

Show that {(a — b,2b — a,a — b) | a,b € R} is a subspace of R* by
proving that it is spanned by vectors in R3.

. For any w € Rs, show that Uy, = {z € R3 | - w = d # 0} is not

subpace of Rg.

Find a set of vectors in R3 that spans the subspace U,, = {x € R3 | -
w = 0}, where w = (1,1, 1).

Why can {(a — b,a?,ab) | a,b € R} never be a subspace of R3?

Let @ = {z1,...,x; } be a set of distinct points on the real line
with £ < m. Show that the subset Py of the polynomial space P, of
polynomials zero on the set @ is in fact a subspace of P,,. Characterize
Py if k>n and k = n.

In the product space defined above prove that definitions given the
result is a vector space.

What is the product space Ry X R3g?
Find a basis for Q = {az + bx? | a,b € R}.

Let T' C P, be those polynomials of exactly degree n. Show that T is
not a subspace of P,.

What is the dimension of
Q = {az + azx® + b3 | a,b € Q}.
What is a basis for Q7

Given that S = {x1, x2, ..., xor} and T = {y1, Y2, ..., Yor} are
both bases of a vector space V. (Note, the space V' has dimension 2k.)
Consider the set of any k integers L = {l1,..., I} C {1,2,..., 2k}. (i)
Show that associated with P = {x;,, xj,, ..., @, } there are exactly
Ek vectors from T' , say Q = {Ym,, Ymas ---» Ym,} SO that PUQ is also
a basis for V. (ii) Is the set of vectors from 7" unique? Why or why
not?
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. Given P,. Define Z,, = {p/(z) | p(z) € P,}. (The notation p'(z) is the
standard notation for the derivative of the function p(x) with respect
to the variable z.) What is another way to express Z, in terms of
previously defined spaces?

Show that ||z|l« is @ norm. (Hint. The condition (iii) should be the
focal point of your effort.)

Let S = {z1, z2, ..., ®p} C R,. For each j = 1,2,...,n suppose

x; € S has the property that its first 7 — 1 entries equal zero and the

4* entry is nonzero. Show that S is a basis of R,,.

Let w = (w1, wz,w3) € R, where all the components of w are strictly

1/2
positive. Define ||-||,, on R3 by ||z, = (w1 |z1)? + we |x3]% 4 wy ]w3\2>
Show that [|-||,, is a norm on Rs.

Show that equivalence of norms is an equivalence relation.

Define for p € P, (a,b) the function N (p) = max,<z<p [p’ (x)|. Show
that this is not a norm on P, (a,b).

For p € Py (a,b) define [[p| = maxacess |p(2)] + maxecass |6 (2)].
Show this is a norm on P, (a,b).

Suppose that V' is a vector space with dimension k. Find two (linearly

independent) spanning sets S = {v1, va, ..., vt} and W = {wy, w2, ..., wx}

of V such that if any m < k vectors are chosen from S and any k —m
vectors are chosen from 7T, the resulting set will be a basis for V.

For p € P, (a,b) define N (p) = |p (‘IT“’)’ . Show this is not a norm
on P, (a,b).

Find the estimates for the equivalence of ||-||; and ||-|| .
Find the estimates for the equivalence of |-||; and ||-||,.
Show that P, defined over the reals is isomorphic to R,11.

Show that T,,, the space of trigonometric polynomials, defined over
the reals is isomorphic to R,,.

Show that the product space Cy x C,, is isomorphic to Cg .

What is the relation between the product space P, x P, and Py, ?
Find the polynomial space that is isomorphic to P, x P,.
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Terms.

Field

Vector space

scalar multiplication

Closed space

Origin

Polynomial space

Subspace, linear subspace
Span

Spanning set

Representation

Uniqueness of representation
linear dependence

linear independence

linear combination

Basis

Extension to a basis
Dimension

Norm

{9 norm; /1 norm; #2500 norm
Cauchy-Schwartz inequality
Fundamental Theorem of Algebra
Cardinality

Triangle inquality

VECTORS AND VECTOR SPACES



Chapter 2

Matrices and Linear Algebra

2.1 Basics

Definition 2.1.1. A matrix is an m X n array of scalars from a given field
F'. The individual values in the matrix are called entries.

1 2
3 4

The size of the array is—written as m x n, where

Examples.
2 1 3

~1 2 4 B =

A=

m X n
number of rows number of columns
Notation
ail a1 e (AT
a1 Qa2 ... Q2n <— TOWS
A= N
an1 Ap2 ... Qmn
columns

A := uppercase denotes a matrix

a := lower case denotes an entry of a matrix a € F.

Special matrices

33
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(1) If m = n, the matrix is called square. In this case we have
(1a) A matrix A is said to be diagonal if
aij =0 /) 75 j

(Ib) A diagonal matrix A may be denoted by diag(dy,ds,... ,d,)
where

aii:di aij:O _]7&7,

The diagonal matrix diag(1,1,... ,1) is called the identity matrix
and is usually denoted by

1 0 . 0
01
I, =|.
0 1
or simply I, when n is assumed to be known. 0 = diag(0, ... ,0)

is called the zero matrix.

(1c) A square matrix L is said to be lower triangular if
li=0 i<j.
(1d) A square matrix U is said to be upper triangular if
w; =0 >3]
(le) A square matrix A is called symmetric if
aij = aj;.
(1f) A square matrix A is called Hermitian if
a;j = aj (Z:= complex conjugate of z).
(1g) E;; has a 1 in the (4, ) position and zeros in all other positions.
(2) A rectangular matrix A is called nonnegative if
a;; >0 all 4,j.
It is called positive if
ai; >0 all i,j.

Each of these matrices has some special properties, which we will study
during this course.
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Definition 2.1.2. The set of all m x n matrices is denoted by My, ,,(F'),
where F' is the underlying field (usually R or C). In the case where m =n
we write M, (F') to denote the matrices of size n x n.

Theorem 2.1.1. M, , is a vector space with basis given by E;;, 1 < i <
m, 1<j<n.

Equality, Addition, Multiplication

Definition 2.1.3. Two matrices A and B are equal if and only if they have
the same size and

Q5 = bij all Z,]

Definition 2.1.4. If A is any matrix and o € F' then the scalar multipli-
cation B = aA is defined by

bij = Q45 all 7,,_]

Definition 2.1.5. If A and B are matrices of the same size then the sum
A and B is defined by C = A + B, where

Cij = G55 + bij all 4,7
We can also compute the difference D = A — B by summing A and (—1)B
D=A-B=A+(-1)B.

matrix subtraction.
Matrix addition “inherits” many properties from the field F'.

Theorem 2.1.2. If A,B,C € My, ,(F') and o, 3 € F, then
(1) A+ B=B+ A commutivity
(2) A+ (B+C)=(A+B)+C associativity
(3) a(A+ B) = aA+ aB distributivity of a scalar
(4) If B =0 (a matriz of all zeros) then

A+B=A+0=A4A

(4) (a4 B)A=aA+ pA
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(5) a(BA) = aBA
(6) 0A =0
(7) a0 =0.
Definition 2.1.6. If x and y € R,,,
x=(x1...2p)
y=(y1---Yn)-

Then the scalar or dot product of z and y is given by

n
(z,y) = Z ZTiYi-
i=1

Remark 2.1.1. (i) Alternate notation for the scalar product: (z,y) = - y.
(ii) The dot product is defined only for vectors of the same length.

Example 2.1.1. Let x = (1,0,3,—1) and y = (0,2,—1,2) then (z,y) =
1(0) + 0(2) + 3(~1) — 1(2) = 5.

Definition 2.1.7. If Ais m xn and B is n x p. Let r;(A) denote the vector
with entries given by the i*! row of A, and let ¢;(B) denote the vector with

entries given by the j* row of B. The product C' = AB is the m x p matrix
defined by

cij = (ri(A),¢;(B))

where 7;(A) is the vector in R, consisting of the i*" row of A and similarly
cj(B) is the vector formed from the j'" column of B. Other notation for
C=AB

Cij: Zaikbk]’ 1§Z§m
p

Example 2.1.2. Let

2 1
1 01
A—[?) 9 1] and B=|3 (1)

Then
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Properties of matrix multiplication

(1) If AB exists, does it happen that BA exists and AB = BA? The
answer is usually no. First AB and BA exist if and only if A €
My n(F) and B € My, (F). Even if this is so the sizes of AB and
BA are different (AB is m x m and BA is n X n) unless m = n.
However even if m = n we may have AB # BA. See the examples
below. They may be different sizes and if they are the same size (i.e.
A and B are square) the entries may be different

A=1,2] B:[_ﬂ AB = 1]
BA_:—ll —22]

bl e[
mef ]

(2) If A is square we define
Al = A, A2 = AA, A3 = A%A=AAA
A" =A"1TA=A..-A (n factors).
(3) I =diag(l,...,1). If A€ M,,,,(F) then
Al,=A and
I,A=A.

Theorem 2.1.3 (Matrix Multiplication Rules). Assume A, B, and C
are matrices for which all products below make sense. Then

(1) A(BC) = (AB)C

(2) A(B+C) = AB + AC and (A + B)C = AC + BC
(3) AI=A and IA = A

(4) c(AB) = (cA)B

(5) A0 =0 and 0B =0
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(6) For A square

ATA° = A°A"  for all integers r,s > 1.

Fact: If AC and BC are equal, it does not follow that A = B. See Exercise
60.

Remark 2.1.2. We use an alternate notation for matrix entries. For any
matrix B denote the (i, j)-entry by (B);;.

Definition 2.1.8. Let A € M, »,(F).

(i) Define the transpose of A, denoted by AT, to be the n x m matrix
with entries

(AT = aji.

(ii) Define the adjoint of A, denoted by A*, to be the n x m matrix with
entries

(A*)i; = aj; complex conjugate

Example 2.1.3.

15
A:[;iﬂ AT = |2 4
31

In words. .. “The rows of A become the columns of A7, taken in the same
order.” The following results are easy to prove.
Theorem 2.1.4 (Laws of transposes). (1) (AT)T = A and (A*)* = A
(2) (A+B)T = AT + BT (and for *)
(3) (cA)T = cAT (cA)* = cA*
(4) (AB)T = BTAT

(5) If A is symmetric
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(6) If A is Hermitian

More facts about symmetry.
Proof. (1) We know (AT);; = aji. So ((AT)T);; = a;j. Thus (AT)T = A.

(2) (A£B)T =aj; +bj;. So (A+B)T = AT + BT.
O

Proposition 2.1.1. (1) A is symmetric if and only if AT is symmetric.
(1)* A is Hermitian if and only if A* is Hermitian.
(2) If A is symmetric, then A? is also symmetric.

(8) If A is symmetric, then A™ is also symmetric for all n.

Definition 2.1.9. A matrix is called skew-symmetric if

AT = -4
Example 2.1.4. The matrix
0 1 2
A=1|-1 0 -3
-2 3 0

is skew-symmetric.

Theorem 2.1.5. (1) If A is skew symmetric, then A is a square matriz
and a; =0,1=1,... ,n.

(2) For any matriz A € M, (F)
A-AT
is skew-symmetric while A+ AT is symmetric.

(3) Every matric A € M,(F) can be uniquely written as the sum of a
skew-symmetric and symmetric matriz.

Proof. (1) If A € My, (F), then AT € M, ,(F). So, if AT = —A we
must have m = n. Also

Qi = —Qjj

fori=1,...,n. So a; =0 for all .
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(2) Since (A — AT)T = AT — A = —(A — AT), it follows that A — A7 is
skew-symmetric.

(3) Let A= B+ C be a second such decomposition. Subtraction gives
1 T 1 T

The left matrix is symmetric while the right matrix is skew-symmetric.
Hence both are the zero matrix.

A= %(A+AT) + %(A _amy.

Examples. A = [(1) _01] is skew-symmetric. Let

B:_—ll 421_
BT:_l —41_
B_BT:_—O?, 3
B+BT::? ;.

Then
1 T 1 T
B:§(B—B )+§(B+B ).

An important observation about matrix multiplication is related to ideas
from vector spaces. Indeed, two very important vector spaces are associated
with matrices.

Definition 2.1.10. Let A € My, ,(C).
(i)Denote by

¢j(A) := j™ column of A

cj(A) € Cy,. We call the subspace of C,, spanned by the columns of A the
column space of A. With ¢; (A),...,c, (A) denoting the columns of A
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the column space is & (¢1 (A),...,cn (A)).
(i) Similarly, we call the subspace of C,, spanned by the rows of A the row
space of A. With r1 (A),...,r, (A) denoting the rows of A the row space

is therefore & (r1 (A),...,mm (4)).

Let x € C,, which we view as the n x 1 matrix = [z1...2,]T. The
product Az is defined and

Az = Z zjci(A).
j=1

That is to say, Az € &(c1(A),... ,cn(A)) = column space of A.

Definition 2.1.11. Let A € M, (F'). The matrix A is said to be invertible
if there is a matrix B € M, (F') such that

AB=BA=1.

In this case B is called the inverse of A, and the notation for the inverse is
AL

Examples.
(i) Let
1 3
L
Then
12 -3
-1 _ =
4 5{1 1}
(ii) For n = 3 we have
1 2 -1 0 1 -1
A=1| -1 3 -1 A= -1 3 -2
-2 3 -1 -3 7 =5

A square matrix need not have an inverse, as will be discussed in the
next section. As examples, the two matrices below do not have inverses

10 1
A:[_ll _ﬂ B=l0 2 1
1 2 2
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2.2 Linear Systems

The solutions of linear systems is likely the single largest application of ma-
trix theory. Indeed, most reasonable problems of the sciences and economics
that have the need to solve problems of several variable almost without ex-
ception are reduced to component parts where one of them is the solution
of a linear system. Of course the entire solution process may have the linear
system solver as a relatively small component, but an essential one. Even
the solution of nonlinear problems, especially, employ linear systems to great
and crucial advantage.

To be precise, we suppose that the coeflicients a;;, 1<i<mand 1<
Jj < n and the data b;, 1 < j < m are known. We define the linear system
for the n unknowns x1,...,x, to be

a1171 + a12%2 + - - + a1pTy = by

a2121 + a2 + - - + agpxTy = b (%)
Am1T1 + Am2aZ2 + - - + ApnTy = by,

The solution set is defined to be the subset of R,, of vectors (z1,...,z,) that
satisfy each of the m equations of the system. The question of how to solve
a linear system includes a vast literature of theoretical and computation
methods. Certain systems form the model of what to do. In the systems
below we note that the first one has three highly coupled (interrelated)
variables.

3x1 — 220 +4x3 = 7
Tr1 — 6:1)2 — 2373 =
—x1+ 3x0 + 63 = —2

The second system is more tractable because there appears even to the
untrained eye a clear and direct method of solution.

3.’171 — 2.’172 — T3 = 7
o — 21‘3 =
21}3 = -2

Indeed, we can see right off that 3 = —1. Substituting this value into the
second equation we obtain xo =1 — 2 = —1. Substituting both x5 and x3
into the first equation, we obtain 2x; —2(—1) —(—1) = 7, gives 1 = 2. The
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solution set is the vector (2,—1,—1). The virtue of the second system is
that the unknowns can be determined one-by-one, back substituting those
already found into the next equation until all unknowns are determined. So
if we can convert the given system of the first kind to one of the second kind,
we can determine the solution.

This procedure for solving linear systems is therefore the applications of
operations to effect the gradual elimination of unknowns from the equations
until a new system results that can be solved by direct means. The oper-
ations allowed in this process must have precisely one important property:
They must not change the solution set by either adding to it or subtracting
from it. There are exactly three such operations needed to reduce any set
of linear equations so that it can be solved directly.

(E1) Interchange two equations.

(E2) Multiply any equation by a nonzero constant.

(E3) Add a multiple of one equation to another.
This can be summarized in the following theorem

Theorem 2.2.1. Given the linear system (*). The set of equation opera-
tions E1, E2, and E3 on the equations of (*) does not alter the solution set
of the system (*).

We leave this result to the exercises. Our main intent is to convert these
operations into corresponding operations for matrices. Before we do this
we clarify which linear systems can have a soltution. First, the system can
be converted to matrix form by setting A equal to the m X n matrix of
coefficients, b equal to the m x 1 vector of data, and = equal to the n x 1
vector of unknowns. Then the system (*) can be written as

Az =10

In this way we see that with c; (A) denoting the i*" column of A, the system
is expressible as

Ti1c1 (A) + -+ xpey (A) =b

From this equation it is clear that the system has a solution if and only if
the vector bisin & (c¢1 (A), -+ ,cn (A)). This is summarized in the following
theorem.
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Theorem 2.2.2. A necessary and sufficient condition that Az = b has a
solution is that b € S(c1(A) ...cn(A)).

In the general matrix product C' = AB, we note that the column space of
C C column space of A. In the following definition we regard the matrix A
as a function acting upon vectors in one vector space with range in another
vector space. This is entirely similar to the domain-range idea of function
theory.

Definition 2.2.1. The range of A = {Az |z € R, ( orC,)}.

It follows directly from our discussion above that the range of A equals
S(c1(4),...,cn(A4)).
Row operations: To solve Ax = b we use a process called Gaussian
elimination, which is based on row operations.

Type 1: Interchange two rows. (Notation: R; «— R;)

Type 2: Multiply a row by a nonzero constant. (Notation: cR; — R;)
Type 3: Add a multiple of one row to another row. (Notation: c¢R; + R; —
Rj)

Gaussian elimination is the process of reducing a matrix to its RREF using
these row operations. Each of these operations is the respective analogue of
the equation operations described above, and each can be realized by left
matrix multiplication. We have the following.

Type 1
1
1 :
0 ... ... ... 1 ... ... ... row ¢
1
E =
1
1 0 ‘
row j
1
L 1

column column
i J
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Notation: R; <+ R;

Type 2
1
FEy =
Notation: cR;
Type 3
1

Es =

column 1

column

Irow ¢

row j

Notation: cR; + R, the abbreviated form of cR; + R; — R;

Example 2.2.1. The operations

R1<—>R2
%

S =N
N O =

o o

45
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can also be realized as

010 2 10 0 21
Ry +— Ry: 1 00 0 2 1f(=|2 10
0 01 -1 0 2 -1 0 2
100 0 21 0 21
4R3 010 2 1 0= 2 10
0 0 4 -1 0 2 -4 0 8
The operations
2 10 1 0
0 2 1| St oy
10 2 - 3 2 2
2R, + R3
can be realized by the left matrix multiplications
1 00 1 00 2 10 2 1 0
010 -3 10 0 21 |=|-6 —-11
2 01 0 01 -1 0 2 3 2 2

Note there are two matrix multiplications them, one for each Type 3 ele-
mentary operation.

Row-reduced echelon form. To each A € M,, ,(E) there is a canonical
form also in M, ,(E) which may be obtained by row operations. Called the
RREF, it has the following properties.
(a) Each nonzero row has a 1 as the first nonzero entry (:= leading one).
(b) All column entries above and below a leading one are zero.
(c) All zero rows are at the bottom.
(d) The leading one of one row is to the left of leading ones of all lower
rOWS.

Example 2.2.2.

is in RREF.

O O O
O O O N
O O = O
O = O O
S O W
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Theorem 2.2.3. Let A € M, ,(F'). Then the RREF is necessarily unique.

We defer the proof of this result. Let A € M,, ,(F). Recall that the
row space of A is the subspace of R, (or C,) spanned by the rows of A. In
symbols the row space is

S(r1(A),... ,rm(A)).

Proposition 2.2.1. For A € My, ,(F) the rows of its RREF span the rows
space of A.

Proof. First, we know the nonzero rows of the RREF are linearly indepen-
dent. And all row operations are linear combinations of the rows. Therefore
the row space generated from the RREF is contained in the row space of
A. If the containment is proper. That is there is a row of A that is lin-
early independent from the row space of the RREF, this is a contradiction
because every row of A can be obtained by the inverse row operations from
the RREF. |

Proposition 2.2.2. If A € My, ,(F') and a row operation is applied to A,
then linearly dependent columns of A remain linearly dependent and linearly
independent columns of A remain linearly independent.

Proposition 2.2.3. The number of linearly independent columns of A €
My, n(F) is the same as the number of leading ones in the RREF of A.

Proof. Let S = {i1 ...ir} be the columns of the RREF of A having a lead-
ing one. These columns of the RREF are linearly independent Thus these
columns were originally linearly independent. If another column is linearly
independent, this column of the RREF is linearly dependent on the columns
with a leading one. This is a contradiction to the above proposition. O

Proof of Theorem 2.2.3. By the way the RREF is constructed, left-to-right,
and top-to-bottom, it should be apparent that if the right most row of the
RREF is removed, there results the RREF of the m x (n — 1) matrix formed
from A by deleting the n'* column. Similarly, if the bottom row of the
RREF is removed there results a new matrix in RREF form, though not
simply related to the original matrix A.

To prove that the RREF is unique, we proceed by a double induction,
first on the number of columns. We take it as given that for an m x 1 matrix
the RREF is unique. It is either the zero m x 1 matrix, which would be
the case if A was zero or the matrix with a 1 in the first row and zeros in
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the other rows. Assume therefore that the RREF is unique if the number
of columns is less than n. Assume there are two RREF forms, B; and
By for A. Now the RREF of A is therefore unique through the (n — 1)
columns. The only difference between the RREF’s By and By must occur
in the n*® column. Now proceed by induction on the number of nonzero
rows. Assume that A # 0. If A has just one row, the RREF of A is simply
the scalar multiple of A that makes the first nonzero column entry a one.
Thus it is unique. If A = 0, the RREF is also zero. Assume now that
the RREF is unique for matrices with less than m rows. By the comments
above that the only difference between the RREF’s B; and By can occur at
the (m,n)-entry. That is (B1)mn # (B2)m,n. They are therefore not leading
ones. (Why?) There is a leading one in the m'® row, however, because it
is a non zero row. Because the row spaces of By and By are identical, this
results in a contradiction, and therefore the (m,n)-entries must be equal.
Finally, By = B,. This completes the induction. (Alternatively, the two
systems pertaining to the RREF’s must have the same solution set to the
system Az = 0. With (B1)mn # (B2)m,n, it is easy to see that the solution
sets to Bix = 0 and Byz = 0 must differ.) O

Definition 2.2.2. Let A € M,,,, and b € R,;, (or C,). Define

ail AT ) bl
[A]b] = |a21 ... a2, b
adml .- Amn bm

[A|b] is called the augmented matrix of A by b. [A|b] € My, i1 (F). The
augmented matrix is a useful notation for finding the solution of systems
using row operations.

Identical to other definitions for solutions of equations, the equivalence
of two systems is defined via the idea of equality of the solution set.

Definition 2.2.3. Two linear systems Az = b and Bz = c are called equiv-
alent if one can be converted to the other by elementary equation opera-
tions.

It is easy to see that this implies the following

Theorem 2.2.4. Two linear systems Ax = b and Bx = ¢ are equivalent if
and only if both [A]b] and [B|c] have the same row reduced echelon form.

We leave the prove to the reader. (See Exercise 23.) Note that the solution
set need not be a single vector; it can be null or infinite.
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2.3 Rank

Definition 2.3.1. The rank of any matrix A, denote by r(A), is the di-
mension of its column space.

Proposition 2.3.1. (i) The rank of A equals the number of nonzero rows
of the RREF of A, i.e. the number of leading ones.
(ii) r(A) = r(AT).

Proof. (i) Follows from previous results.
(ii) The number of linearly independent rows equals the number of lin-
early independent columns. The number of linearly independent rows is

the number of linearly independent columns of AT —by definition. Hence
r(A) = r(AT). O

Proposition 2.3.2. Let A € My, ,(C) and b € C,,. Then Ax = b has a
solution if and only if r(A) = r([A]b]), where [A]b] is the augmented matriz.

Remark 2.3.1. Solutions may exist and may not. However, even if a so-
lution exists, it may not be unique. Indeed if it is not unique, there is an
infinity of solutions.

Definition 2.3.2. When Ax = b has a solution we say the system is con-
sistent.

Naturally, in practical applications we want our systems to be consistent.
When they are not, this can be an indicator that something is wrong with
the underlying physical model. In mathematics, we also want consistent
systems; they are usually far more interesting and offer richer environments
for study.

In addition to the column and row spaces, another space of great impor-
tance is the so-called null space, the set of vectors x € R, for which Az = 0.
In contrast, when solving the simple single variable linear equation ax = b
with a # 0 we know there is always a unique solution z = b/a. In solving
even the simplest higher dimensional systems, the picture is not as clear.

Definition 2.3.3. Let A € M, ,(F). The null space of A is defined to be
Null(A) = {z € R,, | Az = 0}.

It is a simple consequence of the linearity of matrix multiplication that
Null(A) is a linear subspace of R,. That is to say, Null(A) is closed under
vector addition and scalar multiplication. In fact, A(z +y) = Az + Ay =
0+0=0,if z,y € Null(A). Also, A(ax) = aAz =0, if x € Null(A). We
state this formally as
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Theorem 2.3.1. Let A € My, ,(F). Then Null(A) is a subspace of R,
while the range of A is in R,,.

Having such solutions gives valuable information about the solution set
of the linear system Ax = b. For, if we have found a solution, x, and have
any vector z € Null(A), then x + z is a solution of the same linear system.
Indeed, what is easy to see is that if u and v are both solutions to Az = b,
then A(u —v) = Au — Av = 0, or what is the same x — y € Null(A4). This
means that to find all solutions to Az = b, we need only find a single solution
and the null space. We summarize this as the following theorem.

Theorem 2.3.2. Let A € My, ,,(F) with null space Null(A). Let x be any
nonzero solution to Ax =b. Then the set x + Null(A) is the entire solution
set to Az = b.

Example 2.3.1. Find the null space of A = [ _13 _39 } .

Solution. Solve Az = 0. The RREF for A is [ (1) g ] . Solving x1+3x2 = 0,

take xo = t, a “free” parameter and solve for x; to get x; = —3t. Thus
every solution to Ax = 0 can be written in the form

—3t -3
[ F] en
Expressed this way we see that Null(4) = {t [ _13 } |t e R} , a subspace

of Ry of dimension 1.

Theorem 2.3.3 (Fundamental theorem on rank). A € M,, ,(F). The
following are equivalent

(a) 7(A) = k.

(b) There exist exactly k linearly independent columns of A.

(c) There exist exactly k linearly independent rows of A.

(d) The dimension of the column space of A is k (i.e. dim(Range A) = k).

(e) There exists a set S of exactly k vectors in Ry, for which Ax = b has
a solution for each b € &(8S).

(f) The null space of A has dimension n — k.
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Proof. The equivalence of (a), (b), (c) and (d) follow from previous con-
siderations. To establish (e), let S = {c/,,cs,, ... ,ce, } denote the linearly
independent column vectors of A. Let T' = {eq,,ep,,... ,e4,} C Ry be the
standard vectors. Then Aey; = cp;. If b € &(S), then b = aicy, + azey, +
-+ +agce, . A solution to Az = b is given by x = ajey, +aseq, +-- - +arey, .
Conversely, if (e) holds, then the set S must be linearly independent for
otherwise S could be reduced to k — 1 or fewer vectors. Similarly if A has
k + 1 linearly independent columns then set S can be expanded. Therefore,
the column space of A must have exactly k vectors.

To prove (f) we assume that S = {v1,...,vx} is a basis for the column
space of A. Let T' = {wy,... ,wx} C Ry, for which Aw; =v;, i =1,... k.
By our extension theorem, we select n — k vectors wg41,... ,w, such that
U = {wy,..., W, Wgs1,-.. ,wy} is a basis of R,. We must have that
Awg11 € &(S). Hence there are scalars by, ... , b such that

Awgyq = A(biwi + - - - + bwy)

and thus wj ; = wgr1 — (bywy + -+ + bpwy) is in the null space of A.
Repeat this process for each wyyj, j = 1,... ,n — k. We generate a total
of n — k vectors {wy,4,... ,w,} in this manner. This set must be linearly
independent. (Why?) Therefore, the dimension of the null space must be
at least n — k. Now we consider a new basis which consists of the original
vectors and the n — k vectors {wj_ ;, W} o,...,w,} for which Aw = 0. We
assert that the dimension of the null space is exactly n — k. For if z € R, is
a vector for which Az = 0, then z can be uniquely written as a component
z1 from &(T') and a component z from &({wj, ,,... ,wy}). But Az; #0
and Azy = 0. Therefore Az = 0 is impossible unless the component z; = 0.
Conversely, if (f) holds we take a basis for the null space T' = {u1, u2, ... ,Up—k}
and extend the basis

TI =TU {Un_k+1, ceey Un}
to R,. Next argue similarly to above that
Aun—k+17 Aun—k:-i-?u s 7Aun

must be linearly independent, for otherwise there is yet another linearly
independent vector that can be added to its basis, a contradiction. Therefore
the column space must have dimension at least, and hence equal to k. [

The following corollary assembles many consequences of this theorem.
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Corollary 2.3.1. (1) 7(A) < min(m,n).
(2) r(AB) < min(r(A),r(B)).
(3) r(A+ B) <r(A) +r(B).
(4) r(4) = r(AT) = r(A) = r(A).
(5) If A€ M,,(F) and B € My, n(F), and if A is invertible, then
r(AB) = r(B).
Similarly, if C € My, (F) is invertible and B € My, ,(F)

r(BC) = r(B).

(6) r(A) = r(ATA) = r(A*A).

(7) Let A € My, n(F), with r(A) =k. Then A= XBY where X € My, 1,
Y € My, and B € Mj, is invertible.

(8) In particular, every rank 1 matriz has the form A = xy”, where x €
R,, andy € R,,. Here

r1Yy1r T1Y2 ... T1lYn
ZL‘yT: . . .

Tm¥Y1 Tm¥Y2 ... Tmln

Proof. (1) The rank of any matrix is the number of linearly independent
rows, which is the same as the number of linearly independent columns.
The maximum this value can be is therefore the maximum of the
minimum of the dimensions of the matrix, or 7 (A) < min (m,n).

(2) The product AB can be viewed in two ways. The first is as a set
of linear combinations of the rows of B, and the other is as a set of
linear combinations of the columns of A. In either case the number
of linear independent rows (or columns as the case may be) In other
words, the rank of the product AB cannot be greater than the number
of linearly independent columns of A nor greater than the number of

linearly independent rows of B. Another way to express this is as
r (AB) < min(r (A),r(B))
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(3)

(6)

Now let S = {v1,...v,4)} and T' = {wy, ..., w, )y} be basis of the
column spaces of A and B respectively. Then, the dimension of the
union SUT = {v1, ... vp(4), W1, ..., Wyp)} cannot exceed r (A)+r (B).
Also, every vector in the column space of A + B is clearly in the span
of SUT. The result follows.

The rank of A is the number of linearly independent rows (and columns)
of A, which in turn is the number of linearly independent columns of
AT, which in turn is the rank of AT, That is, 7 (4) = r (AT) . Similar
proofs hold for A* and A.

Now suppose that A € M, (F) is invertible and B € My, . As
we have emphasized many times the rows of the product AB can be
viewed as a set of linear combinations of the rows of B. Since A has
rank m any set of linearly independent rows of B remains linearly
independent. To see why, let r; (AB) denote the i*? row of the product
AB. Then it is easy to see that

ri (AB) = Zaiﬂj (B)

Suppose we can determine constants ci, ..., ¢y, not all zero so that
m m m
0 = Y en(4B) =Y e (B)
j=1 i=1  j=1
m m
= 2 (B eay
j=1 i=1

This linear combination of the rows of B has coefficient given by A ¢,
where ¢ = [c1,..., ;)T . Because the rank of A (and AT) is m, we
can solve this system for any vector d € R,,. Suppose that the row
vectors 75, (B), ¢ =1,...,r(B), are linearly independent. Arrange
that the components of d to be zero for indices not included in the set
ji, £ =1,...,7(B) and not all zero otherwise. Then the conclusion
0=>7""0 m(B) XL ciaij = lri]f) rj, (B) dj, is impossible. Indeed,
the same basis of the row space of B will be a basis of the row space
of AB. This proves the result.

We postpone the proof of this result until we discuss orthogonality.
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(7) Place A in RREF, say Argrr. Since r(A) = k we know the top &
rows of Arrgr are linearly independent and the remaining rows are
zero. Define Y to be the k X n matrix consisting of these top k rows.
Define B = I;. Now the rows of A are linear combinations of these
rows. So, define the m x k matrix X to have rows as follows: The
first row of consists of the coefficients so that ) xy;r;(Y) = 71 (A).
In general, the i*" row of X is selected so that

> wiri(Y) =i (4)

(8) This is an application of (7) noting in this special case that X is an
m X 1 matrix that can be interpretted as a vector z € R,,. Similarly,
Y is an 1 X n matrix that can be interpretted as a vector y € R,.
Thus, with I = [1], we have

A=uxy
O

Example 2.3.2. Here is the decomposition of the form given in Lemma
2.3.1 (7). The 3 x 4 matrix A has rank 2.

1 2 -1 1 -1
0 0 2 0 2 [[10][120

A=l 0 5 3 |7 3 [0 1“001]XBY
2 4 0 2 0

The matrix Y is the RREF of A.

Example 2.3.3. Let x = [z1, 29, ... ,a:m]T € Ry, and y = [y1,y2, - ..yn]T €
R,,. Then the rank one m x n matrix zy” has the form
1Yyt T1Y2 - T1Yn
T Tr2y1  T2Y2 L2Yn
Ty = . .
ITmY1r ITm¥Y2 - TmlYn
In particular, with z = [1,3,5]7, and y = [~2,7]7 , the rank one 3 x 2 matrix
zyT is given by
1 -2 7
=3 |[-2 7=| -6 21

5 —-10 35
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Invertible Matrices

A subclass matrices A € M, (F) that have only the zero kernel is very
important in applications and theoretical developments.

Definition 2.3.4. A € M,, is called nonsingular if Az = 0 implies that
x=0.

In many texts such matrices are introduced though an equivalent alter-
nate definition involving rank.

Definition 2.3.5. A € M,, is nonsingular if r(A) = n.

We also say that nonsingular matrices have full rank. That nonsingular
matrices are invertible and conversely together with many other equivalences
is the content of the next theorem.

Theorem 2.3.4. [Fundamental theorem on inverses] Let A € My (F). Then
the following statements are equivalent.

(a) A is nonsingular.
(b) A is invertible.
(c) r(A) =n.
(d) The rows and columns of A are linearly independent.
(e) dim(Range(A)) = n.
(f) dim(Null(A4)) = 0.
(9) Az =b is consistent for allb € Ry, (or C,).
(h) Ax =b has a unique solution for every x € Ry, (or C,).
(i) Ax =0 has only the zero solution.
(7)* 0 is not an eigenvalue of A.
(k)* det A # 0.

* The statements about eigenvalues and the determinant (det A) of a ma-
trix will be clarified later after they have been properly defined. They are
included now for completeness.



56 CHAPTER 2. MATRICES AND LINEAR ALGEBRA

Definition 2.3.6. Two linear systems Az = b and Bz = c are called equiv-
alent if one can be converted to the other by elementary equation opera-
tions. Equivalently, the systems are equivalent if [A |b] can be converted to
[B | c| by elementary row operations.

Alternatively, the systems are equivalent if they have the same solution
set which means of course that both can be reduced to the same RREF.

Theorem 2.3.5. If A € M, (F) and B € M,(F) with AB = I, then B is
unique.

Proof. If AB = I then for every e; ...e, there is a solution to the system
Ab; =e; for all 1 =1,2,... ,n. Thus the set {b;}?; is linearly independent
(because the set {e;} is) and moreover a basis. Similarly if AC' = I then
A(C — B) = 0, and there are ¢; € R, (or C,), ¢ = 1, ..., n such that
Ac; = e;. Suppose for example that c¢; — by # 0. Since the {b;}?_; is a basis
it follows that ¢; — by = Xa;bj, where not all o; are zero. Therefore,

A(Cl — bl) = EO&jAbj = Eozjej 75 0.
and this is a contradiction. O

Theorem 2.3.6. Let A € M, (F). If B is a right inverse, AB = I, then B
is a left inverse.

Proof. Define C = BA — I + B, and assume C # B or what is the same
thing that B is not a left inverse. Then

AC = ABA—- A+ AB = (AB)(A) — A+ AB
=A—A+AB=1

This implies that C' is another right inverse of A, contradicting Theorem
2.3.5. |

2.4 Orthogonality

Let V be a vector space over C. We define an inner product (-,-) on V x V
to be a function from V to C that satisfies the following properties:

1. (av,w) = a{v,w) and (v,aw) = @(v,w) (@ is the complex conjugate
of a)

2. (v,w) = (w,v)
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3. (u+v,w) = (u,w)+ (v,w) (linearity)
4. (u,v+w) = (u,v) + (u, w)
5. (v,v) >0 with (v,v) =0 if and only if v = 0.

For inner products over real vector spaces, we neglect the complex con-
jugate operation. In addition, we want our inner products to define a norm
as follows:

6. For any v € V, |jv]|> = (v,v)

We assume thoughout the text that all vector spaces with inner products
have norms defined exactly in this way. With the norm and vector v can
be normalized by dilating it to have length 1, say v, = vﬁ. The simplest
type of inner product on C,, is given by

n
<'U, w> = Z TiYi
i=1

We call this the standard inner product.
Using any inner product, we can define an angle between vectors.

Definition 2.4.1. The angle 0., between vectors x and y in R,, is defined
by

coS 0y, = —(:c,y>
EI
_ (z,y)

({22 (g, )V

This comes from the well known result in Ry

z-y = |z|ly] cos®

which can be proved using the law of cosines. With angle comes the notion
of orthogonality.

Definition 2.4.2. Two vectors u and v are said to be orthogonal if the
angle between them if 7 or what is the same thing (u,v) = 0. In this case
we commonly write z Ly. We extend this notation to sets U writing z LU
to mean that x_lu for every u € U. Similarly two sets U and V are called
orthogonal if ulwv for every u € U and v € V.
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Remark 2.4.1. It is important to note that the notion of orthogonality

depends completely on the inner product. For example, the weighted inner
n

product defined by (v,w) = Y w; z;y; where the w; > 0 gives very different
i=1

orthogonal vectors from the standard inner product.

Example 2.4.1. In R, or C, the standard unit vectors are orthogonal with
respect to the standard inner product.

Example 2.4.2. In the Rj3 the vectors u = (1,2,—1) and v = (1, 1,3) are
orthogonal because

(z,9) =1(1)+2(2)—1(3) =0

Note that in R3 the complex conjugate is not written. The set of vectors
(z1,x2,23) € Rs orthogonal to u = (1,2, —1) satisfies the equation z; +
2x9 — x3 = 0 is recognizable as the plane with normal vector w.

Definition 2.4.3. We define the projection P,v of one vector v in the di-
rection of an other vector u to be

()
Tk

u

As you can see, we have merely written an expression for the more in-
tuitive version of the projection in question given by ||v|| cos GWﬁ. In the
figure below, we show the fundamental diagram for the projection of one
vector in the direction of another.

If the vectors u and v are orthogonal, it is easy to see that P,v = 0 .
(Why?)

Example 2.4.3. Find the projection of the vector v = (1,2, 1) on the vector
u=(-2,1,3)
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Solution. We have

(u,v) ((1,2,1),(-2,1,3))

Py = U= -2,1,3
R .
o 1(=2)+2(1)+1(3)
)
- ﬁ (—2, 1,3)

We are now ready to find orthogonal sets of vectors and orthogonal bases.
First we make an important definition.

Definition 2.4.4. Let V be a vector space with an inner product. A set
of vectors S = {x1,... ,x,} in V is said to be orthogonal if (z;,z;) = 0 for
i # j. It is called orthonormal if also (x;,z;) = 1. If, in addition, S is a
basis it is called an orthogonal basis or orthonomal basis.

Note: Sometimes the conditions for orthonormality are written as
(i, x5) = 04
where 6;; is the “Dirac” delta: d;; = 0, @ # j, 0 = 1.

Theorem 2.4.1. Suppose U is a subspace of the (inner product) vector
space V' and that U has the basis S = {x1 ...z}, then U has an orthogonal
basis.

Proof. Define y; = ﬁm Thus y; is the “normalized” x1. Now define the
new orthonormal basis recursively by

J

Yir = it — > (Yo T
i=1
/
Yjt1
Yj+1 =
’ 19541l

for j=1,2,...,k—1. Then
(1) yj41 is orthogonal to y1, ..., y;

(2) Yj+1 # 0.

In the language above we have (y;,y;) = d;;. |
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Basically, what the proof accomplishes is to take the differences of the
vector from the projections to the others. Referring to the figure above we
compute v — P,v as noted in the figure below. The process of orthogonal-
ization described above is called the Gram—Schmidt process.

Representation of vectors

One of the great advantages of orthonormal bases is that they make the
representation of vectors particularly easy. It is as simple as computing an
inner product. Let V be a vector space with inner product (-,-) and with
subspace U having basis S = {uj,ug,...,u;}. Then for every u € U we
know there are constants ay, as,...,a; such that

T = a1uy + aguz + - - - + agug.

Taking the inner product of both sides with u; and applying the orthogo-
nality relations

<$,Uj> = (ajui + agus + - - - + apuy,, Uj>
k
= > ai(ui,uy) =a
j=1
Thus aj = (z,u;), j=1,2, ..., k, and
k
x = Z(u_,uj>Uj
j=1

Example 2.4.4. One basis of Ry is given by the orthonormal vectors S =
T T
{u1,us}, where u; = [%, \%} and ug = [%, —%} . The representa-
tion of z = [3,2]” is given by
2 T T
) 1 1 1 1 1
=3 wugyu = 2va[ = L] 4 e[l oL
> () g 2 [ 2 2} 2 [\/5 \/5}

J=1
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Orthogonal subspaces

Definition 2.4.5. For any set of vectors S we define
St={veV|vlS}

That is, S+ is the set of vectors orthogonal to S. Often, S is called the
orthogonal complement or orthocomplement of S.

For example the orthocomplement of any vector v = [vq,v2,v3]? € R3 is the
(unique) plane passing through the origin that is orthogonal to v. It is easy
to see that the equation of the plane is xiv1 + xav9 + x3v3 = 0.

For any set of vectors S the orthocomplement S has the remarkable
property of being a subspace of V, and therefore it is must have an orthog-
onal basis.

Proposition 2.4.1. Suppose that V is a vector space with an inner product,
and S C V. Then S* is a subspace of V.

Proof. If y1, ..., ym € ST then Ya;y; € St for every set of coefficients
ai, ..., ay in R (or C). O

Corollary 2.4.1. Suppose that V 1is a vector space with an inner product,
and S CV.

(i) If S is a basis of V, S+ = {0}.
(i) If U = &(9), then U+ = S+.

The proofs of these facts are elementary consequences of the proposition.
An important decomposition result is based on orthogonality of subspaces.
For example, suppose that V' is a finite dimensional inner product space and
that U is a subspace of V. Let UT be the orthocomplement of U, and let
S = {uy,us,...,u;} be an orthonormal basis of U. Let x € V. Define
xr = Z?:l (x,uj) uj, and 9 = & —x1. Then it follows that ;1 € U and
xo € U™, Moreover, x = x1 + x2. We summarize this in the following.

Proposition 2.4.2. Let V is a vector space with inner product (-,-) and
with subspace U. Then every vector x € V' can be written as a sum of two
orthogonal vectors © = x1 + xs, where x1 € U and x5 € Ut.
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Geometrically what this results asserts is that for a given subspace of
an inner product space, every vector has an orthogonal decomposition as
two unique sum of a vector from the subspace and its orthocomplement.
We write the vector components as the respective projections of the given
vector to the orthogonal subspaces

1 = FPyzx

T2 = Pyix

Such decompositions are important in the analysis of vector spaces and
matrices. In the case of vector spaces, of course, the representation of
vectors is of great value. In the case of matrices, this type of decomposition
serves to allow reductions of the matrices while preserving the information
they carry.

2.4.1 An important equality for matrix multiplication and
the inner product

Let A € My, (C). Then we know that both A*A and AA* (Alternatively,
AT A and AAT exist) exist, and we can surely inquire about the rank of these
matrices. The main result of this section is on the rank of AT A, namely
that r (A) = r(A*A) = r(AA*). The proof is quite simple but requires an
important equality. Let A € M,,,(C) and v € C,, and w € C,,. Then

(Av,w) = < (Av), ,wi>

=1

m n
= E E iV Wy

i=1 j=1

n m
= Zvj Zaijwi
=1 =1

n  m
= Zijal-jwi

j=1 =1
n

= Z vj (A*w);
j=1

= o, A%
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As a consequence we have (A*Av,w) = (Av, Aw) if both v, w € C,. This
important equality allows the adjoint or transpose matrices to be used on
either side of the inner product, as needed. Indeed we shall use this below.

Proposition 2.4.3. Let A € My,,(C) have rank r (A). Then
r(A) =r(A*A) = r(AAY)

Proof. Assume that r (A) = k. Then there are k standard vectors ej,, ..., e,
such that for each I = 1,2,...k, the vectors Ae;, is one of the linearly
independent columns of A. Moreover, it also follows that for every set of
constants aq,...,ax the vector A (Z alelj) # 0. Now A*A (Z alel].) #0
follows because

(a(Saes). (So)) = (4(Sam) 4(So)
b (S )[40

This in turn establishes that A*A cannot be zero on a linear space of di-
mension k except for the zero element of course, and since the rank of A*A
cannot be larger than k£ the result is proved. Il

Remark 2.4.2. This establishes (6) of the Corollary 2.3.1 above. Also, it
is easy to see that the result is also true for real matrices.

2.4.2 The Legendre Polynomials

When a vector space has an inner product, it is possible to construct an
orthogonal basis from any given basis. We do this now for the polynomial
space P, (—1,1) and a particular basis.

Consider the space the polynomials of degree n defined on the interval
[—1,1] over the reals. Recall that this is a vector space and has as a basis
the monomials {1,:0,:1:2, e ,:c”}. We can define an assortment of inner
products on this space, but the most common inner product is given by

,q) = / p(x)q(z) de

-1

Verifying the inner product properties is fairly straight forward and we leave
it as an exercise. This inner product also defines a norm

1
o2 = / (@) da
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This norm satisfies the triangle inequality requires an integral version of the
Cauchy-Schwartz inequality.

Now that we have an inner product and norm, we could proceed to find
an othogonal basis of P, (—1,1) by applying the Gram-Schmidt procedure
to the basis {1, x, x>, ... ,33”}. This procedure can be clumsy and tedious.
It is easier to build an orthogonal basis from scratch. Following tradition
we will use capital letters Py, Py, ... to denote our orthogonal polynomials.
Toward this end take Py = 1. Note we are numbering from 0 onwards so
that the polynomial degree will agree with the index. Now let P, = ax +b.
For orthogonality, we need

1 1
/P()(ZL‘)Pl(CB) da::/ 1-(axz+0b) de =2b=0

-1 -1

Thus b = 0 and a can be arbitrary. We take a = 1. This gives y1 = z. Now
we assume the model for the next orthogonal function to be yo = ax?+bx+-c.
This time there are two orthogonality conditions to satisfy.

1 1
2
/ Py(z) Py (x) de = / 1- (az® + bz +c) daj:§a+2020
1 —1
1

1

2
/ P (z) Py (z) dz = / z - (az® + bz + c) d$:§b:O
—1 -1

We conclude that b = 0. From the equation %a + 2c = 0, we can assign one
of the variables and solve for the other one. Following tradition we take
c= —% and solve for a to get a = %

The next polynomial will be modeled as Ps (z) = az® + bz? + cx + d.

Three orthogonality relations need to be satisfied.

1 1
2
/ Py (z)P3(x) de = / 1-(a333+b:z2+ca:+d) das:§b+2d:0
—1 -1

1 1 ) 9
/ P (z) P3(z) de = / z - (az® + ba® + cz + d) da::ga—i-gc:()
-1 -1

1 1
1
/ Py (z)Ps(x) de = / 3 3z — 1) (az® + b2’ + cx + d) dz
-1 -1

3 1
g&—gb‘{‘c—d—o

It is easy to see that b = d = 0 (why?) and from 2a + 2¢ = 0, we select
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c= —% and a = % Our table of orthogonal polynomials so far is

k Py, ()
0 1

1 T

2| $(3z-1)

3 % (5:33 — 3:3)

Continue in this fashion, generating polynomials of increasing order each
orthogonal to all of the lower order ones.

Poz) = 1
P(z) = =z
Py(z) = 3/22°—1/2
Py,2) = 5/22°-3/2x
35 15
Py(z) = §x4 = z® +3/8
1
Ps(z) = %:pg’—%:r?w-gx
9231 315 105 5
P _ 26 _ 4 0o o5 O
6(x) 16 16 "6 Y T 16
429 693 315 35
p _ 27— 5y 919 3 90
7(x) 16 6T T 1w6”
6435 3003 3465 315 35
P _ 8 6 4 2= 2 oY
5(@) 128 32 0 T e YT 32 T 108
12155 6435 9009 1155 315
P _ 20— 7 5 3, 9o
b(@) 128 32 Y Ter ¥ T3 Y T ag”
46189 109395 45045 15015 3465 63
p _ 2619 o 8 6 _ 4 2_ 99
10(2) 256 956 ¢~ T 128 T T 138 T 256 ¢ 256

2.4.3 Orthogonal matrices

Besides sets of vectors being orthogonal, there is also a definition of orthog-
onal matrices. The two notions are closely linked.

Definition 2.4.6. We say a matrix A € M, (C) is orthogonal if A*A = 1.
The same definition applies to matrices A € M, (R) with A* replaced by
AT,
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: : : 6 —sinf
For example, the rotation matrices (Exercise ??) By = o8 S
sinf cos@

are all orthogonal.

A simple consequence of this definition is that the rows and the columns
of A are orthonormal. We see for example that when A is orthogonal then
(A*)? = (A71)2 = A71A71 = (42)~1. Such a definition applies, as well to
higher powers. For instance, if A is orthogonal then A™ is orthogonal for
every positive integer m.

One way to generate orthogonal matrices in C,, (or R,,) is to begin with
an orthonormal basis and arrange it into an nxn matrix either as its columns
or Tows.

Theorem 2.4.2. (i) Let {z;}, i = 1,...,n be an orthonormal basis of C,,
or (Ry). Then the matrices

a’;l xn £L’1 —
U=1| 1 - | and V =

formed by arranging the vectors x; as its respective columns or rows are
orthogonal.

(ii) Conversely, U is an orthogonal matriz, the sets of its rows and
columns are each orthonormal, and moreover each forms a basis of C, or

(Bn)-

The proofs are entirely trivial. We shall consider these types of results
in more detail later in Chapter 4. In the meantime there are a few more
interesting results that are direct consequences of the definition and facts
about the transpose (adjoint).

Theorem 2.4.3. Let A,B € M,, (C) (or M, (R) ) be orthogonal matrices.
Then

(a) A is invertible and A~1 = A*.

(b) For each integer k = 0,4+1,42,..., both A* and —A* are orthogonal.
(¢) AB s orthogonal.

2.5 Determinants

This section is about determinants that can be regarded as a measure of
singularity of a matrix. More generally, in many applied situations that
deal with complex objects, a single number is sought that will in some way
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classify an aspect of those objects. The determinant is such a measure for
singularity of the matrix. The determinant is difficult to calculate and of
not much practical use. However, it has considerable theoretical value and
certainly has a place of historical interest.

Definition 2.5.1. Let A € M, (F). Define the determinant of A to be
the value in F

det A = Z (ﬁ aw(i)) -sgn o
i=1

ag
where o is a permutation of the integers {1,2,... ,n} and

(1) > denotes the sum over all permutations
g

(2) sgn o = sign of o = +1

A transposition is the exchange of two elements of an ordered list with
all others staying the same. With respect to permutations, a transposition
of one permutation is another permutation formed by the exchange of two
values. For example a transposition of {1,4,3,2} is {1, 3,4,2}. The sign of
a given permutation o is

(a) 41, if the number of transpositions required to bring o to {1,2,... ,n}
is even.

(b) —1, if the number of transpositions required to bring o to {1,2,... ,n}

is odd.
Alternatively, and what is the same thing, we may count the number m of
transpositions required to bring o to {1,2,... ,n} and to compute the sign
is (—1)™.

Example 2.5.1.

12

o =1{2,1,3} 23 {1,2,3} odd
oo =1{2,3,1} 225 (2,1,3) 1% 11,23} even
sgn o1 = —1 sgn o9 = +1

Proposition 2.5.1. Let A € M,,.
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(i) If two rows of A are interchanged to obtain B, then

det B = —det A.

(ii) Given A € M, (F). If any row is multiplied by a scalar c, the resulting
matriz B has determinant

det B = cdet A.
(113) If any two rows of A € M, (F) are equal,

det A =0.

Proof. (i) Suppose rows i; and i are interchanged. Now for the given
permutations o apply the transposition ¢; <+ 72 to get ;. Then

[[aiwow = 1tene
i=1 i=1
because
Qiro(iy) = bizal(ig)
as

bin = ailj and Ul(ig) = O'Q(il)

and similarly @;,(i,) = i 0,(i;)- All other terms are equal. In the
computation of the full determinant with signs of the permutations,
we see that the change is caused only by the fact sgn(o1) = —sgn(o).
Thus,

det B = —det A.
(ii) Is trivial.
(iii) If two rows are equal then by part (i)

det A= —det A

and this implies det A = 0.
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Corollary 2.5.1. Let A € M,,. If A has two rows equal up to a multiplica-
tive constant, it has has determinant zero.

What happens to the determinant when two matrices are added. The
result is too complicated to write down is not very important. However,
when a single vector is added to a row or a column of a matrix, then the
result can be simply stated.

Proposition 2.5.2. Suppose A € M, (F). Suppose B is obtained from A
by adding a vector v to a given row (resp. column) and C is obtained from
A by replacing the given row (resp. column) by the vector v. Then

det B = det A + det C.

Proof. Assume the j* row is altered. Using the definition of the determi-
nant,

detA = Z sgn (o) H bio(s) = Z sgn (o) H bio(i) | bjo(s)

i#]

= ZSQn (0) Haia(i) (a+v)ja(j)

i#j

= Z sgn (o) H Qig(i) | Cjo(s) T Z sgn (o) H Qio(i) | Vio(j)
o i#j o i#]
det A+ det C

For column replacement the proof is similar, particularly using the alternate
representation of the determinant given in Exercise 15. O

Corollary 2.5.2. Suppose A € M, (F) and B is obtained by multiplying a
given row (resp. column) of A by a scalar and adding it to another row
(resp. column), then

det B = det A.

Proof. First note that in applying Proposition 2.5.2 C has two rows equal
up to a multiplicative constant. Thus det C' = 0. O

Computing determinants is usually difficult and many techniques have
been devised to compute them out. As is evident from counting, computing
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the determinant of an n X n matrix using the definition above would require
the expression of all n! permutations of the integers {1,2,..., n} and the
determination of their signs together with all the concommitant products
and summation. This method is prohibitively costly. Using elementary
row operations and Gaussian elimination, the evaluation of the determinant
becomes more manageable. First we need the result below.

Theorem 2.5.1. For the elementary matrices the following results hold.
(a) for Type 1 (row interchange) FE;
det E1 =-1

(b) for Type 2 (multiply a row by a constant c¢) Es
det E2 =C

(c) for Type 3 (add a multiple of one row to another row) FEs
det F3 = 1.

Note that (c) is a consequence of Corollary 2.5.2. Proof of parts (a) and (b)
are left as exercises. Thus for any matrix A € M, (F') we have

det(Eh1A) = —det A =det Eydet A
det(EpA) =cdet A  =det Exdet A
det(E3A) = det A = det E5 det A.

Suppose F} ... F} is a sequence of row operations to reduce A to its RREF.
Then

F.F,_1... 1A= B.
Now we see that

det B = det(Fka_l .. FlA)
= det(Fk) det(Fk_l e FlA)

= det(Fk) det(kal) - det(Fl) det A.

For B in RREF and B € M, (F'), we have that B is upper triangular. The
next result establishes Theorem 2.3.4(k) about the determinant of singular
and non singular matrices. Moreover, the determinant of triangular matrices
is computed simply as the product of its diagonal elements.
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Proposition 2.5.3. Let A € M,,. Then
(i) If r(A) < n, then det A = 0.
(i) If A is triangular then
det A = Haii
(ii) If r(A) = n, then det A # 0.

Proof. (i) If r(A) < n, then its RREF has a row of zeros, and det A = 0 by
Theorem 2.5.1. (ii) If A is triangular the only product without possible zero
entries is [ ] a;;. Hence det A = [ ay;. (iil) If If 7(A) = n, then its RREF has
no nonzero rows. Since it is square and has a leading one in each column,

it follows that the RREF is the identity matrix. Therefore det A #0. O

Now let A, B € M,. If A is singular the RREF must have a zero row.
It follows that det A = 0. If A is singular it follows that AB is singular.
Therefore

0 = det AB = det Adet B.

The same reasoning applies if B is singular. If A and B are not singular
both A and B can be row reduced to the identity. Let F} ... Fj, be the row
operations that reduce A to I, and G ...G}j, be the row operations that

reduce B to I. Then

det A = [det(Fy)...det(Fy, )]
det B = [det(Gy)...det(Gr,)] "

Also
I=(Giy...G1)(Fk, ... F1)AB
and we have
det I = (det A)~*(det B) ! det AB.

This proves the

Theorem 2.5.2. If A, B € M,(F), det AB = det Adet B.
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2.5.1 Minors and Determinants

The method of row reduction is one of the simplest methods to compute
the determinant of a matrix. Indeed, it is not necessary to use Type 2 el-
ementary transformation. This results in the computing the determinant
as the product of the diagonal elements of the resulting triangular matrix
possibly multiplied by a minus sign. An alternate approach to computing
determinants using minors is both interesting and useful. However, unless
the matrix has some special form, it does not provide a computational al-
ternative to row reduction.

Definition 2.5.2. Let A € M, (C). For any row ¢ and column j define the
(i7)-minor of A by
Ml‘j =det A

ith row removed

jth

column removed

The notation

A

ith row removed

th column removed

J
denotes the (n—1) x (n — 1) matrix formed from A by removing the i*" row
and j* column. With minors an alternative formulation of the determinant
can be given. This method, while not of great value computationally, has

some theoretical importance. For example, the inverse of a matrix can be
expressed using minors. We begin by consideration the determinant.

Theorem 2.5.3. Let A € M, (C). (i) Fiz any row, say row k. The de-
terminant of A is given by

n
det A = Z Qg (—1)k+j Mkj
j=1
(i) Fiz any column, say column m. The determinant of A is given by
n .
det A= "ajm (—1)""7 Mjp,
j=1

Proof. (i) Suppose that k£ = 1. Consider the quantity

a1 M
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We observe that this is equivalent to all the products of the form

sgn (U) ail - Qg(2) " Ano(n)

where only permutations that fix the integer (i.e. position) 1 are taken.
Thus o (1) = 1. Since this position is fixed the signs taken in the determi-
nant M for permutations of n — 1 integers are respectively the same as the
signs for the new permutation of n integers.

Now consider all permutations that fix the integer 2 in the sense that
o (1) = 2. The quantity ajo (_1)1+2 M5 consists of all the products of the
form

sgn (o) a2 - A205(1)A30(3) """ - Ang(n)

We need here the extra sign change because if the part of the permutation
o of the integers {1,3,4,...,n} is of one sign, which is the sign used in
the computation of det M;;, then the permutation of o of the integers
{1,2,3,4,...,n} is of the other sign, and that sign is sgn (o).

When we proceed to the k™ component, we consider permutations that
fix the integer k. Thatis, o (1) = k. In this case the quantity ay; (—1) % My,
consists of all products of the form

8gn (0) 1kA25(1) " * * Ug—10(k—1) Tt 1o(k+1) **** * Ano(n)

Continuing in this way we exhaust all possible products a;,(1) * agg(2) =+ -
Ang(n) Over all possible permutations of the integers {1,2,...,n}. This
proves the assertion. The proof for expanding from any row is similar, with
only a possible change of sign needed, which is a prescribed.

(ii) The proof is similar. O

Example 2.5.2. Find the determinant of

3 2 -1
A=10 1 3
1 2 -1

expanding across the first row and then expanding down the second column.
Solution. Expanding across the first row gives

det A = a11Mi1 — a19Mqs + a13Mio

:3det{; _31]—2det[(1) f’l}_ldet[(l);}
= 3(=71-2(=3) - (-1
= -4
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Expanding across the second column gives

0o 3 3 —1 3 -1
detA = —2det[1 _1]+1det[1 _1]—2det[0 3 }

= —2(=3)+(-2)—2(9) =14

The inverse of the matrix can be formulated in terms of minors, which
is formulated below.

Definition 2.5.3. Let A € M, (C) (or M, (R)). Define the adjugate (or
adjoint) matrix A by

Aij = (1) My

where Mj; is the ji minor.

The adjugate has traditionally been called the “adjoint”, but that terminol-
ogy is somewhat ambiguous in light of the previous definition as complex
conjugate transpose. Note that it is defined for all square matrices; when
restricted to invertible matrices the inverse appears.

Theorem 2.5.4. Let A € M, (C) (or My, (R)) be invertible. Then A7l =

1
detAA

Proof. A quick examination of the ij-entry of the product AA yields the
following sum

n

. 1 ~ fti
> aiAz = det (A) jz::l%' (=1)"7 My,

j=1

There are two possibilities. (1) If ¢ = k, then the summation above is the
summation to form the determinant as described in Theorem 2.5.3. (2) If
1 # k, the summation is the computation of the determinant of the matrix
A with the k' row replaced by the i** row. Thus the determinant of a
matrix with two identical rows is represented above and this must be zero.

We conclude that (AA) = 0;;, the usual Kronecker ‘delta,” and the result
ij
is proved. O

Example 2.5.1. Find the adjugate and inverse of

=[31]
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It is easy to see that

Also det A = —6. Therefore, the inverse

171 —4
,1___
A= 6[—2 2]

Remark 2.5.1. The notation for cofactors of a square matrix A is often
used o
ai; = (=1)"" My;

Note the reversed order of the subscripts ij and then ji above.

Cramer’s Rule
We know now that the solution to the system Az = b is given by = = A~!b.

A .
Moreover, the inverse A~! is given by A~ = Tt where A is the adjugate
e

matrix. The the i®® component of the solution vector is therefore

1 n
v = ijb;
P detA &Y

R i
= (=1)" Mjib;
j=1

det A

det Al
det A

where we define the matrix A; to be the modification to A by replacing its
i*" column by the vector b. In this way we obtain a very compact formula
for the solution of a linear system. Called Cramer’s rule we state this
conclusion as

Theorem 2.5.1. (Cramer’s Rule.) Let A € M, (C) be invertible and b €
Cy. For each i = 1,, n, define the matrix A; to be the modification of A

by replacing its i column by the vector b. Then the solution to the linear
det Az

system Ax = b is given by components x; = dot A’
e

1=1,, n.
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2 4

Example 2.5.2. Given the matrix A = [ 9 1

], and the vector b =

[ _21 ] . Solve the system Az = b by Cramer’s rule.

We have

2 4 2 2
Al—[_11:| and Ag_[2_1:|

and det A1 = 6, det A5 = —6, det A = —6. Therefore

z1=-—1 and zo =1

A curious formula

The useful formula using cofactors given below will have some consequence
when we study positive definite operators in Chapter 77.

Proposition 2.5.1. Consider the matriz

0 =z a2 - 1z

1T a1 ai2 -+ QAin

B=| 22 a2 a2 --- a2
L Tn Gnl Qn2 Ann |

Then
det B = — Z i T; T
where a;; is the ij-cofactor of A.
Proof. Expand by minors along the top row to get
det B =" " (—1)’ z;My; (B)

Now expand the matrix of M;; (B) down the first column. This gives

Mij (B) =Y (=1)" &My (A)
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Combining we obtain
detB = Y (—1) z;My; (B)

= YWy [ () iy ()]
= > (U My (A)

= — Z Z dijzja:i
O

The reader may note that in the last line of the equation above, we should
have used a;;. However, the formulation given is correct, as well. (Why?)

2.6 Partitioned Matrices

It is convenient to study partitioned or “blocked” matrices, or more graph-
ically said, matrices whose entries are themselves matrices. For example,
with I denoting the 2 x 2 identity matrix we can create the 4 x 4 matrix
written in partitioned form and expanded form.

0

o o O

. CLI2 CI2 .
A= |: CIQ dIQ :| o

O 0 O
O QUL O o

a
0
c d

Partitioning matrices allows our attention to focus on certain structural
properties. In many applications partititioned matrices appear in a natural
way, with the particular blocks having some system context. Many similar
subclasses and processes apply to partitioned matrices. In specific situations
they can be added, multiplied, and inverted, just like regular matrices. It is
even possible to perform “blocked” version of Gaussian elimination. In the
few results here, we touch on some of these possibilities.

Definition 2.6.1. Foreach 1 <i <mand1 < j <n, let A;; be an m; xn;
matrices where . Then the matrix
Ayp A - A,

Aml Am2 Amn
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is a partitioned matrix of order (}_m), x (3_n;).

The usual operations of addition and multiplication of partitioned ma-
trices can be performed provided each of the operations makes sense. For
addition of two partitioned matrices A and B it is necessary to have the
same numbers of blocks of the respective same sizes. Then

[ Ay A o A, By Bix -+ By
A1 Az - Agy Bs1 By, - By
A+B = . . . . + . . . .
L Aml Am2 to Amn Bml Bm2 to an
[ A1 +B1n A+ B -+ A+ B
Ao1 +Bo1 Agp + Bap  --- Aoy + B,
L Api+ Bmi Am2 + Bma -+ Amn + Ban

For multiplication, the situation is a bit more complicated. For definiteness,
suppose that B is a partitioned matrix with block sizes s; x t;, where 1 <
i <pand 1< j <q The usual operations to construct C = AB,

Z Aiijk
7j=1

then make sense provided p =n and n; =s;, 1 < j < n.

A special category of partitioned matrices are the so-called quasi-triangular
matrices, wherein A;; = 0 if ¢ > j for the “lower” triangular version. The
special subclass of quasi-triangular matrices wherein A;; = 0 if ¢ # j are
called quasi-diagonal. In the case of the multiplication of partitioned
matrices (C' = AB) with the left multiplicand A a quasi-diagonal matrix,
we have Cj, = Ay; B;r. Thus the multiplication is similar in form to the usual
multiplication of matrices where the left multiplicand is a diagonal matrix.
In the case of the multiplication of partitioned matrices (C' = AB) with the
right multiplicand B a quasi-diagonal matrix, we have C;, = A;pByr. For
quasi-triangular matrices with square diagonal blocks, there is an interesting
result about the determinant.

Theorem 2.6.1. Let A be a quasi-triangular matriz, where the diagonal
blocks Ay; are square. Then

det A= H det A”
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Proof. Apply row operations on each vertical block without row interchanges
between blocks, without any Type 2 operations. The resulting matrix in
each diagonal block position (i,7) is triangular. Be sure to multiply one
of the diagonal entries by +1, reflecting the number of row interchanges
within a block. The resulting matrix can still be regarded as partitioned,
though the diagonal blocks are now actually upper triangular. Now apply
Proposition 2.5.3, noting that the product of each of the diagonal entries
pertaining to the i*" block is in fact det Aj;. O

A simple consequence of this result, proved ald Gaussian elimination, is
contained in the following corollary.

Corollary 2.6.1. Consider the partitioned matriz

Ann App
A=
[ Az Ago ]

with square diagonal blocks and with A1y invertible. Then the rank of A is
the same as the rank of A1 if and only if Asg = A21A1_11A12.

Proof. Multiplication of A by the elementary partitioned matrix

I 0
b= [ —An Ayl I }
yields

FA = _
[ — A AT T ] [ Ag1 Ax ]
[ An A1 ]
0 A22 — A21A1_11A12

Since E has full rank, it follows that rank(EA) = rankA. Since EA is
quasi-triangular, it follows that the rank of A is the same as the rank of A
if and only if A22 — A21A1_11A12 =0. O

2.7 Linear Transformations

Definition 2.7.1. A mapping T from R, to R,, is called a linear trans-
formation if

Tx+y)=Tx+Ty Vr,y€R,
T(ax) = aTx Va € F.
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Note: We normally write Tz instead of T'(x).

Example 2.7.1. T: R, — R;. Let a € R, and y € R,. Then for each
x € R,, Tx = (x,y)a is a linear transformation. Let S = {v;...v,} be
a basis of R,, and define the m X n matrix with columns given by the

coordinates of Twi,Tvs,...,Tv,. Then this matrix
Ao Tvi Tvy . Tvy,
L L {

is the matrix representation of 7" with respect to the basis S. Thus, if
x = Ya;v;, whence [z]g = (a1 ...a,), we have

[Tz]s = Alx]s

* There is a duality between all linear transformations from R, to R,
and the set My, ,,(F).

Note that M, »(F) is itself a vector space over F. Hence L(Fy, Fp,),
the set of linear transformations from F,, to F,, is likewise. As such it has
subspaces.

Example 2.7.2. (1) Let z € F,,. Definite 7 = {T € L | TZ = 0}. Then
J is a subspace of L(F},, Fy,).

(2) Let U = {T € L(Rn,Ry) | Tz > 0 if z > 0}, where {z > 0} means
the positive orthant of R,,. U is not a linear subspace of L(R,, R,,),
though it is a convex set.

d
(3) Define T': P, — P, by Tp = P T is a linear transformation.
x

Example 2.7.3. Express the linear transformation D: P; — P given by
Dp = %p(az) as a matrix with respect to the basis. S = {1, z,22 23}. We
have D1 =0 = 0 + Ox + 022 + 023. Also

[Dl]S = [Oa 07 07 O]T
similarly

[Dz]s = [1,0,0,0]7
[Dz?]s = [0,2,0,0]7
[Dz%]s = [0,0,3,0]%.
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Hence

[D]s =

o O O O
O O O
O O N O
o w o o

In this context the differentiation operator is rather simple.

Example 2.7.4. Consider the linear transformation T defined by Tq =
3w%q + 22q for ¢ € P,. Find the matrix representation of 7.

Solution. First off we notice that this transformation has range in
P4. Let’s use the standard bases for this problem. We then determine
the coordinates of T' for vectors in the P, basis {1,z,2?}in the P; basis
{1,z,2% 2%, 2*}. Compute

T1) = 2°
T(z) = 3z+a°
T (z*) = 62°+2*

The coordinates of the input vectors we know are [1,0, O]T, 0,1, O]T, and
0,0, 1]T . For the output vectors the coordinates are [0,0, 1, 0, O]T ,10,3,0,1, O]T ,
and [0,0,6,0, 1]T. So, with respect to these two bases, the matrix of the
transformation is

s

Il
O O = O O
O = O Wwo
_= o o OO

Observe that the dimensionality corresponds with the dimentionality of the
respective spaces.

Example 2.7.5. Let V = Ry, with Sy = {vi,ve} = {[}],[}]}, S1 =
{wi,wo} = {[3],[ %]}, and T = I the identity. The vectors above are
expressed in the standard E = {e1, ez}, Tv; = Iv; = v;. To find [vj]s, we
solve

vj = ajwy + ﬁng
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o b )=o) = - 1
2 1A 0 & 51 X solve linear

o b AR 6- 0T

|

[SA[SY]

< basis

] change of
matrix

92}
fors
~
&
|
—
U=

It

R T I S T O e 6 I A 1 B

T 5(-2 -1]|2] 5|0 |0
Note the necessity of using the standard basis to express the vectors in both
bases Sp and Sj.

2.8 Change of Basis

Let V be a vector space with bases Sy = {v1...v,} and S1 = {wy ... wy},
and suppose T: V — V is a linear transformation. We want to find the
representation of T' as a matrix that takes a vector x given in terms of its Sy
coordinates and produces the vector T'x given in terms of its S; coordinates.

We know that z — [z]g, is well defined. The action of T' is known if the

C1
n vector [r]s, = | : | and the vectors T'v1,T'vz,... ,Tv, are known, for if
Cn
x = Ycjvj, then T'rx = Xc;Tvj, by linearity.
To determine [T'z]s, we need to convert the Tv;, j =1,...,n to coor-
dinates in the other S7 basis, This is done as follows. Find

[Tvjls, = i=12,... n.
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Thenifz eV

[Tz]s, = [XcjTvj|s, = Yej[Tvjls,
= |2t
i

t11 ... tin

_tnl thn Cn,

This n x n array [t;;] depends on T', Sy and Si but not on z. We define the
So — S1 basis representation of T' to be [t;;], and we write this as

t11 ... tin
S1 [T]So =

tnl e tam

In the special case that T is the identity operator the matrix g, [I]s, converts
the coordinates of a vector in the basis Sy to coordinates in the basis S;. It
is easy to see that g,[I]g, must be the inverse of g, [I]s, and thus

Soll]sy * 51 []s = 1.

We can also establish the equality

S1 [T]Sl =S [I]SOSO [T]SOSO [I]Sl'

In this way we see that the matrix representation of 7' depends on the bases
involved. If X is any invertible matrix in M, (F') we can write

B=X'AX.
The interpretation in this context is clear

X: change of coordinate from one basis to another Sy — S
X1 change of coordinate S; — Sp
A: matrix of the linear transformation in the basis Sy

B: matrix of the same linear transformation in the basis S;.

With this in mind it seems prudent to study linear transformations in the
basis that makes their matrix representation as simple as possible.
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1 3
-1 1
ear transformation given with respect to the standard basis Sy = {e1, e2} =
{(1,0),(0,1)} Find the matrix representation of this transformation with
resepect to the basis S; = {v1,v2} = {(2,1),(1,1)}.

Solution. According to the analysis above we need to determine g, [I]g, and

Example 2.8.1. Let A = [ ] be the matrix representation of a lin-

s1 [{]s, - Of course g, [I]g, = s, [ ]511 . Since the coordinates of the vectors
in S are expressed in terms of the basis vectors Sy we obtain directly

somsl:[? 1}

Its inverse is given by
1 1 -1
So [I]Sl = |: -1 9 :|

Assembling these matrices we have the final matrix converted to the new
basis.

silAls, = s g, Asols,
RSN

- 154

Example 2.8.2. Consider the same problem as above except that the ma-

trix A is given in the basis S;. Find matrix representation of this transfor-
mation with resepect to the basis ;.

Solution. To solve this problem we need to determine s, [Alg, = s, [{]g, A s [I]5,-
As we already have these matrices, we determine that

solAlsy, = sollls, Asills,-
- DA A S

ERy

—
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2.9 Appendix A — Solving linear systems

The key to solving linear systems is to reduce the augmented system to
RREF and solve the resulting equations. While this may be so, there is an
intermediate step that occurs about half way through the computation of
the RREF where the reduced matrix achieves an upper triangular form. At
this point the solution can be determined directly by back substitution. To
clarify the rules on back substitution, suppose that we have the triangular
form

air a2z - aip | by

0 ax asn | b2

0 0 ann bn
Assuming that the diagonal part consists of all nonzero terms, we can solve
this system by back substitution. First solve for x,, = ab—”. Now inductively

nn
solve for the remaining solution coordinates using the formula

-1
1 : '
R S [Z“n—jm—kfcn—k] ;o J=12...,n-1
k=0

nfjvnfj

This inconvenient looking formula can be replaced by

1
mj:F Z kT | j=n—-1,n-2,...,1
Ik = j+1

where the index runs from j = n — 1 up to j = 1. The upshot is that the
row reduction process can be halted when a triangular-like form has been
attained. The applies as well to nonsingular and non square systems, where
the the process is stopped when all the leading ones have been identified,
entries below them have been zeroed out, and all the zero rows are present.
The principle reason for using back substitution is to reduce the number
of computations required, an important consideration in numerical linear
algebra. In the example below we solve a 3 X 3 nonsingular system.

Example 2.9.1. Solve Ax = b where
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Solution. Find the RREF of [A | b]. Then solve Az = b.

1 2 0 3 —2R;1 4+ Ry 1 2 0 3
2 2 -1 6 — 0 -2 =110
-1 3 2 -2 R+ R3 | 0 5 2 1
[1 2 0|3
1
—aft2 014i]o0
- 05 2|1
1 2 0 3
(00 -3 |1
1 2 0 3
_1
2R3_>+ B2 1o 101
| 00 1| -2
[ 1 0 3
_2}3 01 3]0
| 0 1] -2
[1 0 0 1
_2R2_>+ B o101
| 00 1| -2
Hence solving we obtain 3 = —2, 22 = 1, and 1 = 1. This is fine,

but there is a faster way to solve this system.

Stop the reduction when

the system attains a triangular form at (). From this point solve to obtain
x3 = —2. Now back substitute 3 = 2 into the second row (equation) to

solve for xs. 5

Thus 29 = —2 (—=2) = 1. Finally, back substitute z3 = 2 and

x2 =1 into the first row (equation) to solve for ;. Thus z; =3—-2(1) = 1.
Sometimes the form (x) is called the row reduced form.

Example 2.9.2. Given the augmented system for Az = b is in RREF.

12000
00120
0 0001
0 00O0°O

0 4
-1 1
3 1
0 0
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Find the solution.

Solution. The leading ones occur in columns 1, 3, and 5. The values in
columns 2, 4, and 6 can be taken as free parameters. So, take xo =1, x4 = s,
and x¢ = t. Now solving for the other varables we have

rT = 4 — 2r
r3 = 1—2s+t
Iry = 1-—3t

The solution set is comprised of the vector

x = [4—2rnr1—2s+t, s,l—t,t]T
= [4,0,1,0,1,0]" +7[-2,1,0,0,0,0]" +[0,0,—-2,1,0,0]” +¢[0,0,1,0 — 3,1]7

for all r, s, and ¢t. We can rewrite this as the set

[ 4 [ —2 [0 ] [0 ] )
0 1 0 0
1 0 -2 1
S = 0 +r 0 +s 1 +t 0 r,s,t € Ror C
1 0 0 -3
L L 0 | | 0 | | 0 | | 1 ]

This representation shows better the connection between the free constants
and the component vectors that make up the solution. Note this expression
also reveals the solution of the homogeneous solution Az = 0 as the set

{r[—2,1,0,0,0,()]T+s[O,O,—2,1,O,O]T+t[0,0,1,0—3,1]T r,s,t € R or <c}

Indeed, this is a full subspace.

Example 2.9.3. The RREF can be used to determine the inverse, as well.
Given the matrix A € M,, the inverse is given by the matrix X for

which AX = I. In turn with z;, ..., z, representing the columns of
X and ey, ..., e, representing the standard vectors we see that Ax; =
ej, 7 =1,2,...,n. To solve for these vectors, form the augmented matrix
[A | €], 7=1,2,..., n and row reduce as above. A massive short cut to

this process is to augment all the standard vectors at one and row reduce the
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resulting n x 2n matrix [A | I]. If A is invertible, its RREF is the identity.
Therefore,

oW
[A ] 1] — 1| X]
operations

and, of course, A~ = X. Thus, for

-2 1 0
A= 1 1 2
3 -2 -1
we row reduce [A | I] as follows
-2 1 0 1 0 0
Al = | 1 1 2|01 0
3 -2 —-1,10 01
row 1 0 0 3 1 2
— 010 7 2 4
operations 0 01} -5 -1 -3

2.10 Exercises

d
. Consider the differential operator T = 2z— (-) —4 acting on the vector

x
space of cubic polynomials, P3. Show that T is a linear transformation
and find a matrix representation of it. Assume the basis is given by
{]'7 x? x27 xg}'

. (i) Find matrices A and B, each with positive rank, for which r(A +

B) = r(A) + r(B). (ii) Find matrices A and B, each with positive
rank, for which r(A+ B) = 0. (iii) Give a method to find two nonzero
matrices A and B for which the sum has any preassigned rank. Of
course, the matrix sizes may depend on this value.

. Find square matrices A and B for which r(4) = r(B) = 2 and for

which r(AB) = 0.

. Suppose that A is an m x n matrix and that x is a solution of Az = b

over the prescribed field. Show that every solution of Ax = b have the
form z + xg, where zg is a solution of Axy = 0.
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10.

11.

12.

13.

14.

15.

16.
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. Find a matrix A € M,, of rank n— 1 for which r(A¥) = n—k for k < n.

Is it possible to begin this process with a matrix A € M,, of rank n
and for which r(A¥) =n— k41 for k <n?

. Show that Az = b has a solution if and only if 47b = 0 if and only if

yT A = 0 for some column vector.

In Rs the linear transformation that rotates any vector by 6 radians
counter clockwise T has matrix representation with respect to the
standard basis given by

A [ cosf —sind ]

sinf cosf

What is the matrix representation with respect to the standard basis
of the transformation that rotates any vector by # radians clockwise?
What is the relation between the matrices?

. Show that if B,C € M, (F'), where B is symmetric and C is skew-

symmetric, then B = C implies that B = C = 0.

. Prove the general formula for the inverse of the 2 x 2 matrix A =

a b|. 4 1 d b
[c d]ISA detA[—c a]'
Prove Theorem 2.5.1(a).

Prove Theorem 2.5.1(b).

Prove that every permutation o must have an inverse 0! (i.e. 0= (0(5)) =
4), and the signs of 0=! and o are the same.

Show that the sign of every transposition is —1.

Prove that detA=)"_ (—1)Sgn(g) (H Qg () z)

Prove Proposition 2.5.2 using minors.

Suppose that the n x n matrix A is singular. Show that each column
of the adjugate matrix A is a solution of Az = 0. (McDuffee, Chapter
3, Theorem 29.)
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Suppose that A is an (n—1) xn matrix, and consider the homogeneous
system Ar = 0 for x € R,. Define h; to be the determinant of the
(n—1) x (n—1) matrix formed by removing the i* column of A. Show
that the vector h = (hq, ..., h,)7 is a solution to Az = 0. (McDuffee,
Chapter 3, Corollary 29.)

Show that A = [_11 _11] has no inverse by trying to solve AB = I That
is, assume the form
a b
o=[% 2]

multiply the matrices (A and B) together, and then solve for the un-
knowns a, b, ¢, and d. (This is not a very efficient way to determine
inverses of matrices. Try the same thing for any 3 x 3 matrix.)

Prove that the elementary equation operations do not change the so-
lution set of a linear system.

Find the inverses of E1, E5, and Fj3.

Find the matrix representation of linear transformation 7" that rotates
any vector by 6 radians counter clockwise (ccw) with respect to the
basis S = {(2,1),(1,1)}.

Consider R3. Suppose that we have angles {6;}3_; and pairs of co-
ordinate vectors {(e1,e2), (e1,€3), (e2,e3)}. Let T be the linear trans-
formation that successively rotates a vector in the respective planes
{(ei,,ei,)}¥_ | through the respective angles {#;}* ;. Find the matrix
representation of 1" with respect to the standard basis. Prove that it
is invertible.

Prove Theorem 2.2.4.
Prove or disprove the equivalence of the linear systems.

2¢ -3y = —1 —r+4y =3
x+4y =5 r+2y=3

Find basis for the orthocomplement of the subspace of R3 spanned by
the vectors {[2,1,1]7, [1,1,2]"}.

Find basis for the orthocomplement of the subspace of R3 spanned by
the vector [1,1,1]7.
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27

28.

29.

30.

31.

32.

33.

34.

. Consider planar rotations in R,, with respect to the standard bases

n(n—1)

the particular angle. Display the general representation of any of
them. Prove or disprove that any two of them are commutative. That
is for two angles {#;}2_, and pairs of coordinate vectors {(e;,, e, )},
the respective counter clockwise rotations are commutative.

elements. Prove that there must be of them — discounting

Suppose that A € M,,,, B € My, and both have rank k. Show that
the rank of AB is k.

0
where I}, is the identity matrix of size k and 0 is the m — k X k zero
matrix.

Suppose that A € M,,; has rank k. Prove that AgRrgr = [ I ]

Suppose that B € My, has rank k. Prove that Brrer = [ I, 0 ]
where [Ij, is the identity matrix of size k and 0 is thek xn — k zero
matrix.

Determine and prove a version of Corollary 2.6.1 for 3 x 3 blocked
matrices, where we assume the diagonal blocks A;; is invertible and
wish to conclude the result that the rank of A is the equal to the rank
of All-

Suppose that we have angles {6;}¥_, and pairs of coordinate vectors
{(eiy,ei,)}E ;. Let T be the linear transformation that successively
rotates a vector in the respective planes {(e;,e;,)}% ; through the
respective angles {0;}%_,. Prove that the matrix representation of the
linear transformation with respect to any basis must be invertible.

The super-diagonal of a matrix is the set of elements a; ;+1. The subdi-
agonal of a matrix is the set of elements a;_1 ;. A tri-banded matrix is
one for which the entries are zero above the super-diagonal and below
the subdiagonal. Suppose that for an n x n tri-banded matrix 7', we
have a;—1; =a, a; =0, and a;;+1 = c. Prove the following facts:

(a) If nis odd det A = 0.
(b) If n =2m is even det T = (—1)" a™c™.

For the banded matrix of the previous example, prove the following
for the powers TP of T.
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39.

40.
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(a) If p is odd, prove that (T7),; = 0 if i +j is even.
(b) If p is even, prove that (I7),, = 0if ¢ + j is odd.
Consider the vector space P» (1,2) with inner product defined by (p, q) =

ffp(m) q () dz. Find an orthogonal basis of P, (1,2). (Hint. Begin
with the standard basis {1, z, #2}. Apply the Gram-Schmidt procedure.)

For what values of a and b is the matrix below singular
2 1
1 b
a —2

A=

N Q

The Vandermonde matrix, defined for a sequence of numbers {z1, ...z, },
is given by the n x n matrix

1 oz 22 - 2!

1z 23 - 2i!
Vo =

1z, 22 - ot

Prove that the determinant is given by

n

detV, = H (i — z5)

i>j5=1

In the case the z-values are the integers {1,...,n}, prove that detV,
n

is divisible by [] (¢ — 1)!. (These numbers are called superfactorials.)
i=1

Prove that for the weighted functional defined in Remark 2.4.1, it is

necessary and sufficient that the weights be strictly positive for it to

be an inner product.

For what values of a and b is the matrix below singular

SO O o
2 2 OO
S O e
o ot e O
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41. Find an orthogonal basis for Ry from the vectors {(1,2),(2,1)}.
42. Find an orthogonal basis of the subspace of R3 spanned by {(1,0,1), (0,1, —1)}

43. Suppose that V is a vector space with an inner product, and S C V.
Show that if S is a basis of V, S+ = {0}.

44. Suppose that V is a vector space with an inner product, and S C V.
Show that if U = &(S), then UL = S+.

45. Let A € My, (F). Show it may not be true that r (A) = r(ATA) =
r(AAT) unless F = R, in which case it is true.

46. If A € M, (C) is orthogonal, show that the rows and columns of A are
orthogonal.

47. If A is orthogonal then A™ is orthogonal for every positive integer m.
(This is a part of Theorem 2.4.3(b).)

48. Consider the polynomial space P, [—1, 1] with the inner product (p, ¢) =
f_ll p(t)q(t) dt. Show that every polynomial p € P, for which p (1) =
p(—1) = 0 is orthogonal to its derivative.

49. Consider the polynomial space P, [—1, 1] with the inner product (p, q¢) =
fil p(t)q(t) dt. Show that the subspace of polynomials in even pow-
ers (e.g. p(t) = t? — 5t%) is orthogonal to the subspace of polynomials
in odd powers.

1 3

-1 1
formation given with respect to the standard basis Sy = {e1, ea} =
{(1,0),(0,1)} Find the matrix representation of this transformation
with resepect to the basis S; = {vi,v2} = {(2,-3),(1,—-2)}.

50. Let A = [ ] be the matrix representation of a linear trans-

51. Show that the sign of every transposition from the set {1,2, ..., n} is
—1.

52. What are the signs of the permutations {7, 6, 5, 4, 3, 2, 1} and
{7,1, 6, 4, 3, 5, 2} of the integers {1, 2, 3, 4, 5, 6, T}?

53. Prove that the sign of the permutation {m, m—1,..., 2, 1} is (—=1)™.

54. Suppose A, B € M, (F). If A is singular, use a row space argument to
show that det AB = 0.
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Show that if A € M, ,, and B € M, ,, and both r(A) = r(B) =m. If
r(AB) = m — k, what can be said about n?

Prove that

1 T2 T3 T4
—X2 T1 —Xg4 T3
—x3 T4 Ty —X2
—X4 —X3 —X2 I1

det = (ZIJ% + 2422+ xi)2

Prove that there is no invertible 3 x 3 matrix that has all the same
cofactors. What similar statement can be made for n x n matrices?

Show by example that there are matrices A and B for which lim,,_,,, A"
and lim,,_, o, B" both exist, but for which lim,_,~ (AB)" does not ex-
ist.

Let A € M3(C). Show that there is no matrix solution B € M3(C)
to AB — BA = I. What can you say about the same problem with
A, B e M,(C)?

Show by example that if AC' = BC then it does not follow that A = B.
However, show that if C is inveritble the conclusion A = B is valid.



Chapter 3

Eigenvalues and Eigenvectors

In this chapter we begin our study of the most important, and certainly the
most dominant aspect, of matrix theory. Called spectral theory, it allows us
to give fundamental structure theorems for matrices and to develop power
tools for comparing and computing with matrices. We begin with a study
of norms on matrices.

3.1 Matrix Norms

We know M, is a vector space. It is most useful to apply a metric on this
vector space. The reasons are manifold, ranging from general information of
a metrized system to perturbation theory where the “smallness” of a matrix
must be measured. For that reason we define metrics called matrix norms
that are regular norms with one additional property pertaining to the matrix
product.

Definition 3.1.1. Let A € M,. Recall that a norm, || - ||, on any vector
space satifies the properties:

(i) ||A]| > 0 and |A|| = 0 if and only if A =10
(i) ||cA|l = |c|||A|| for c € R
(iii) |4+ B[l < [|A[l + [|B]]-

There is a true vector product on M, defined by matrix multiplication. In
this connection we say that the norm is submultiplicative if

(iv) [AB] < [lA[]B]l

95
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In the case that the norm || - || satifies all four properties (i) - (iv) we call it
a matrix norm.

Here are a few simple consequences for matrix norms. The proofs are
straightforward.

Proposition 3.1.1. Let || - || be a matriz norm on M,, and suppose that
Ae M,. Then

(@) IAI? < A, 147] < AP, p=2,3, ...
(b) If A2 = A then ||A| > 1
(c) If A is invertible, then |[A~1|| > %

(d) 1] = 1.
Proof. The proof of (a) is a consequence of induction.  Supposing that
A% = A, we have by the submultiplicativity property that ||A| = HAQH <
|A||>.  Hence ||A| > 1, and therefore (b) follows. If A is invertible, we
apply the submultiplicativity again to obtain ||I]| = ||AA™Y|| < ||A] ||A7],
whence (c) follows. Finally, (d) follows because I? = I and (b) applies. O

Matrices for which A2 = A are called idempotent. Idempotent matrices
turn up in most unlikely places and are useful for applications.

Examples. We can easily apply standard vector space type norms, i.e. {1,
ls, and £ to matrices. Indeed, an n x n matrix can clearly be viewed as
an element of C,2 with the coordinate stacked in rows of n numbers each.
The trick is usually to verify the submultiplicativity condition (iv).

1. 4. Define
1Al = lag]
,J

The usual norm conditions (i)—(iii) hold. To show submultiplicativity we
write

IABlx = > ainb;
TR
<> lawlbi]
ok

<Y ikl bmgl = lail D [bm;]
mj

ijkm ik

= |4l 1Bl
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Thus ||A||; is a matrix norm.
2. 45. Define

1/2

1Az = | > ai
ij

conditions (i)-(iii) clearly hold. [|Al|2 is also a matrix norm as we see by
application of the Cauchy—Schwartz inequality. We have

=3 (L) <3 () (£

ij
= D laal” | | D lbjml®
i,k jm
= |31 BI3.
This norm has three common names: The (a) Frobenius norm, (b) Schur
norm, and (c¢) Hilbert—Schmidt norm. It has considerable importance in

matrix theory.
3. L. Define for A € M, (R)

14lloo = sup fas;| = max|az|-
i’j bJ

Note that if J =[11], [[J]lco = 1. Also J? =2J. Thus ||J?|| =2|J|| =1«
|7][2. So ||Al|so is not a matrix norm, though it is a vector space norm. We
can make it into a matrix norm by

[A]} = n[|Alco-

Note

I|ABI|] = nmax
Zhj

> airb;
ks

< nmaxn max ‘aikkuj‘
ij k

< n? max |a;i,| max |b;|
ik k,j

= [[Alll 1IBI]]-
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In the inequalities above we use the fundamental inequality
di| < max|d
§|0k k| < max| k|§|6k|

(See Exercise 4.) While these norms have some use in general matrix theory,
most of the widely applicable norms are those that are subordinate to vector
norms in the manner defined below.

Definition 3.1.2. Let ||-|| be a vector norm on R,, (or C,,). For A € M,,(R)
(or M, (C)) we define the norm ||A|| on M,, by

141 = max || Az (%)

and call |A] the norm subordinate to the vector norm. Note the use of
the same notation for both the vector and subordinate norms.

Theorem 3.1.1. The subordinate norm is a matriz norm and || Az| <

[[A[[[J]-

Proof. We need to verify conditions (i)—(iv). Conditions (i) and (ii) are
obvious and are left to the reader . To show (iii), we have
|4+ Bl = max [|(A+ B)z]| < max (|| Az]| + || Bz

< max ||Az| + max || Bz||

~lel=1 [lzll=1
= [ Al +IB]|.
Note that
x
4zl = a4 757
]
< [|All ll=|
since Hﬁ” = 1. Finally, it follows that for any x € R,
[ABz| < || Alll|Bz|| < [|A[l[|BI|[|]|
and therefore ||AB]| < ||A]||||B]l- O

Corollary 3.1.1. (i) |I| = 1.
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(ii) If A is invertible, then

A7 > (A~
Proof. For (i) we have
]l = max [[[z]| = max [lz| = 1.
]| =1 [l =1

To prove (ii) begin with A=*A = I. Then by the submultiplicativity and (i)
1=7] < [A7H]]1A]
and so [|[A7Y|| > 1/]|4]. O

There are many results connected with matrix norms and eigenvectors that
we shall explore before long. The relation between the norm of the matrix
and its inverse is important in computational linear algebra. The quantity
|A=Y|| ||A|| the condition number of the matrix A. When it is very large,
the solution of the linear system Ax = b by general methods such as Gaussian
elimination may produce results with considerable error. The condition
number, therefore, tips off investigators to this possibility. Naturally enough
the condition number may be difficult to compute accurately in exactly these
circumstances. Alternative and very approximate methods are often used
as reliable substitutes for the condition number.

A special type of matrix, one for which ||Az| = ||z| for every z € C,
is called an isometry. Such matrices which do not “stretch” any vectors
have remarkable spectral properties and play an important roll in spectral
theory.

3.2 Convergence and perturbation theory

It will often be necessary to compare one matrix with another matrix that
is nearby in some sense. When a matrix norm at is hand it is possible
to measure the proximity of two matrices by computing the norm of their
difference. This is just as we do for numbers. We begin with this study by
showing that if the norm of a matrix is less than one, then its difference
with the identity is invertible. Again, this is just as with numbers; that is,
if |r| < 1, & is defined. Let us assume R € M, and || || is some norm on
M,,. We want to show that if || R|| < 1 then (I — R)™! exists. Toward this
end we prove the following lemma.



100 CHAPTER 3. EIGENVALUES AND EIGENVECTORS

Lemma 3.2.1. For every R € M,
(I-R(I+R+R*+---+R,)=1-R"".

Proof. This result for matrices is the direct analog of the result for numbers
(1=7)(1+r+r2+- - +r") = 1—r"T1 also often written as 1+r+r2+- - -+r" =
1717"—_”:1. We prove the result inductively. If n = 1 the result follows from

direct computation, (I — R)(I + R) = I — R?. Assume the result holds up
ton — 1. Then

(I-R(I+R+R*+-- +R"'+R")=(I-R(I+R+---+R"1)
+(I - R)R"
:(I_Rn)+Rn_Rn+1:I_Rn+1

by our inductive hypothesis. This calculation completes the induction, and
hence the proof. O

Remark 3.2.1. Sometimes the proof is presented in a “quasi-inductive”
manner. That is, you will see

(I-R(I+R+R*+--+R)=(I+R+R*+---+R")
—(R+R*+---+R"H (¥
:I_RnJrl

This is usually considered acceptable because the correct induction is trans-
parent in the calculation.

Below we will show that if |R|| = A < 1, then (I + R+ R?> + ---) =

(I — R)~L. It would be incorrect to apply the obvious fact that ||[R" || <

A"+l o0 to draw the conclusion from the equality (*) above without first
o0

establishing convergence of the series > R¥. A crucial step in showing that

0
an infinite series is convergent is showing that its partial sums satisfy the

Cauchy criterion: » 22, aj converges if and only if for each ¢ > 0, there
exists an integer N such that if m,n > N, then {Z’Izzmﬂak{ < e. (See
Appendix A.) There is just one more aspect of this problem. While it is easy
to establishe the Cauchy criterion for our present situation, we still need to
resolve the situation between norm convergence and pointwise convergence.
We need to conclude that if ||R|| < 1 then lim, ., R™ = 0, and by this
expression we mean that (R”)ij —0forall1<i,j<n.
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Lemma 3.2.2. Suppose that the norm || - || is a subordinate norm on M,
and R € M,,.

(1) If |R|| < €, then there is a constant M such that |p;;| < Me.
(i) If lim, o0 ||R"|| = 0, then lim,_. R™ = 0.

Proof. (i) If ||R| < e, if follows that ||Rz| < € for each vector z, and by
selecting the standard vectors e; in turn, it follows that from which it follows
that ||7.;| < €, where 7; denotes the j** column of R. By Theorem 1.6.2 all
norms are equivalent. It follows that there is a fixed constant M independent
of € and R such that |r;;| < Me.

(ii) Suppose for some increasing subsequence of powers ny — oo it happens

that ‘(R”’C)”‘ > 1. Select the standard unit vector e;. A little computation

shows that |R™e;|| > r, whence ||R™|| > r, contradicting the known limit
lim,,_, || R"™|| = 0. The conclusion lim,,., R™ = 0 follows. O

Lemma 3.2.3. Suppose that the norm || - || is a subordinate norm on M,
IfIIR|=X<1, then I+ R+ R*>+---+ RF 4 ... converges.

Proof. Let P, =1+ R+ ---4+ R™. To show convergence we establish that
{P,} is a Cauchy sequence. For n > m we have

n
P, —P,= Z RF
k=m+1

Hence

n

>, B
k=m-+1

< > IR

k=m+1

< > IR

k=m+1

”Pn_PmH:

n—m—1

= ixk:w“ >N
j=0

m+1
<A1 -t =0
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where in the second last step we used the inequality, which is valid for
n—m-—1 oo
0<A<1 Y M<YWN< (-2t We conclude by Lemma 3.2.2
0 0
that the individual matrix entries of the parital sums converge and thus the
series itself converges. O

Note that this result is independent of the particular norm. In practice it is
often necessary to select a convenient norm to actually carry out or verify
particular computations are valid. In the theorem below we complete the
analysis of the matrix version of the geometric series, stating that when the
norm of a matrix is less than one, the geometric series based on that matrix
converges and the inverse of the difference with the identity exists.

Theorem 3.2.1. IfR € M,(F) and ||R|| < 1 for some norm, then (I—R)™!
exists and

(I-R'=I+R+R+---=) R"
k=0

Proof. Apply the two previous lemmas. O

The perturbation result alluded to above can now be stated and easily
proved. In words this result states that if we begin with an invertible matrix
and additively perturb it by a sufficiently small amount the result remains
invertible. Overall, this is the first of a series of results where what is proved
is that some property of a matrix is preserved under additive perturbations.

Corollary 3.2.1. If A, B € M,, and A is invertible, then A+ AB is invert-
ible for sufficiently small || (in R or C).

Proof. As above we assume that || - || is a norm on M, (F). It is any easy
computation to see that

A+ AB=A(I+A"'B).

Select A sufficiently small so that |AA™1B|| = |\|[|[A~1BJ| < 1. Then by the
theorem above, I + AA™! B is invertible. Therefore

(A+AB)"' = (I+AA7'B)'A™!

and the result follows. O
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Another way of stating this is to say that if A, B € M,, and A has a nonzero
determinant, then for sufficiently small A the matrix A + AB also has a
nonzero determinant. This corollary can be applied directly to the identity
matrix itself being perturbed by a rank one matrix. In this case the A can
be specified in terms of the two vectors comprising the matrix. (Recall
Theorem 2.3.1(8).)

Corollary 3.2.2. Let z,y € R, satisfy |{(z,y)| = |\ < 1. Then I + zy’ is
invertible and

(IT+ay")y =T —ayP(1+ N1

Proof. We have that (I + 2y”)~! exists by selecting a norm || - || consistent
with the inner product (-,-). (For example, take ||A|| = sup |[Az||2, where
[[2]l2=1

| - |]2 is the Euclidean norm.) It is easy to see that (wy?)F = A—lzyT.
Therefore

(I +ay’) =T —ay’ +(ay")® — (ay")’ + -+
=1 —zy? + eyt — Nyl + -

n
=1 -y’ <Z(—)\)k) .
k=0
Thus
(I+ay" ) =T—ay" 1+ )"

and the result is proved. O
In words we conclude that the perturbation of the identity by a small rank
1 matrix has a computable inverse.
3.3 Eigenvectors and Eigenvalues

Throughout this section we will consider only matrices A € M,,(C) or M, (R).
Furthermore, we suppress the field designation unless it is relevant.

Definition 3.3.1. If A € M,, and =z € C,, or R,,. If there is a constant
A € C and a vector x # 0 for which

Azx = \x
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we call A\ an eigenvalue of A and x its corresponding eigenvector. Al-
ternatively, we call x the eigenvector pertaining to the eigenvalue A, and
vice-versa.

Definition 3.3.2. For A € M,,, define

(1) o(A) = {\ | Az = Az has a solution for a nonzero vector z}. o(A) is
called the spectrum of A.

(2) p(A) = sup || (or equivalently max ]A]) p(A) is called the
A€o (A) A€o (A)
spectral radius.

Example 3.3.1. Let A = [#1]. Then XA = 1 is an eigenvalue of A with
eigenvector x = [—1,1]7. Also A = 3 is an eigenvalue of A with eigenvector
x = (1,1)T. The spectrum of A is 0(A) = {1,3} and the spectral radius of
Ais p(A) = 3.

-3 0 6
Example 3.3.2. The3x3matrix B= | —12 9 26 | has eigenvalues:
4 -4 -9

—1,—3,1. Pertaining to the eigenvalues are the eigenvectors

3 1 3
1 1, 1 — =3 -2 — —1
1 0 2

The characteristic polynomial

To say that Az = Az has a nontrivial solution (z # 0) for some A € C is
the same as the assertion that (A — AI)z = 0 has a nontrivial solution. This
means that

det(A—AI)=0
or what is more commonly written
det(AI — A) = 0.

From the original definition (Definition 2.5.1) the determinant is sum of
products of individual matrix entries. Therefore, det(A\] — A) must be a
polynomial in A. This makes the definition:
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Definition 3.3.3. Let A € M,,. The determinant

pa(N) = det(AI — A)

is called the characteristic polynomial of A. Its zeros' are the called

the eigenvalues of A. The set o(A) of all eigenvalues of A is called the
spectrum of A.

A simple consequence of the nature of the determinant of det(AI — A) is
the following.

Proposition 3.3.1. If A € M, then pa(\) has degree exactly n.

See Appendix A for basic information on solving polynomials equations

p(A) = 0. We may note that even though A € M,(C) has n? entries in
its definition, its spectrum is completely determined by the n coefficients of
pa(A).
Procedure. The basic procedure of determining eigenvalues and eigenvec-
tors is this: (1) Solve det(Al — A) = 0 for the eigenvalues A and (2) for
any given eigenvalue A solve the system (A — AI)x = 0 for the pertaining
eigenvector(s). Though this procedure is not practical in general it can be
effective for small sized matrices, and for matrices with special structures.

Theorem 3.3.1. Let A € M,,. The set of eigenvectors pertaining to any
particular eigenvalue is a subspace of the given vector space C,,.

Proof. Let A € o (A). The set of eigenvectors pertaining to A is the null
space of (A — AI). The proof is complete by application of Theorem 2.3.1
that states the null space of any matrix is a subspace of the underlying
vector space. O

In light of this theorem the following definition makes sense and is a most
important concept in the study of eigenvalues and eigenvectors.

Definition 3.3.4. Let A € M, and let A € 0(A). The null space of
(A — ) is called the eigenspace of A pertaining to A.

Theorem 3.3.2. Let A€ M,,. Then

(i) Eigenvectors pertaining to different eigenvalues are linearly indepen-
dent.

!The zeros of a polynomial (or more generally a function) p(\) are the solutions to the
equation p(A) = 0. A solution to p(A) = 0 is also called a root of the equation.
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(i1)  Suppose A € o (A) with eigenvector x is different from the set of
eigenvalues {p1,...,pp} C o (A) and V, is the span of the pertaining
eigenspaces. Then x ¢ V.

Proof. (i) Let p, A€o0 (A) with p# X\ pertaining eigenvectors x and y
resepectively. Suppose these vectors are linearly dependent; that is, y = cx.
Then

py = pex = cux
= cAz = A(cx)
= Ay
= \y

This is a contradiction, and (i) is proved.

(ii) Suppose the contrary holds, namely that € V,. Thenz = a1y1 +---+
akYm where {y1,--- ,ym} are linearly independent vectors of V,,. Each of
the vectors y; is an eigenvector, we know. Assume the pertaining eigenvalues
denoted by p;,. That is to say, Ay; = pj,y, for each i =1,...,m. Then

Az = Az = A(ayr + - + amYm)
= a1l Y1+ gl Ym

If A # 0 we have

:c=a1y1+---+amymzal%y1+---+akMTmym

We know by the previous part of this result that at least two of the co-
efficients a; must be nonzero. (Why?) Thus we have two different rep-
resentations of the same vector by linearly independent vectors, which is
impossible. On the other hand, if A = 0 then ayuiy1 + -+ + arpryr = 0,
which is also impossible.  Thus, (ii) is proved.

O

The examples below will illustrate the spectra of various matrices.

Example 3.3.1. Let A = [‘; Z]. Then p4(\) is given by

paN) = det(AT — A) = det [A —a  —b ]

—c A—d
=A—a)(A—d)—bc
=X\ — (a+d)\+ad— b
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The eigenvalues are the roots of p4(A) =0

:a+d:|:\/(a+d)2—4(ad—bc)

2
_a+d+x+/(a—d)?+4bc
= 5 :

A

For this quadratic there are three possibilities:

different values

/
N\

(a) Two real roots
equal values

(b) Two complex roots

Here are three 2 x 2 examples that illustrate each possibility. The reader
should compute the characteristic polynomials to verify these computation.

B =, :ﬂ Then pp, (\) = A2 A=0,0
0 —1 2 ;

By = 1 ol Then pp,(A\) = A +1 A =i
0 1 9

B3 = 1 ol Then pp,(\) = A —1 A==+l

Example 3.3.2. Consider the rotation in the z, z-plane through an angle

0

cos@ 0 —sind
B = 0 1 0
sin@ 0 cosé@

The characteristic polynomial is given by

1 00 cos@ 0 —sind
pp(A) = det[A[ 0O 1 0 | — 0 1 0
0 01 sind 0 cosf

= 14 (14+2cosf) X — (142cosh) X2+ A3

The eigenvalues are 1,cosf + v/cos?20 — 1,cos0 — v/cos?26 — 1. When 6
is not equal to an even multiple of 7, exactly two of the roots are complex
numbers. In fact, they are complex conjugate pairs, which can also be
written as cosf + isinf,cosf — isinf. The magnitude of each eigenvalue
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is 1, which means all three eigenvalues lie on the unit circle in the complex
plane. An interesting observation is that the characteristic polynomial and
hence the eigenvalues are the same regardless of which pair of axes (z-z,
x-y, or y-z) is selected for the rotation. Matrices of the form B are actually
called rotations. In two dimensions the counter-clockwise rotations through
the angle 6 are given by

sinf cosf

By — [ cosf —sinb ]

The eigenvalues for all 6 is not equal to an even multiple of 7 are +i. (See
Exercise 2.)

Example 3.3.3. If T is upper triangular with diag T' = [t11, 22, ... , tnn].
Then AI —T is upper triangular with diag[A —t11, A —ta2,... , A—t,p]. Thus
the determinant of A\I — T gives the characteristic polynomial of T" to be

n

pr(¥) = [T —ta)

=1

The eigenvalues of T are the diagonal elements of 7. By expanding this
product we see that

pr(\) = A" — (3t;;) A" + lower order terms.

The constant term of pr(A) is (=1)" [] ti; = (—1)"det T. We define
=1

(2

n
tr T = Ztii
=1

and call it the trace of T. The same statements apply to lower triangular
matrices. Moreover, the trace definition applies to all matrices, not just to
triangular ones, and the result will be the same.

Example 3.3.4. Suppose that A is rank 1. Then there are two vectors
w, z € C,, for which

A=w2T.

To find the spectrum of A we consider the equation

Ax = \x
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or
(z,x)w = Azx.

From this we see that z = w is an eigenvector with eigenvalue (z,w). If
zlx, =z is an eigenvector pertaining to the eigenvalue 0. Therefore,

o4 = {(z,w),0}.
The characteristic polynomial is
pa(A) = (A = (z,w))A" L,
If w and z are orthogonal then
pa(A) = A"

If w and z are not orthogonal though there are just two eigenvalues, we say
that 0 is an eigenvalue of multiplicity n — 1, the order of the factor (A —0).
Also (z,w) has multiplicity 1. This is the subject of the next section.

For instance, suppose w = (1,—1,2) and z = (0,1, —3). Then spectrum
of the matrix A = wz” is given by o(A4) = {—7,0}. The eigenvalue pertain-
ing to A\ = —7 is w and we may take z = (0,3,1) and (¢, 3, 1), for any ¢ € C,
to be eigenvectors pertaining to A = 0. Note that {w, (0,3,1),(1,3,1)} form
a basis for Rs.

To complete our discussion of characteristic polynomials we prove a re-
sult that every n'" degree polynomial with lead coefficient one is the char-
acteristic polynomial of some matrix. You will note the similarity of this
result and the analogous result for differential systems.

Theorem 3.3.3. Every polynomial of ' degree with lead coefficient 1, that
18

q\) = A"+ A" b A by
is the characteristic polynomial of some matriz.

Proof. We consider the n x n matrix
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Then Al — B has the form

A -1 0 0
A -1 0
M —B=
: A -
bn bn—l /\+bl

Now expand in minors across the bottom row to get

-1 0 .- 0
det (M — B) = by (=1)"Tdet | A —1 0
.
A0 -0
b1 (=1)"T2det | 0 —1 0 4+...
: A .
A -1 0

b (=) det | 0 A 1

— bn (_1)n+1 (_1)n71 + bn—l (_1)n+2 A (_1)1172 4.
+ (}\ + bl) (_1)n+n )\nfl
= by by 1A+ F b A4 A"

which is what we set out to prove. (The reader should check carefully the
term with b,_o to fully understand the nature of this proof.) a

Multiplicity

Let A € M,(C). Since pa(\) is a polynomial of degree exactly n, it must
have exactly n eigenvectors (i.e. roots) A1, Aa,... , A\, counted according to
multiplicity. Recall that the multiplicity of an eigenvalue is the number of
times the monomial (A — ;) is repeated in the factorization of p4(\). For
example the multiplicity of the root 2 in the polynomial (A — 2)3(\ — 5)
is 3. Suppose p1,...,ur are the distinct eigenvalues with multiplicities
mi,Ma, ..., My respectively. Then the characteristic polynomial can be
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rewritten as

pa(A) =det(A — A) =

n
L1e-
k
[0 e
1

More precisely, the multiplicities m1,mo,... ,my are called the algebraic
multiplicities of the respective eigenvalues. This factorization will be very
useful later.

We know that for each eigenvalue A of any multiplicity m, there must
be at least one eigenvector pertaining to A. What is desired, but not always
possible, is to find u linearly independent eigenvectors corresponding to the

eigenvalue \ of multiplicity m. This state of affairs makes matrix theory at
once much more challenging but also much more interesting.

Example 3.3.3. For the matrix

A =

S O N
=

e
SN\] o
w

0
V3
5
1

the characteristic polynomial is det(A — A) = pa (A) = A3 — 52 4+ 8\ —
4, which can be factored as pa(A) = (A—1) (A —2)> We see that the
eigenvalues are 1, 2, and 2. So, the multiplicity of the eigenvalue A = 1
is 1, and the multiplicity of the eigenvalue A = 2 is 2. The eigenspace

0
pertaining to the eigenvalue A = 1 is generated by the vector —%\/ﬁ ,
1
and the dimension of this eigenspace is one. The eigenspace pertaining to
1 0
A= 2is generated by | 0 | and 1 . (That is, these two vectors form

0 V3
a basis of the eigenspace.) To summarize, for the given matrix there is one
eigenvector for the eigenvalue A = 1, and there are two linearly independent
eigenvectors for the eigenvalue A = 2. The dimension of the eigenspace
pertaining to A = 1 is one, and the dimension of the eigenspace pertaining
to A = 2 is two.

Now contrast the above example where the eigenvectors span the space Cs
and the next example where we have an eigenvalue of multiplicity three but
the eigenspace is of dimension one.
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Example 3.3.4. Consider the matrix

2 -1 0
A=10 2 0

1 0 2
The characteristic polynomial is given by (A — 2)3. Hence the eigenvalue
A = 2 has multiplicity three. The eigenspace pertaining to A = 2 is gener-
ated by the single vector [0,0,1]7 To see this we solve

2 -1 0 1 00
(A-2)z = 0 2 0|—-2]010 T
1 0 2 0 0 1
[0 -1 0
= 0 0 0|lz=0
|1 0 0
0 -1 0 1 00
The row reduced echelon form for | 0 0 0| is [0 1 O From
1 0 O 0 00

this it is apparent that we may take z3 = ¢, but that ;1 = o = 0. Now
assign t = 1 to obtain the generating vector [0, 0, 1]T . This type of example
and its consequences seriously complexifies the study of matrices.

Symmetric Functions

Definition 3.3.5. Let n be a positive integer and A = {1, A2,... , A} be
given numbers. Suppose that k is a positive integer with 1 < k < n. The
k' elementary symmetric function on the A is defined by

k
Sk = Y [

1<iy < <ip<n j=1

It is easy to see that

S1( A,y An)

>
1

HAi.
1

Sn(A1, .oy An)
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For a given matrix A € M, there are n symmetric functions defined with
respect to its eigenvalues A = {\1,\o,... ,A\,}. The symmetric functions
are sometimes called the invariants of matrices as they are invariant under
similarity transformations that will be in Section 3.5. They also furnish
directly the coefficients of the characteristic polynomial. Thus specifying
the n symmetric functions of an n x n matrix is sufficient to determine its
eigenvalues.

Theorem 3.3.4. Let A € M, have symmetric functions S, k=1,2, ..., n.
Then

det(AI — A) = [J(A = X) = A"+ > (=1)FSpAm*,
1 k=1

1=

Proof. The proof is a consequence of actually expanding the product []7_; (A—
Ai). Each term in the expansion has exactly n terms multiplied together that
are combinations of the factor A and the —\}s. For example, for the power
A"~F the coefficient is obtained by computing the total number of products
of k “different” —1\s. (The term different is in quotes because it refers
to different indices not actual values.) Collecting all these terms is accom-
plished by addition. Now the number of ways we can obtain products of
these k different (—1)\.s is easily seen to be the number of sequences in the
set {1 <i; <---<ip <n}. The sum of these is clearly (—1)*Sj, with the
(—1)F factor being the collected product of k —1’s. O

Two of the symmetric functions are familiar. In the following we restate
this using familiar terms.

Theorem 3.3.5. Let A € M,(C). Then
pa(A) =det(AT — A) =) “ppA*
k=0
where pg = 1 and

(i) pr=—tr(A) == ai

(i) pp = —det A.
(iii) pr = (=1)%S, for1 <k <n.
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Proof. Note that ps(0) = —det(A) = p,. This gives (ii). To establish (i),
we consider

A- all —al2 e —Q1n

—az1 A —a —azn
det

—0an1 e A — QApn

n
Clearly the product [[(A — a;;) is one of the selections of products in
1

the calculation process. In every other product there must be no more than
n — 2 diagonal terms. Hence

n

pa(N) = det(\I — A) = [(A = aii) + po—2(N),
1

where p,_2()\) is a polynomial of degree n — 2. The coefficient of A"~ is
— >~ a;; by the Theorem 3.3.4, and this is (i). O
1

As a final note, observe that the characteristic polynomial is defined by
knowing the n symmetric functions. However, the matrix itself has n? en-
tries. Therefore, one may expect that knowing the only characteristic poly-
nomial of a matrix is insufficient to characterize it. This is correct. Many
matrices having rather different properties can have the same characteristic
polynomial.

3.4 The Hamilton-Cayley Theorem

The Hamilton-Cayley Theorem opens the doors to a finer analysis of a ma-
trix through the use of polynomials, which in turn is an important tool of
spectral analysis. The results states that any square matrix satisfies its own
charactertic polynomial, that is p4(A) = 0. The proof is not difficult, but we
need some preliminary results about factoring matrix-valued polynomials.
Preceding that we need to consider matrix polynomials in some detail.

Matrix polynomials

One of the very important results of matrix theory is the Hamilton-Cayley
theorem which states that a matrix satisfies its only characteristic equation.
This implies we need the notion of a matrix polynomial. It is an easy idea
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— just replace the coefficients of any polynomial by matrices — but it bears
some important consequences.

Definition 3.4.1. Let Ag, A1,..., A, be square n x n matrices. We can
define the polynomial with matrix coefficients

AN) = A\ + AN™ b AL A+ A

The degree of A()) is m, provided Ay # 0. A(A) is called regular if det Ay #
0. In this case we can construct an equivalent monic? polynomial.

AN = AgTAN) = Ag AN + AT AT - AST A,
=DM+ AN 4 A,

The algebra of matrix polynomials mimics the normal polynomial algebra.
Let

A(N) = iAan*’f B(\) = iBMW’“.
0 0

(1) Addition:

AN+ B\ = i(Ak + Bp) A"k,
0

(2) Multiplication:

ANB(\) = z; A ( kz_o AiBm_i)

The term > ;" , AiBp—; is called the Cauchy product of the sequences.
Note that the matrices A; always multiply on the left of the By.

(3) Division: Let A(\) and B()\) be two matrix polynomials of degree
m (as above) and suppose B(J) is regular, i.e. det By # 0. We say
that @,(\) and R, () are right quotient and remainder of A(\) upon
division by B(A) if

AQA) = Qr(MB(A) + R () (1)

2Recall that a monic polynomial is a polynomial where coefficient of the highest power
is one. For matrix polynomials the corresponding coefficient is I, the identity matrix.
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if the degree of R, (\) is less than that of B(\). Similarly Q,(\) and
Ry()\) are respectively the left quotient and remainder of A(\) upon
division by B(M) if

A(A) = B(AN)Qe(A) + Re(N) (2)
if the degree of Ry(\) is less than that of B()).
In the case (1) we see
ANBT (V) = Q(\) + R,(NB' (), (3)

which looks much like ¢ = ¢+ 7, a way to write the quotient and remainder
of a divided by b when a and b are numbers. Also, the form (3) may not
properly exist for all .

Lemma 3.4.1. Let B; € M,(C), i = 0,... , n with By nonsingular.
Then the polynomial
B(\) =Bo\"+ B\ ! +...+ B,
is invertible for sufficiently large |A|.
Proof. We factor B (\) as

B(\) = BoX"(I+By'BiAx '+ +By'B,A™")
= Bo\"[I+X ' (By'Bi+- + By 'B,A™")]

For A > 1, the norm of the term Bo_lBl + e+ Bo_anAl_" is bounded by

|B52 81+ -+ By B A

IN

1B Bl + [ By Ba| [N+ -+ || Bg Bl [ I
(1 + N+ |)\|1_n> max HBo_lBiH

1<i<n
1
a

A R

IN

Thus the conditions of our perturbation theorem hold and for sufficiently
large |A|, it follows || A~ (By'Bi+ -+ Bo_an)\l_”)H < 1. Hence

I+ X' (By'Bi+ -+ By'BaAT™)

is invertible and therefore B ()\) is also invertible. O
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Theorem 3.4.1. Let A(\) and B(\) be matriz polynomials in M, (C) or
(M, (R)). Then both left and right division of A(\) by B(\) is possible and
the respective quotients and remainders are unique.

Proof. We proceed by induction on deg B, and clearly if deg B = 0 the result
holds. If deg B = p > deg A(A\) = m then the result follows simply. For,
take Q,(\) = 0 and R,(\) = A(X). The conditions of right division are met.
Now suppose that p < m. It is easy to see that

AN) = ApA™ + AN 4 A A+ A,

p m
= AoBy'N"TPB(A) = > AgBy ' BN 4y T AN
j=1 j=1
= Q1(N)B(A) + A1(N)
where deg A1 (\) < deg A(\). Our inductive hypothesis assumed the division
was possible for matrix polynomials A(\) of degree < p. Therefore, A;(\) =
Q2(N)B() + R(\), where the degree of B(\) < p. Finally, with Q(\) =
Q(A) + Q2(X), there results A(A) = Q(N\)B() + R(N).
To establish uniqueness we assume two right divisors and quotients have
been determined. Thus

A=Qr (AN)B(A) + R, (M)
A =Qr,(A)B(A) + R, (A)
Subtract to get
0= (Qn(A) = @ry(N)B(A) + By, (A) — Rry ().

If Qry(A) — Qry(A) # 0, we know the degree of (Qr,(A) — Qr,(N))B(A) is
greater than the degree of Rj(A) — R2(A). This contradiction implies that
Qr,(A) —Qry(A) = 0, which in turn implies that R, (A) — R,,(A) = 0. Hence
the decomposition is unique. [l

Hamilton-Cayley Theorem

Let
B(A\) = BoA™ 4+ B A" ' ...+ B,, 1\ + B,

m .
with By # 0. We can also, write B(\) = > X 'B;. Both versions are
i=0
the same. However, when A € M, (F), there are two possible evaluations of
B(A).
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Definition 3.4.2. Let B(\), A € M,(C) (or M,(R)) and B(\) = BoA™ +
BN+ .. 4 By 1A + By, Define
B(A) = ByA™ + BiA™ '+ ...+ B, “right value”
B(A)=A"™By+ A" 'By 4+ ---4+ B,  “left value”

The generalized Bézout theorem gives the remainder of B(\) divided by
A — A. In fact, we have

Theorem 3.4.2 (Generalized Bézout Theorem). The right division of
B()\) by M — A has remainder

R.()\) = B(A)
Similarly, the left division of B(X) by (A — A) has remainder
Ry(\) = B(A).
Proof. In the case deg B(\) = 1, we have
By + By = By(AMl — A) + ByA + By.

The remainder R, (\) = ByA + By = B(A). Assume the result holds for all
polynomials up to degree p — 1. We have

B(\) = BoN + BiX + ...+ B,
= BN YA — A) + BoANT! - By 4
= BoNP Y\ — A) + B;())
where deg B1(\) < p — 1. By induction
B(\) = BoX Y — A) + Q,(\) (M — A) + By(A)

Bi(A) = (BoA + By)AP™! + ByAP~2 + ... + B, 1A + B, = B(A). This
proves the result. O

Corollary 3.4.1. (A — A) divides B()) if and only if B(A) = 0 (resp
B(A)=0).

Combining the Bézout result and the adjoint formulation of the matrix
inverse, we can establish the important Hamilton-Cayley theorem.

Theorem 3.4.3 (Hamilton-Cayley). Let A € M,(C) (or M,(R)) with
characteristic polynomial pa(\). Then pa(A) = 0.
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Proof. Recall the adjoint formulation of the inverse as C= o CCT c—L
Now let B = adj(A — A\I). Then

B — A) = det(\ — A)I
(M — A)B = det(\ — A)I.

These equations show that p(A)I = det(AI — A)I is divisible on the right
and the left by (AI — A) without remainder. It follows from the generalized
Bézout theorem that this is possible only if p4(A) = 0. O

Let A € M, (C). Now that we know any A satisfies its characteristic
polynomial, we might also ask if there are polynomials of lower degree that it
also satisfies. In particular, we will study the so-called minimal polynomial
that a matrix satisfies. The nature of this polynomial will shed considerable
light on the fundamental structure of A. For example, both matrices below
have the same characteristic polynomial P (\) = (A — 2)°.

2 00 210
A=10 2 0 and B=|[0 2 1
00 2 0 0 2

Hence A = 2 is an eigenvalue of multiplicity three. However, A satifies the
much simpler first degree polynomial (A — 2) while there is no polynomial
of degree less that three that B satisfies. By this time you recognize
that A has three linearly independent eigenvectors, while B has only one
eigenvector. We will take this subject up in a later chapter.

Biographies

Arthur Cayley (1821-1895), one of the most prolific mathematicians of his
era and of all time, born in Richmond, Surrey, and studied mathematics at
Cambridge. For four years he taught at Cambridge having won a Fellowship
and, during this period, he published 28 papers in the Cambridge Mathe-
matical Journal. A Cambridge fellowship had a limited tenure so Cayley
had to find a profession. He chose law and was admitted to the bar in 1849.
He spent 14 years as a lawyer, but Cayley always considered it as a means
to make money so that he could pursue mathematics. During these 14 years
as a lawyer Cayley published about 250 mathematical papers! Part of that
time he worked in collaboration with James Joseph Sylvester? (1814-

3In 1841 he went to the United States to become professor at the University of Virginia,
but just four years later resigned and returned to England. He took to teaching private
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1897), another lawyer. Together, but not in collaboration, they founded the
algebraic theory of invariants 1843.

In 1863 Cayley was appointed Sadleirian professor of Pure Mathemat-
ics at Cambridge. This involved a very large decrease in income. However
Cayley was very happy to devote himself entirely to mathematics. He pub-
lished over 900 papers and notes covering nearly every aspect of modern
mathematics.

The most important of his work is in developing the algebra of matrices,
work in non-Fuclidean geometry and n-dimensional geometry. Importantly,
he also clarified many of the theorems of algebraic geometry that had previ-
ously been only hinted at, and he was among the first to realize how many
different areas of mathematics were linked together by group theory.

As early as 1849 Cayley wrote a paper linking his ideas on permutations
with Cauchy’s. In 1854 Cayley wrote two papers which are remarkable for
the insight they have of abstract groups. At that time the only known
groups were groups of permutations and even this was a radically new area,
yet Cayley defines an abstract group and gives a table to display the group
multiplication.

Cayley developed the theory of algebraic invariance, and his develop-
ment of n-dimensional geometry has been applied in physics to the study
of the space-time continuum. His work on matrices served as a founda-
tion for quantum mechanics, which was developed by Werner Heisenberg in
1925. Cayley also suggested that Euclidean and non-Euclidean geometry
are special types of geometry. He united projective geometry and metrical
geometry which is dependent on sizes of angles and lengths of lines.

Heinrich Weber (1842-1913) was born and educated in Heidelberg, where
he became professor 1869. He then taught at a number of institutions in
Germany and Switzerland. His main work was in algebra and number theory.
He is best known for his outstanding text Lehrbuch der Algebra published
in 1895.

Weber worked hard to connect the various theories even fundamental
concepts such as a field and a group, which were seen as tools and not
properly developed as theories in his Die partiellen Differentialgleichungen
der mathematischen Physik 1900-01, which was essentially a reworking of a
book of the same title based on lectures given by Bernhard Riemann and

pupils and had among them Florence Nightingale. By 1850 he became a barrister, and by
1855 returned to an academic life at the Royal Military Academy in Woolwich, London. He
returned to the US again in 1877 to become professor at the new Johns Hopkins University,
but returned to England once again in 1877. Sylvester coined the term ‘matrix’ in 1850.
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written by Karl Hattendorff.

Etienne Bézout (1730-1783) was a mathematician who represents a char-
acteristic aspect of the subject at that time. One of the many successful
textbook projects produced in the 18" century was Bézout’s Cours de math-
ematique, a six volume work that first appeared in 1764-1769, which was
almost immediately issued in a new edition of 1770-1772, and which boasted
many versions in French and other languages. (The first American textbook
in analytic geometry, incidentally, was derived in 1826 from Bézout’s Cours.)

It was through such compilations, rather than through the original works
of the authors themselves, that the mathematical advances of Euler and
d’Alembert became widely known. Bézout’s name is familiar today in con-
nection with the use of determinants in algebraic elimination. In a memoir
of the Paris Academy for 1764, and more extensively in a treatise of 1779
entitled Theorie generale des equations algebriques, Bézout gave artificial
rules, similar to Cramer’s, for solving n simultaneous linear equations in n
unknowns. He is best known for an extension of these to a system of equa-
tions in one or more unknowns in which it is required to find the condition
on the coefficients necessary for the equations to have a common solution.
To take a very simple case, one might ask for the condition that the equa-
tions a1z + b1y +c¢c1 = 0, asx + boy + co = 0, asx + b,y + ¢3 = 0 have a
common solution. The necessary condition is that the eliminant a special
case of the “Bezoutiant,” should be 0.

Somewhat more complicated eliminants arise when conditions are sought
for two polynomial equations of unequal degree to have a common solution.
Bézout also was the first one to give a satisfactory proof of the theorem,
known to Maclaurin and Cramer, that two algebraic curves of degrees m and
n respectively intersect in general in m - n points; hence, this is often called
Bézout’s theorem. Euler also had contributed to the theory of elimination,
but less extensively than did Bézout.

Taken from A History of Mathematics by Carl Boyer
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William Rowen Hamilton
Born Aug. 3/4, 1805, Dublin, Ire. and died Sept. 2, 1865, Dublin

Irish mathematician and astronomer who developed the theory of quater-
nions, a landmark in the development of algebra, and discovered the phe-
nomenon of conical refraction. His unification of dynamics and optics, more-
over, has had lasting influence on mathematical physics, even though the
full significance of his work was not fully appreciated until after the rise of
quantum mechanics.

Like his English contemporaries Thomas Babington Macaulay and John
Stuart Mill, Hamilton showed unusual intellect as a child. Before the age
of three his parents sent him to live with his father’s brother, James, a
learned clergyman and schoolmaster at an Anglican school at Trim, a small
town near Dublin, where he remained until 1823, when he entered Trinity
College, Dublin. Within a few months of his arrival at his uncle’s he could
read English easily and was advanced in arithmetic; at five he could translate
Latin, Greek, and Hebrew and recite Homer, Milton and Dryden. Before
his 12th birthday he had compiled a grammar of Syriac, and by the age of
14 he had sufficient mastery of the Persian language to compose a welcome
to the Persian ambassador on his visit to Dublin.

Hamilton became interested in mathematics after a meeting in 1820
with Zerah Colburn, an American who could calculate mentally with aston-
ishing speed. Having read the Eléments d’algebre of Alexis—Claude Clairaut
and Isaac Newton’s Principia, Hamilton had immersed himself in the five
volumes of Pierre-Simon Laplace’s Traité de mécanique céleste (1798-1827;
Celestial Mechanics) by the time he was 16. His detection of a flaw in
Laplace’s reasoning brought him to the attention of John Brinkley, pro-
fessor of astronomy at Trinity College. When Hamilton was 17, he sent
Brinkley, then president of the Royal Irish Academy, an original memoir
about geometrical optics. Brinkley, in forwarding the memoir to the Acad-
emy, is said to have remarked: “This young man, I do not say will be, but
is, the first mathematician of his age.”

In 1823 Hamilton entered Trinity College, from which he obtained the
highest honours in both classics and mathematics. Meanwhile, he continued
his research in optics and in April 1827 submitted this “theory of Systems
of Rays” to the Academy. The paper transformed geometrical optics into
a new mathematical science by establishing one uniform method for the
solution of all problems in that field. Hamilton started from the principle,
originated by the 17th-century French mathematician Pierre de Fermat, that
light takes the shortest possible time in going from one point to another,
whether the path is straight or is bent by refraction. Hamilton’s key idea
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was to consider the time (or a related quantity called the “action”) as a
function of the end points between which the light passes and to show that
this quantity varied when the coordinates of the end points varied, according
to a law that he called the law of varying action. He showed that the entire
theory of systems of rays is reducible to the study of this characteristic
function.

Shortly after -Hamilton submitted his paper and while still an under-
graduate, Trinity College elected him to the post of Andrews professor of
astronomy and royal astronomer of Ireland, to succeed Brinkley, who had
been made bishop. Thus an undergraduate (not quite 22 years old) became
ex officio an examiner of graduates who were candidates for the Bishop Law
Prize in mathematics. The electors’ object was to provide Hamilton with
a research post free from heavy teaching duties. Accordingly, in October
1827 Hamilton took up residence next to Dunsink Observatory, 5 miles (8
km) from Dublin, where he lived for the rest of his life. He proved to be an
unsuccessful observer, but large audiences were attracted by the distinctly
literary flavour of his lectures on astronomy. Throughout his life Hamilton
was attracted to literature and considered the poet Williamm Wordsworth
among his fiends, although Wordsworth advised him to write mathematics
rather than poetry.

With eigenvalues we are able to begin spectral analysis. That part is
the derivation of the various normal forms for matrices. We begin with a
relatively weak form of the Jordan form, which is coming up.

First of all, as you have seen diagonal matrices furnish the easiest form
for matrix analysis. Also, linear systems are very simple to solve for diagonal
matrices. The next simplest class of matrices are the triangular matrices.
We begin with the following result based on the idea of similarity.

3.5 Similarity

Definition 3.5.1. A matrix B € M, is said to be similar to A € M, if
there exists a nonsingular matrix S € M,, such that

B=S"1A48.

The transformation A — S*AS is called a similarity transformation. Some-
times we write A ~ B. Note that similarity is an equivalence relation:

i) A~A reflexivity
(i) B~A=A~B symmetry
(ii) B~Aand A~ C = B ~C transitivity
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Theorem 3.5.1. Similar matrices have the same characteristic polynomial.

Proof. We suppose A, B, and S € M, with S invertible and B = S™1AS.
Then

M —B=X—-S"1A4S
=SS —571AS

= S7Y(\I - A)S.
Hence
det(M — B) = det(S™1 (M — A)S)
= det(S71) det(A — A) det S
=det(\ — A)
because 1 = det I = det(SS™!) = det S det S~1. O

A simple consequence of Theorem 3.5.1 and Corollary 2.3.1 follows.

Corollary 3.5.1. If A and B are in M,, and if A and B are similar, then
they have the same eigenvalues counted according to multiplicity, and there-
fore the same rank.

We remark that even though [J 8] and [J}] have the same eigenvalues,
0 and 0, they are not similar. Hence the converse is not true.

Another immediate corollary of Theorem 3.5.1 can be expressed in terms
of the invariance of the trace and determinant of similarity transformations,
that is functions on M, (F') defined for any invertible matrix S by Ts(A) =
S~1AS. Note that such transformations are linear mappings from M, (F) —
M, (F). We shall see how important are those properties of matrices that
are invariant (i.e. do not change) under similarity transformations.

Corollary 3.5.2. If A, B € M,, are similar, then they have the same trace
and same determinant. That is, tr(A) = tr(B) and det A = det B.

Theorem 3.5.2. If A € M, then A is similar to a triangular matriz.

Proof. The following sketch shows the first two steps of the proof. A formal
induction can be applied to achieve the full result.

Let A1 be an eigenvalue of A with eigenvector uy. Select a basis , say
S1, of C,, and arrange these vectors into columns of the matrix P;, with u;
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in the first column. Define By = P, LAP,. Then Bj is the representation of
A in the new basis and so

A a1 ... Op_1

0
B = |. where Ajis (n—1) X (n—1)
. A2

0
because Au; = A\ju;. Remembering that B; is the representation of A in
the basis S1, then [u1]s, = e1 and hence Bie; = Ae; = A\([1,0,...,0]7. By
similarity, the characteristic polynomial of B; is the same as that of A, but
more importantly (using expansion by minors down the first column)

det()\I — Bl) = ()\ — )\1) det()\In_l — Ag)

Now select an eigenvalue Ao of Ay and pertaining eigenvector v € C,; so
Asvy = Aoy, Note that As is also an eigenvalue of A. With this vector we
define

Select a basis of C,,_1, with vs selected first and create the matrix ﬁg with
this basis as columns

10 0
0
P=1. ~
: P2
0
It is an easy matter to see that P, is invertible and
By = P;'B P
N -
0 )\2 * e
— O 0 -

Of course, By ~ B, and by the transitivity of similarity Bs ~ A. Con-
tinue this process, deriving ultimately the triangular matrix B,, ~ B,,_1 and
hence B,, ~ A. This completes the proof. O
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Definition 3.5.2. We say that A € M, is diagonalizable if A is similar to
a diagonal matrix.

Suppose P € M, is nonsingular and D € M, is a diagonal matrix. Let
A = PDP~!. Suppose the columns of P are the vectors vy, va, ... ,v,. Then

Avj = PDP 1,
= PDej = )\jP@j = )\jvj

where A; is the 4" diagonal element of D, and ej is the 4 standard vector.

Similarly, if ui,... ,u, are n linearly independent vectors of A pertain-
ing to eigenvalues A1, Ag,..., A, then with @, the matrix with columns
Uq . ..Uy, We have

AQ =QD
where
A1
Do A2 O
O An
Therefore
Q'AQ = D.

We have thus established the

Theorem 3.5.3. Let A € M,,. Then A is diagonalizable if and only if A
has n linearly independent eigenvectors.

As a practical measure, the conditions of this theorem are remarkably
difficult to verify.

Example 3.5.1. The matrix A = [ {] is not diagonalizable.
Solution. First we note that the spectrum o(A) = {0}. Solving
Az =0

we see that z = ¢(1,0)7 is the only solution. That is to say, there are not
two linearly independent eigenvectors. hence the result.
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Corollary 3.5.3. If A € M,, is diagonalizable and B is similar to A, then
B is diagonalizable.

Proof. The proof follows directly from transitivity of similarity. However,
more directly, suppose that B ~ A and S is the invertible matrix such that
B = SAS™! Then BS = SA. If u is an eigenvector of A with eigenvalue ),
then SAu = ASwu and therefore BSu = ASu. This is valid for each eigenvec-

tor. We see that if ui,...,u, are the eigenvalues of A, then Su,...,Su,
are the eigenvalues of B. The similarity matrix converts the eigenvectors of
one matrix to the eigenvectors of the transformed matrix. 1

In light of these remarks, we see that similarity transforms preserve com-
pletely the dimension of eigenspaces. It is just as significant to note that
if a similarity transformation diagonalizes a given matrix A, the similarity
matrix must consist of the eigenvectors of A.

Corollary 3.5.4. Let A € M, be nonzero and nilpotent. Then A is not
diagonalizable.

m __

Proof. Suppose A ~ T, where T is triangular. Since A is nilpotent (i.e.(A™ =
0), T is nilpotent, as well. Therefore the diagonal entries of T" are zero. The
spectrum of T and hence A is zero, it’s null space has dimension n. There-
fore, by Theorem 2.3.3(f), its rank is zero. Therefore T = 0, and hence
A =0. The result is proved. Il

Alternatively, if the nilpotent matrix A is similar to a diagonal matrix with
zero diagonal entries, then A is similar to the zero matrix. Thus A is itself
the zero matrix. From the obvious fact that the power of a similarity trans-
formations is the similarity transformation of the power of a matrix, that is
(SAS—H™ = SA™S~! (see Exercise 26), we have

Corollary 3.5.5. Suppose A € M,(C) is diagonalizable. (i) Then A™ is
diagonalizable for every positive integer m. (i) If p(-) is any polynomial,
then p(A) is diagonalizable.

Corollary 3.5.6. If all the eigenvalues of A € M, (C) are distinct, then A
is diagonalizable.

Proposition 3.5.1. Let A € M,,(C) and ¢ > 0. Then for any matriz norm
||| there is a matriz B with norm ||B|| < € for which A+ B is diagonalizable
and for each X\ € o(A) there is a p € o(B) for which |\ — p| < e.
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Proof. First triangularize A to T by a similarity transformation, T = SAS~!.
Now add to T any diagonal matrix D so that the resulting triangular ma-
trix T'+ D has all distinct values. Moreover this can be accomplished by a
diagonal matrix of arbitrarily small norm for any matrix norm. Then we
have

S (T+D)S = S'TS+S'DS
= A+B
where B := S~ DS. Now by the submultiplicative property of matrix norms

IB] < ||STIDS|| < |7 ID]||S]l. Thus to obtain the estimate || B < e,
it is sufficient to take | D| < T5=1ey » Which is possible as established

above. Since the spectrum o(A + B) of A + B has n distinct values, it
follows that A 4+ B is diagonalizable. |

There are many, many results on diagonalizable and non-diagonalizable ma-
trices. Here is an interesting class of nondiagonalizable matrices we will
encounter later.

Proposition 3.5.2. pro Every matrix of the form
A=A+ N
where N 1is nilpotent and is not zero is not diagonalizable.

An important subclass has the form:

1 i
Al O
A= Al “Jordan block”.
O o1

Eigenvectors

Once an eigenvalue is determined, it is a relatively simple matter to find the
pertaining eigenvectors. Just solve the homogeneous system (Al — A)x = 0.
Eigenvectors have a more complex structure and their study merits our
attention.

Facts

(1) o(A) = o(AT) including mutliplicities.
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(2) 0(A) = 0(A*), including multiplicities.
Proof. det(\I — A) = det((A\ — A)T) = det(\ — AT). Similarly for A*. O

Definition 3.5.3. The linear space spanned by all the eigenvectors per-
taining to an eigenvalue A is called the eigenspace corresponding to the
eigenvalue A.

For any A € M,, any subspace V € C,, for which
AV CV

is called an invariant subspace of A. The determination of invariant sub-
spaces for linear transformations has been an important question for decades.

Example 3.5.2. For any upper triangular matrix 7" the spaces V; = G(eq, e, ... , €;),
j=1,...,n are invariant.

Example 3.5.3. Given A € M,,, with eigenvalue A\. The eigenspace cor-
responding to A and all of its subspaces are invariant subspaces. Corollary
to this, the null space N(A) = {z|Az = 0} is an invariant subspace of A
corresponding to the eigenvalue A = 0.

Definition 3.5.4. Let A € M,, with eigenvalue A\. The dimension of the
eigenspace corresponding to A is called the geometric multiplicity of A. The
multiplicity of A\ as a zero of the characteristic polynomial p4(\) is called
the algebraic multiplicity.

Theorem 3.5.4. If A € M, and Ay is an eigenvalue of A with geometric
and algebraic multiplicities mg and m,, respectively. Then

mg < My,

Proof. Let uy ... un, be linearly independent eigenvectors pertaining to Ao.
Let S be a matrix consisting of a basis of C,, with u; ... u;, selected among
them and placed in the first m, columns. Then

where I = I, . It is easy to see that
pB(A) =pa(A) = (A = Ao)™pg(A),

whence the algebraic multiplicity m, > my. O



130 CHAPTER 3. EIGENVALUES AND EIGENVECTORS

Example 3.5.4. For A = [} }], the algebraic multiplicity of a is 2, while
the geometric multiplicity of 0 is 1. Hence, the equality my = m, is not
possible, in general.

Theorem 3.5.5. If A € M, and for each eigenvalue p € o(A), mg(p) =
mea (1), then A is diagonalizable. The converse is also true.

Proof. Extend the argument given in the theorem just above. Alternatively,
we can see that A must have n linearly independent eigenvalues, which
follows from the O

Lemma 3.5.1. If A € M,, and 1 # X\ are eigenvalues with eigenspaces E,,
and Ey respectively. Then E,, and E) are linearly independent.

Proof. Suppose u € E,, can be expressed as

k
U = Z CjU4
where, of course u # 0 and v; # 0,5 = 1,... ,k where vy ...v, € E\. Then
Au = AECjUj
= pu = AXc;v;
A
= u = —Xc;vj, if p # 0.
1
Since A/p # 1, we have a contradiction. If g = 0, then ¥¢;jv; = 0 and this
implies u = 0. In either case we have a contradiction, the result is therefore
proved.
While both A and AT have the same eigenvalues, counted even with

multiplicities, the eigenspaces can be very much different. Consider the
example where

! r 10
e ]

The eigenvalue A = 1 has eigenvector u = [}] for A and [ 1] for AT. O
A new concept of left eigenvector yield some interesting results.

Definition 3.5.5. We say A is a left eigenvector of A € M, if there is a
vector y € C,, for which
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orin R, if yT A = \y”. Taking adjoints the two sides of this equality become
(y*A) =A%y
(Ay*)" = Ay.

Putting these lines together A*y = Ay and hence \ is an eigenvalue of A*.
Here’s the big result.

Theorem 3.5.6. Let A € M,(C) with eigenvalues A\ and eigenvector w.
Let u, v be left eigenvectors pertaining to u, A, respectively. If u # A, v*u =
(u,v) = 0.
Proof. We have
* 1 * *
viu = —v' Ay = —v*u.
ft i

Assuming p # 0 we have a contradiction. If y = 0, argue as v*u = %’U*AU =
"fc*u = 0, which was to be proved. The result is proved. O

Note that left eigenvectors of A are (right) eigenvectors of A* (A7 in the
real case).

3.6 Equivalent norms and convergent matrices

Equivalent norms

So far we have defined a number of different norms. Just what “different”
means is subject to different interpretations. For example, we might agree
that different means that the two norms have a different value for some

matrix A. On the other hand if we have two matrix norms || - ||, and || - |5,
we might be prepared to say that if for two positive constants m M > 0
A
0<m< [Alla <M forall A€ M,(F)

[Ale

then these norms are not really so different but rather are equivalent be-
cause “small” in one norm implies “small” in the other and the same for
“large.” Indeed, when two norms satisfy the condition above we will call
them equivalent. The remarkable fact is that all subordinate norms on a
finite dimensional space are equivalent. This is a direct consequence of the
similar result for vector norms. We state it below but leave the details of
the proof to the reader.
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Theorem 3.6.1. Any two matriz norms, || - ||l and || - ||p, on M,(C) are
equivalent in the sense that there exist two positive constants m M > 0

0o < 1Al

< <M forall Ae M,(F)
1Alls

We have already proved one convergence result about the invertibility of
I — A when ||A]| < 1. A deeper version of this result can be proved based
on a new matrix norm. This result has important consequences in general
matrix theory and particularly in computational matrix theory. It is most
important in applications, where having p(A) < 1 can yield the same results
as having || A|| < 1.

Lemma 3.6.1. Let || - || be a matriz norm that is subordinate to the vector
norm (on Cy) || - ||. Then for each A € M,
p(A) < [|A]l

Note: We use the same notation for both vector and matrix norms.

Proof. Let A € o0(A). Then with corresponding eigenvector x) we have
Az = Az). Normalizing x) so that ||z,| = 1, we have ||A|| = max ||Az| >
x

Jell=1
[Azxll = [Al [[zxll = |A]. Hence

Al > M = p(A).
| H_Arer%)l | = p(A)

a

Theorem 3.6.2. For each A € M,, and € > 0 there is a vector norm || - ||
on C,, for which the subordinate matriz norm || - || satisfies

p(A) < [|A]l < p(A) +e.

Proof. The proof follows in a series of simple steps, the first of which is
interesting in its own right. First we know that A is similar to a triangular
matrix B—from a previous theorem

B=SAS '=A+4+U

where A is the diagonal part of B and U is strictly upper triangular part of
B, with zeros filled in elsewhere.
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Note that the diagonal of B is the spectrum of B and hence that of A.
This is important. Now select a § > 0 and form the diagonal matrix

1
6t O

A brief computation reveals that
C=DBD ' =DSAS'D™!
=D(A+U)D™*
= A+DUD? =A+V
where V' = DUD~! and more specifically v;; = 6/ ~u;; for j > i and of
course A is a diagonal matrix with the spectrum of A for the diagonal ele-
ments. In this way we see that for § small enough we have arranged that

A is similar to the diagonal matrix of its spectral elements plus a small
triangular perturbation. We now define the new vector norm on C,, by

lzll4 = (DS)*(DS)z, 2)"/>.

We recognise this to be a norm from a previous result. Now compute the
matrix norm

1Alla = max |lAz||4.
Jella=1

Thus
|Az||} = (DSAz, DS Az)
= (CDSz,CDSx)
< |cl3IDsz|?
= [[C*Cla|||%-
From C = A 4+ V, it follows that
C*'C=NA+NV+VA+VV.

Because the last three terms have a 0? multiplier for various positive powers
p, we can make the terms A*V 4+ V*A + V*V small in any norm by taking
¢ sufficiently small. Also the diagonal elements of A*A have the form

A2 A\ € G(A).
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Talking ¢ sufficiently small so that each of |[A*V||2, ||[V*All2 and |[V*V |5 is
less than €/3. With ||z||4 = 1 as required, we have

[Az[|a < (p(A) + &)zl 4
and we know already that ||A[|4 > p(A). O

An important corollary places a lower bound on vector norms is given
below.

Corollary 3.6.1. For any A € M,

p(A) = dnf”(Hm”{Xl [ Azl])

where the infimum is taken over all vector norms.

Convergent matrices

Definition 3.6.1. We say that a matrix A € M, (F) for F = R or C is
convergent if

lim A™ =0 < the zero matrix.
m—00

That is, for each 1 < 4,5 < n the limy—00(A™)i;; = 0. This is sometimes
called pointwise convergence.

Theorem 3.6.3. The following three statements are equivalent:
(a) A is convergent.
(b) lim ||A™| =0, for some matriz norm.
n—oo

(¢) p(A) < 1.

Proof. These results follow substantially from previously proven results.
However, for completeness, assume (a) holds. Then

: |
Aim max [(A7);;] =0

or what is the same we have

lim ||A"[|o = 0
n—oo



3.6. EQUIVALENT NORMS AND CONVERGENT MATRICES 135

which is (b). Now suppose that (b) holds. If p(A) > 1 there is a vector
x for which ||A™z|| = ||p(A)||"|lx||. Therefore ||A™|| > 1, which contradicts
(b). Thus (c) holds. Next if (c) holds we can apply the above theorem to
establish that there is a norm for which ||A|| < 1. Hence (b) follows. Finally,
we know that

[A™ loo < M|JA™]] (*)
whence lim A™ = 0. (That is (a) = (b)). In sum we have shown that (a)

n—oo

= (b) and (b) = (¢). O
To establish (x) we need the following.

Theorem 3.6.4. If | || and || - ||' are two vector norms on C,, then there
are constants m and M so that

mljz]|” < [lz] < M|z’
for all x € C,,.

This result carries over to matrix norms subordinate to vector norms by
simple inheritance. To prove this result we use compactness ideas. Suppose
there is a sequence of vectors x; for which

1
1<l < 3||e’1?j||'

and for which the components of z; are bounded in modulus. By compact-
ness there is a convergent subsequence of the x;, for which limz; = = # 0.
But ||z||" < co. Hence ||z|| = 0, a contradiction.

Here is the new and improved version of our previous result.

Theorem 3.6.5. If p(A) < 1 then (I — A)~! exists and
(I-A) ' '=T+A+A%+....

Proof. Select a matrix norm || - || for which ||A|| < 1. Apply previous calcu-
lations. We know that every matrix can be triangularized and “almost” di-
agonalized we may ask if we can eliminate altogether the off-diagonal terms.
The answer is unfortunately no. But we can resolve the diagonal question
completely. Il
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3.7 Exercises

1. Suppose that U € M,, is orthogonal and let || - || be a matrix norm.
Show that ||U]| > 1.

2. In two dimensions the counter-clockwise rotations through the angle
0 are given by

cos —sinb
Ba_[sin@ cosf ]

Find the eigenvalues and eigenvectors for all 6. (Note the two special
cases, # is not equal to an even multiple of 7 and 6 = 0.

3. Given two matrices A, B € M, (C). Define the commutant of A and
B by [A,B] — AB — BA. Prove that tr[A, B] = 0.

4. Given two finite sequences {cy}}_, and {di}}_;. Provethat ), |cpdi| <
maxy |dk| Zk |Ck|

5. Verify that a matrix norm which is subordinate to a vector norm sat-
isfies norm conditions (i) and (ii).

6. Let A € M, (C). Show that the matrix norm subordinate to the
vector norm ||-||, is given by

1A4lloo = max jr; (A)]],
where as usual ; (A) denotes the i*® row of the matrix A and |||, is
the ¢1 norm.

7. The Hilbert matrix, H,, of order n is defined by

1 o
hij:z’Jrg—'—l 1<i,5<n

8. Show that ||H,|; <Inn.
9. Show that || H,l/,, = 1.
10. Show that ||H,||, ~ n?.
11. Show that the spectral radius of H,, is bounded by 1.

12. Show that for each € > 0 there exists an integer N such that if n > N
there is a vector x € R,, with ||z|2=1 such that |H,z||, < e.
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13.

14.

15.

16.

17.

18.
19.

20.

21.
22.

23.

EXERCISES 137

Same as the previous question except that you need to show that
N = | 2| + 1 will work

1 1 0
Show that the matrix A = | 0 3 1 | is not diagonalizable.Let
1 2

Ae M, (C).

We know that the characteristic polynomial of a matrix A € My (C)
is equal to p4 (\) = (A —1)*? — 1. Show that A is not similar to the
identity matrix.

We know that the spectrum of A € M3 (C) is 0(A) = {1,1,—2} and
the corresponding eigenvectors are {[1,2,1]7,[2,1,-1]7,[1,1,2]T}.

(i) Is it possible to determine A ? Why or why not? If so, prove it.
If not show two different matrices with the given spectrum and
eigenvectors.

(ii) Is A diagonalizable?
Prove that if A € M, (C) is diagonalizable then for each A € o (A)

the algebraic and geometric multiplicities are equal. That is, m, ()
mg ().

Show that B~1()) exists for || sufficiently large.

We say that a matrix A € M, (R) is row stochastic if all its entries
are non negative and the sum of the entries of each row is one.

(i) Prove that 1 € o (A).

(ii) Prove that p (A4) = 1.

We say that A, B € M, (C) are quasi-commutative if the spectrum of
AB — BA is just zero, i.e. 0 (AB — BA) = {0}.

Prove that if AB is nilpotent then so is BA.

A matrix A € M, (C) has a square root if there is a matrix B € M, (C)
such that B?2 = A. Show that if A is diagonalizable then it has a square
root.

Prove that every matrix that commutes with every diagonal matrix is
itself diagonal.
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24.

25.

26.

27.

28.

29.

30.
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Suppose that if A € M, (C) is diagonalizable and for each A € o (A),
IA| < 1. Prove directly from similarity ideas that lim, ,,, A" =
0.(That is, do not apply the more general theorem from the lecture
notes. )

We say that A is right quasi-invertible if there exists a matrix B €
M, (C) such that AB ~ D, where D is a diagonal matrix with diagonal
entries nonzero. Similarly, we say that A is left quasi-invertible if there
exists a matrix B € M, (C) such that BA ~ D, where D is a diagonal
matrix with diagonal entries nonzero.

(i) Show that if A is right quasi-invertible then it is invertible.
(ii) Show that if A is right quasi-invertible then it is left quasi-invertible.

(iii) Prove that quasi-invertibility is not an equivalence relation. (Hint.
How do we usually show that an assertion is false?)

Suppose that A, S € M, with S invertible, and m is a positive integer.
Show that (SAS~H)™ = SA™S1L.

Consider the rotation

1 0 0
0 cosf —sind
0 sinf cos@

Show that the eigenvalues are the same as for the rotation

cos@ 0 —sind
0 1 0
sind 0 cos@

See Example 2 of section 3.2.

ATL

Let A € M, (C). Define et =3, —. (i) Prove that exists. (ii)
n!

Suppose that A, B € M, (C). Is eA*tB = e¢4eP ? If not, when is it

true?

Suppose that A, B € M, (C). We say A —« B if [A, B] = 0, where
[-,:] is the commutant. Prove or disprove that “-” is an equivalence
relation. Answer the same question in the case of quasi-commutivity.
(See Exercise 20

Let u, v € C,. Find (I + uv*)™.
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31. Define the function f on My« (C) by f(A) = rank A, and suppose
that || - || is any matrix norm. Prove the following. (1) If for any
matrix A for which f(A) = n show that f is continuous in | - ||. That
is, for every € > 0 then f(B) = n for every matrix B with ||Bal| < e.
is continuous in an e-neighborhood of A. That is, for any B with
|A — B| < ¢, then f(B) = f(A). (This deviates slightly from the
usual definition of continuity because the function f is integer valued.)

(2) If f(A) < n, then f is not continuous in every e-neighborhood of
A.

3.8 Appendix A

It is desired to solve the equation p () = 0 for coefficients in py,...,p, € C
or R. The basic theorem on this subject is called the Fundamental Theo-
rem of Algebra (FTA), whose importance is manifest by its hundreds of
applications. Concommitant with the FTA is the notion of reducible and
irreducible factors.

Theorem 3.8.1 (Theorem Fundamental Theorem of Algebra). Given
any polynomial p () = poA"+p1 A"~ 1+ - ~+p,, with coefficients in po,...,pn €
C. There is at least one solution A € C to the equation p (\) = 0.

Though proving this result would take us too far afield of our subject,
we remarks that the simplest proof of this result no doubt comes as a di-
rect application of Liouville’s Theorem, a result in complex analysis. As a
corollary to the FTA, we have that there are exactly n solutions to p (\) =0
when counted with multiplicitiy. Proved originally by Gauss, the proof of
this theorem eluded mathematicians for many years. Let us assume that
po = 1 to make the factorization simpler to write. Thus

k
pN)=J][r= 2™ (4)

i=1

As we know, in the case that the coefficients py,...,p, are real, there
may be complex solutions. As is easy to prove, complex solutions must
come in complex conjugate pairs. For if A =1 + is is a solution

p(r+is)=(r+is)" +pi(r+is)" "+ pu_1 (r+1is) +p, =0

Because the coeflicients are real, the real and imaginary parts of the powers
(r +is)’ remain respectively real or imaginary upon multiplication by p;.
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Thus
p(r+is) = Re(r+is)"+piRe(r+is)" ' +---p,_1Re (r +is) + p,
+i (Im (r+is)" 4+ piIm (r +is)" * + - pu_1Im (r +is) + pn)
=0

Hence the real and imaginary parts are each zero. Since Re(r —is)! =
Re (r +is)’ and Im (r — is)’ = —Im (r +is)’ it follows that p (r — is) = 0.

In the case that the coefficients are real it may be of interest to note
what statement of factorization analogous to (4) above. To this end we
need the definition

Definition 3.8.1. The real polynomial x2 4 bx + ¢ is called irreducible if
it has no real zeros.

In general, any polynomial that cannot be factored over the underlying
field is called irreducible. Irreducible polynomials have played a very impor-
tant role in fields such as abstract algebra and number theory. Indeed, they
were central in early attempts to prove Fermat’s last theorem and also so
but more indirectly to the acutal proof. Our attention here is restricted to
the fields C and R.

Theorem 3.8.2. Let p(A) = A" + p1 A" + .. + p,, with coefficients in
Pos---yPn € R. Then p(X\) can be factored as a product of linear factors
pertaining to real zeros of p(\) = 0 and irreducible quadratic factors.

Proof. The proof is an easy application of the FTA and the observation
above. If A\, = r+is is a zero of p ()\), then so also is A\, = r —is. Therefore
the product (A — M) (A — Ax) = A2=2Ar+r%+s? is an irreducible quadratic.
Combine such terms with the linear factors generated from the real zeros,
and use (4). O

Remark 3.8.1. It is worth noting that there are no higher order irreducible
factors with real coefficients. Even though there are certainly higher order
polynomials with complex roots, they can always factored as products of
either real linear or real quadratic factors. Proving this without the FTA
may prove challenging.
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3.9 Appendix B

3.9.1 Infinite Series
Definition 3.9.1. An infinite series, denoted by

a+at+ax+---
is a sequence {uy}, where w,, is defined by
Up=ap+ar+---+an

If the sequence {u,} converges to some limit A, we say that the infinite
series converges to A and use the notation

ap+ay+ax+---=A

We also say that the sum of the infinite series is A. If {u,} diverges, the
infinite series ag + a1 + az + - - - is said to be divergent.

The sequence {u,} is called the sequence of partial sums, and the se-
quence {a,} is called the sequence of terms of the infinite series ag + a1 +
as + - -.

Let us now return to the formula

1— n+1
1+T—|—T‘2—|—~~-—|—T”:+
—T

where r # 1. Since the sequence {r"™!} converges (and, in fact, to 0) if and
only if =1 <7 <1 (or |r| < 1), r being different from 1, the infinite series

Ldr4r4...

converges to (1 —r)~! if and only if |r| < 1. This infinite series is called the
geometric series with ratio 7.

Definition 3.9.2. Geometric Series with Ratio r

1
1+T+T2+"':1—_7n, 1f|7“|<1

and diverges if |r| > 1.

Multiplying both sides by r yields the following.
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Definition 3.9.3. If |r| < 1, then
rr? i = -
1—7r
Example 3.9.1. Investigate the convergence of each of the following infi-

nite series. If it converges, determine its limit (sum).
1,1 1 2 .4, 8 3,9 21
al-i41 1o pa424dp 8 3482

Solution A careful study reveals that each infinite series is a geometric

series. In fact, the ratios are, respectively, (a) —3, (b) 2, and (c) 2. Since

they are all of absolute value less than 1, they all converge. In fact, we have:

1 1 1 _ 1 _ 2
al-gti—s5t =1~ 3
2 4 8 _ 1 _ 3 _
b'1+§+§+ﬁ+.”_q_i_3
3
3 9 27 _ a2 _ _ 3 4 _
¢ itwtat =z —11-3

Since an infinite series is defined as a sequence of partial sums, the prop-
erties of sequences carry over to infinite series. The following two properties
are especially important.

1. Uniqueness of Limit If agp+a; + a2 + -+ converges, then
it converges to a unique limit.

This property explains the notation
ap+ayt+ay+---=A

where A is the limit of the infinite series. Because of this notation, we often
say that the infinite series sums to A, or the sum of the infinitely many
terms ag, a1, az,... is A. We remark, however, that the order of the terms
cannot be changed arbitrarily in general.

Definition 3.9.4. 2. Sum of Infinite Series If

ag+ay+as+---=Aand by + by + by +--- = B, then
(a0 +bo) + (a1 +b1) + (a2 +b2) +--+ = (ao+ar+az+--+)
+(bo+b1+ba+--)

= A+B

This property follows from the observation that

(ao +bo) + (a1 +b1) +-- -+ (an+b,) = (ao+ar+--+an)
+(bo—|—b1+"'+bn)

converges to A + B. Another property is
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Definition 3.9.5. 3. Constant Multiple of Infinite Series If ag+a;+
as +--- = A and c is a constant, then

cag +ca; +cag +---=cA

Example 3.9.2. Determine the sums of the following convergent infinite
series.

5 13 35 1 1 1
a. z5tgrtaorgt - bogztoztam T

Solution a. By the Sum Property, the sum of the first infinite series is

1 1 1 1 1 1
(§+§>+<§+1>+(g—7+§>+"'
/1 1 1 1 1 1
- (5*5*%*“')*(5*1*5*“)

18

Another type of infinite series can be illustrated by using Taylor poly-
nomial extrapolation as follows.

Example 3.9.3. In extrapolating the value of In 2, the nth-degree Taylor
polynomial P, (z) of In(1 4 z) at x = 0 was evaluated at z = 1 in Example
4 of Section 12.3. Interpret In2 as the sum of an infinite series whose nth
partial sum is P,(1).

Solution We have seen in Example 3 of Section 12.3 that

1 1 1
P,(z) =z — §x2 + gx?’ — et (—1)”_1553”
so that P,(1) =1—3+%—---+(=1)""'1 and it is the nth partial sum of
the infinite series
1 1 + 1 1 n
2 3 4

Since {P, (1)} converges to In2 (see Example 4in Section 12.3), we have

1 1 1
n2=1—=4=—=_...
. 57371
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It should be noted that the terms of the infinite series in the preceding
example alternate in sign. In general, an infinite series of this type always
converges.

Alternating Series Test Let a9 > ay > --- > 0. If a, ap-
proaches 0, then the infinite series

ap —apt+az—az+---
converges to some limit A, where 0 < A < ay.

The condition that the term a,, tends to zero is essential in the above
Alternating Series Test. In fact, if the terms do not tend to zero, the corre-
sponding infinite series, alternating or not, must diverge.

Divergence Test If a,, does not approach zero as n — 400,
then the infinite series

ao+ar +az + -

diverges.

Example 3.9.4. Determine the convergence or divergence of the following
infinite series.
a.l—++4+Li 140 b 24284

Solution a. This series is an alternating series with

1>1>1> >0
35

and with the terms approaching 0. In fact, the general (nth) term is

1
—1 n
(=1) 2n+1
Hence, by the Alternating Series Test, the infinite series 1 — % + % — % 4.
converges.
b. Let a1 = —%,G;Q = %, a3z = —g, ... . It is clear that a,, does not approach

0, and it follows from the Divergence Test that the infinite series is divergent.
[The nth term is (—1)"2n/(2n + 1).] Note, however, that the terms do
alternate in sign.
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Another useful tool for testing convergence or divergence of an infinite
series is the Ratio Test, to be discussed below. Recall that the geometric
series

L+r+r2+--
where the nth term is a,, = r", converges if |r| < 1 and diverges otherwise.
Note also that the ratio of two consecutive terms is

At rtl
= =T
an, rh

Hence, the geometric series converges if and only if this ratio is of absolute
value less than 1. In general, it is possible to draw a similar conclusion if the
sequence of the absolute values of the ratios of consecutive terms converges.

Ratio Test Suppose that the sequence

{lant1/lanl}

converges to some limit R. Then, the infinite series ag + a1 +
ag + - - - converges if R < 1 and diverges if R > 1.

Example 3.9.5. In each of the following, determine all values of r for which
the infinite series converges.

a l+r+T+5 4. b 142433 408 4.
Solution a. The nth term is a,, = r™/n!, so that
ant1 "t ol r

an (n+1)! ™ n+1
For each value of r, we have

|@ny1] 1
|Z| :n+1|r|—>0<1
n

Hence, by the Ratio Test, the infinite series converges for all values of r.
b. Let a, = (n + 1)r™. Then,

lant1| (42" n+2

lan]  (n+Drm n+1

Hence, the Ratio Test says that the infinite series converges if |r| < 1 and

diverges if |r| > 1. For |r| = 1, we have |a,| = n+1, which does not converge

to 0, so that the corresponding infinite series must be divergent as a result
of applying the Divergence Test.

7| = Ir]

Sometimes it is possible to compare the partial sums of an infinite series
with certain integrals, as illustrated in the following example.
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Example 3.9.6. Show that 1+ % +---41/nis larger than the define integral

fln+1 dx/x, and conclude that the infinite series 1 + % + % + -+ diverges.

Solution Consider the function f(x) = 1/x. Then, the definite integral

n+1d
/ %:In(n—i—l)—lnl:ln(n—i-l)
1

is the area under the graph of the function y = f(x) between z = 1 and
x =n+ 1. On the other hand, the sum

1 1
hgto bz =)+ f@) 4+ fn)]Aa
where Az = 1, is the sum of the areas of n rectangles with base Az = 1 and
heights f(1),..., f(n), consecutively, as shown in Figure 12.5. Since the
union of these rectangles covers the region bounded by the curve y = f(z),

the x-axis, and the vertical lines x = 1 and x = n 4+ 1, we have:

1 1 n dy
1+—+---+—>/ — =In(n+1)
2 n 1 T
Now recall that In(n + 1) approaches oo as n approaches co. Hence, the
sequence of partial sums of the infinite series

Ittt st
23

must be divergent.

The above infinite series is called the harmonic series. It diverges “to
infinity” in the sense that its sequence of partial sums becomes arbitrarily
large for all large values of n. If an infinite series diverges to infinity, we also
say that it sums to infinity and use the notation “= 0c0” accordingly. We
have
The Harmonic Series is defined by

1+t
— j— e =0
2 '3



Chapter 4

Unitary Matrices

4.1 Basics

This chapter considers a very important class of matrices that are quite use-
ful in proving a number of structure theorems about all matrices. Called
unitary matrices, they comprise a class of matrices that have the remarkable
properties that as transformations they preserve length, and preserve the an-
gle between vectors. This is of course true for the identity transformation.
Therefore it is helpful to regard unitary matrices as “generalized identities,”
though we will see that they form quite a large class. An important exam-
ple of these matrices, the rotations, have already been considered. In this
chapter, the underlying field is usually C, the underlying vector space is C,,,
and almost without exception the underlying norm is || - ||2. We begin by
recalling a few important facts.

Recall that a set of vectors z1,...,xx € C, is called orthogonal if
5Ty = (Tm,xj) = 0 for 1 < j # m < k. The set is orthonormal if

J
1 j=m
An orthogonal set of vectors can be made orthonormal by scaling;:
1

1/2:Uj.

T — ————
(z5z;)

Theorem 4.1.1. Every set of orthonormal vectors is linearly independent.

Proof. The proof is routine, using a common technique. Suppose S =
{z; };?:1 is orthonormal and linearly dependent. Then, without loss of gen-

157
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erality (by relabeling if needed), we can assume

k—1
U — E CiUj.
j=1

Compute ujuy, as

k—1
1 = wjug, = uj, Z cjuj
Jj=1
k—1
J— . * PRppe—
= Z cjupuj = 0.
=1
This contradiction proves the result. ]

Corollary 4.1.1. If S = {u;y ... ux} C C, is orthonormal then k < n.

Corollary 4.1.2. FEvery k-dimensional subspace of C,, has an orthonormal
basis.

Proof. Apply the Gram—Schmidt process to any basis to orthonormalize
it. O

Definition 4.1.1. A matrix U € M,, is said to be unitary if U*U = I. [If
U € M,(R) and UTU = I, then U is called real orthogonal.]

Note: A linear transformation T: C, — C, is called an isometry if
|Tz|| = ||z| for all x € C,.

Proposition 4.1.1. Suppose that U € M,, is unitary. (i) Then the columns
of U form an orthonormal basis of Cy,, or R, , if U is real. (i) The spectrum
o(u) C{z||z| =1}. (i) |detU| = 1.

Proof. The proof of (i) is a consequence of the definition. To prove (ii), first

denote the columns of U by u;, ¢ =1,...,n. If X is an eigenvalue of U with
pertaining eigenvector z, then |[Uz|| = | 3. zus]| = (3 |z:2)Y? = |jz| =
|All|z]|. Hence |A| = 1. Finally, (iii) follows directly because detU = [ \;.
Thus |detU| =[] |\i| = 1. O

This important result is just one of many equivalent results about unitary
matrices. In the result below, a number of equivalences are established.

Theorem 4.1.2. Let U € M,,. The following are equivalent.
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(a) U is unitary.
(b) U is nonsingular and U* = U~ 1.
(¢) UU* =1.
(d) U* is unitary.
(e) The columns of U form an orthonormal set.
(f) The rows of U form an orthonormal set.
(9) U is an isometry.

(h) U carries every set of orthonormal vectors to a set of orthonormal
vectors.

Proof. (a) = (b) follows from the definition of unitary and the fact that
the inverse is unique.

(b) = (c) follows from the fact that a left inverse is also a right inverse.
(a) = (d) UU* = (U*)*U* = 1.

(d) = (e) (e) =(b) = ujugdjk, where uy...u, are the columns of U.
Similarly (b) = (e).

(d) = (f) same reasoning.

(e) = (g) We know the columns of U are orthonormal. Denoting the columns
by u1 ... u,, we have

n
Uz = chzuz
1
where = (z1,... ,2,)T. It is an easy matter to see that
n
U] = |zif* = |l
1

(g) = (e). Consider = e;. Then Uz = uj. Hence 1 = |le;|| = ||[Uej|| =
lujl]. The columns of U have norm one. Now let z = ce; + [Se; be chosen
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such that ||z|| = |lae; + Bej|| = 1/|a/* + 8> = 1. Then

1 = |Uz|?
— U (ae: + Bey)|?
= (U (ae; + Be;j), U (ce; + Bey))
= |a* Uei,Ue;) + |B|* (Ue;, Uej) + af (Uei, Uej) + aB (Ue;, Ue;)
= o (us, us) + 8] (ug, uz) + B (ui, ug) + aB (ug, ;)
= |af*+ |8 + 2R (afB (ui, u;))
= 1+2R (aﬁ <ui,uj>)

Thus R (ozB <ui,uj>) = 0. Now suppose (u;,u;) = s+ it. Selecting @ =
8= % we obtain that R (u;,u;) = 0, and selecting a = if = % we obtain
that & (uj,uj) = 0. Thus (u;,uj) = 0. Since the coordinates ¢ and j are
arbitrary, it follows that the columns of U are orthogonal.

(g) = (h) Suppose {v1,...,v,} is orthogonal. For any two of them ||U(v; +
vg)||?> = ||vj + v |?>. Hence (Uv;, Uvg) = 0.

(h)= (e) The orthormal set of the standard unit vectors e;, j = 1,...,n
is carried to the columns of U. That is Ue; = u;, the % column of U.
Therefore the columns of U are orthonormal. O

Corollary 4.1.3. IfU € M,(C) is unitary, then the transformation defined
by U preserves angles.

Proof. We have for any vectors z, y € C,, that the angle 6 is completely

determined from the inner product via cosf = % Since U is unitary

(and thus an isometry) it follows that
(Uz,Uy) = (U*Uz,y) = (z,y)
This proves the result. O

Example 4.1.1. Let T'(0) = [‘;’sg _C(S);“ee] where 6 is any real. Then T'(0) is
real orthogonal.

Proposition 4.1.1. If U € Ms(R) is real orthogonal, then U has the form
T(0) for some 6 or the form

1 0 cosf sinf
U= [0 —1] T(®) = [sinﬁ —cos@]

Finally, we can easily establish the diagonalizability of unitary matrices.
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Theorem 4.1.3. IfU € M, is unitary, then it is diagonalizable.

Proof. To prove this we need to revisit the proof of Theorem 3.5.2. As
before, select the first vector to be a normalized eigenvector u; pertaining
to A;. Now choose the remaining vectors to be orthonormal to u;. This
makes the matrix P; with all these vectors as columns a unitary matrix.
Therefore By = P~1UP is also unitary. However it has the form

A a1 ... Op_1

B where Ajis (n—1) X (n—1)

. A2
0

Since it is unitary, it must have orthogonal columns by Theorem 4.1.2. It

follows then that oy = a9 =--- =, =0 and
A0 ... 0
B 0
1= 1.
. A2
0

At this point one may apply and inductive hypothesis to conclude that A,
is similar to a diagonal matrix. Thus by the manner in which the full
similarity was constructed, we see that A must also be similar to a diagonal
matrix. O

Corollary 4.1.1. Let U € M, be unitary. Then
(i) Then U has a set of n orthogonal eigenvectors.
(ii) Let {A1,...,\n} and {v1,...,v,} denote respectively the eigenvalues

and their pertaining orthonormal eigenvectors of U. Then U has the
representation as the sum of rank one matrices given by

n
_ oy .y L
U= Z)\ijvj
=1

This representation is often called the spectral respresentation or spectral
decomposition of U.
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4.1.1 Groups of matrices

Invertible and unitary matrices have a fundamental structure that makes
possible a great many general statements about their nature and the way
they act upon vectors other vectors matrices. A group is a set with a math-
ematical operation, product, that obeys some minimal set of properties so
as to resemble the nonzero numbers under multiplication.

Definition 4.1.2. A group G is a set with a binary operation G x G — G
which assigns to every pair a, b of elements of G a unique element ab in G.
The operation, called the product, satisfies four properties:

1. Closure. If a, b € G, then ab € G.
2. Associativity. If a, b, ¢ € G, then a(bc) = (ab)c.

3. Identity. There exists an element e € G such that ae = ea = a for
every a € (. e is called the identity of G.

4. Inverse. For each a € G, there exists an element ¢ € G such that
1

aG = aa = e. a is called the inverse of a and is often denoted by a~-.
A subset of G that is itself a group under the same product is called a
subgroup of G.

It may be interesting to note that removal of any of the properties 2-4 leads
to other categories of sets that have interest, and in fact applications, in
their own right. Moreover, many groups have additional properties such as
commutativity, i.e. ab = ba for all a, b € G. Below are a few examples of
matrix groups. Note matrix addition is not involved in these definitions.

Example 4.1.2. As usual M, is the vector space of n X n matrices. The
product in these examples is the usual matrix product.

e The group GL(n, F) is the group of invertible n x n matrices. This is
the so-called general linear group. The subset of M, of invertible
lower (resp. upper) triangular matrices is a subgroup of GL(n, F').

e The unitary group U,, of unitary matrices in M, (C).

e The orthogonal group O,, orthogonal matrices in M, (R). The sub-
group of O, denoted by SO, consists of orthogonal matrices with
determinant 1.
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Because element inverses are required, it is obvious that the only subsets
of invertible matrices in M,, will be groups. Clearly, GL(n, F') is a group
because the properties follow from those matrix of multiplication. We have
already established that invertible lower triangular matrices have lower tri-
angular inverses. Therefore, they form a subgroup of GL(n, F). We consider
the unitary and orthogonal groups below.

Proposition 4.1.2. For any integern = 1,2, ... the set of unitary matrices
U, (resp. real orthogonal) forms a group. Similarly O, is a group, with
subgroup SO,,.

Proof. The result follows if we can show that unitary matrices are closed
under multiplication. Let U and V' be unitary. Then
UV)*(UV)=Vv*uuv
=Vv=I
For orthogonal matrices the proof is essentially identical. That SO, is a

group follows from the determinant equality det(AB) = det Adet B. There-
fore it is a subgroup of O,. (I

4.1.2 Permutation matrices

Another example of matrix groups comes from the idea of permutations of
integers.

Definition 4.1.3. The matrix P € M, (C) is called a permutation matrix
if each row and each column has exactly one 1, the rest of the entries being
Zero.

Example 4.1.3. Let

01 0 1 000
0010

P and @) are permutation matrices.

Another way to view a permutation matrix is with the game of chess.
On an n x n chess board place n rooks in positions where none of them
attack one another. Viewing the board as an n X n matrix with ones where
the rooks are and zeros elsewhere, this matrix will be a permutation matrix.
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Of course there are n! such placements, exactly the number of permutations
of the integers {1,2,...,n}.

Permutation matrices are closely linked with permutations as discussed
in Chapter 2.5. Let o be a permutation of the integers {1,2,...,n}. Define
the matrix A by

a“—{ 1 if j=o0()

1 0 if otherwise

Then A is a permutation matrix. = We could also use the Dirac notation
to express the same matrix, that is to say a;; = 0;5(j). The product of
permutation matrices is again a permutation matrix. This is apparent by
straight multiplication. Let P and @ be two n X n permutation matrices
with pertaining permutations op and o¢ of the integers {1,2,...,n}. Then
the i row of P is €sp(i) and the ith row of Q is €oqi)- (Recall the e; are
the usual standard vectors.) Now the it" row of the product PQ can be
computed by

Zpijecr@(j) = Zdia(j)em(j) = €oq(ap(i)
j=1 j=1

Thus the multiplication i**row of PQ is a standard vector. Since the op (i)

ranges over the integers {1,2,...,n}, it is true also that og (op (7)) does
likewise. Therefore the “product” og (op (7)) is also a permutation. We
conclude that the standard vectors constitute the rows of PQ. Thus permu-
tation matrices are orthogonal under multiplication. Moreover the inverse of
every permutation is permutation matrix, with the inverse describe through
the inverse of the pertaining permutation of {1,2,...,n}. Therefore, we
have the following result.

Proposition 4.1.3. Permutation matrices are orthogonal. Permutation
matrices form a subgroup of O,.

4.1.3 Unitary equivalence

Definition 4.1.4. A matrix B € M, is said to be unitarily equivalent to A
if there is a unitary matrix U € M, such that

B=U"AU.

(In the real case we say B is orthogonally equivalent to A.)
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Theorem 4.1.4. If B and A are unitarily equivalent. Then

n n
bl = lagl®.

ij=1 ij=1

Proof. We have Y |a;j|> = tr A*A, and
ij=1
Y|b;;|* = tr B*B = tr (U*AU)*U*AU = tr U*A* AU
=tr A*A,

since the trace is invariant under similarity transformations. O

Alternatively, we have BU* = U*A. Since U (and U*) are isometries
we have each column of U*A has the same norm as the norm of the same
column of A. The same holds for the rows of BU*, whence the result.

Example 4.1.4. B = [ 3 }] and A = [} 3] are similar but not unitarily
equivalent. A and B are similar because (1) they have the same spectrum,
o0(A) = o(B) ={1,2} and (2) they have two linearly independent eigenvec-
tors. They are not unitarily equivalent because the conditions of the above
theorem are not met.

Remark 4.1.1. Unitary equivalence is a finer classification than similarity.
Indeed, consider the two sets S(A) = {B | B is similar to A} and U(A) =
{B|B is unitarily equivalent to A}, then

U(A) C S(A).

(Can you show that U(A) & S(A) for some large class of A € M,?)

4.1.4 Householder transformations

An important class of unitary transformations are elementary reflections.
These can be realized as transformations that reflect one vector to its neg-
ative and leave invariant the orthocomplement of vectors.

Definition 4.1.5. Simple Householder transformation.) Suppose w € C",
|lw|| = 1. Define the Householder transformation H,, by

H,=1-2ww*
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Computing
H,H; = (I-2ww")(I-2ww")*

= I - 2uww" - 2ww* + dwwrww*

= I —4dww" + 4w, w)ww* =1
it follows that H,, is unitary.

cosf

Example 4.1.5. Consider the vector w = [ sinf } and the Householder

transformation

—2cosfsinf 1—2sin?6

- —cos20 —sin26
o —sin20 cos?26

2 — I—2wa—[ 1 —2cos?6 —ZCosesinQ]

The transformation properties for the standard vectors are

—cos 20

Huer = [—sin29] and
cos 20

Hyer = [ —sin 20 ]

This is shown below. It is evident that this unitary transformation is not a
rotation. Though, it can be imagined as a “rotation with a one dimensional
reflection.”

Householder transformation H,

Example 4.1.6. Let 6 be real. For any n > 2 and 1 <1i,j5 <n with i #£ j



4.1. BASICS 167

define
1 0 0
0 1
........... cos@ ............ —sinf ...........
t 1
Un(0,1,7)
1
P sinf ............ cosf ...........
J
1
0 0
0 : 1]
( J

Then U, (0;1,j) is a rotation and is unitary.

Proposition 4.1.4 (Limit theorems). (i) Show that the unitary matri-
ces are closed with respect to any norm. That is, if the sequence {U,}C
My (C) are all unitary and the lim,, oo U, = U in the ||-||, norm, then U
s also unitary.

(7i) The unitary matrices are closed under pointwise convergence. That
is, if the sequence {U_n}C M, (C) are all unitary and lim, oo U, = U for
each (ij)entry, then U is also unitary.

Householder transformations can also be used to triangularize a matrix.
The procedure successively removes the lower triangular portion of a matrix
column by column in a way similar to Gaussian elimination. The elemen-
tary row operations are replaced by elementary reflectors. The result is a
triangular matrix T'= H,,, - -- Hy, H,, A. Since these reflectors are unitary,
the factorization yields an effective method for solving linear systems. The
actual process is rather straightforward. Construct the vector v such that

ail a2 -+ Q1p a1 a2 - Qaip

(I_2UUT)A:(I—21)UT) 921 a‘22 a?n _ 0 d?2 coo G

Gpl Qan2 - Gpp 0 an2 -+ apn
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This is accomplished as follows. This means we wish to find a vector v
such that

T T _ 1A T
(I — 2vv ) [au,agl, cee ,anl] = [CL11,O, ce ,O]
For notational convenience and to emphasize the construction is vector
based, relabel the column vector [aj1,az1, - - ,anl]T as [x1, 2, ... ,xn]T
T
J
vj =
J
2 (v, z)

for j =2,3,...,n. Define

T+«
V1 =
172 (v, x)
Then
(0.7) = (x,x) ary Bl 4 oo
2(v,x)  2(v,z) 2(v,z) 2(v,x)
4(v,z)? = 2|]* + 20
where ||-|| denotes the Euclidean norm. Also, for H, to be unitary we need
1 2 2
1 = (v,v)=——= <||x|| + 201 + o >
4 (v, z)
4(v,z)> = |z|® + 20z, + ?

Equating the two expressions for 4 (v, z)? gives

2|zl + 20z, = ||z|* + 20z + o
2 _ 2
a” = ||
a = +|z|

We now have that

4(v,2)" = 2llz* £2 e 2

HEEE xl))%

With the construction of H, to “elim-

—~
<
8

~
|

z1£||z|]

T.
(3 (lel*£llz]le1))?
inate” the first column of A, we relabel the vector v as v; (with the small

This makes v1 =
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possibility of notational confusion) and move to describe H,, using a trans-
formation of the same kind with a vector of the type v = (0, z2, x3,...,2p).
Such a selection will not affect the structure of the first column. Continue
this until the matrix is triangularized. The upshot is that every matrix can
be factored as A = UT, where U is unitary and T is upper triangular.

The main result for this section is the factorization theorem. As it turns out,
every Unitary matrix can be written as a product of elementary reflectors.
The proof requires a slightly more general notion of reflector.

Definition 4.1.6. The general form of the Householder matrix, also called
an elementary reflector, has the form

H,=1—- 100"
where the vector v € C,,.
In order for H, to be unitary, it must be true that
HH: = (I-7w*) (I —T00v")"
= (I—71vv") (I —Tvv")
= I — 700" — Fov* + |7)? (v*v) w0
= I—2Re (7)o" + |7* [v]* vo*
= 1T

Therefore, for v # 0 we must have

—2Re (1) vo* + |7} v vo* = (—2Re (1) + |72 \0]2) vo*
0

or
—2Re (1) + |7]*|[v]* = 0

Now suppose that Q € M, (R) is orthogonal and that the spectrum o (Q) C

{=1,1} . Suppose @ has a complete set of normalized orthogonal eigen-
n

vectors!, it can be expressed as Q = > )\iviv;‘r where the set vq,...,v, are
i=1

the eigenvectors and A\; C 0 (Q). Now assume the eigenvectors have been

arranged so that this simplifies to

k n
Q= —Zviv;‘r—i— Z vv]
i=1

i=k+1

!This is in fact a theorem that will be established in Chapter 4.2. It follows as a
consequence of Schur’s theorem
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Here we have just arrange the eigenvectors with eigenvalue —1 to come first.
Define

Hyj=1-20pF, j=1,...k

It follows that

k k
Q:HHJ H —21)]

J=1 Jj=1

for it is easy to check that

k
—vpy, if m <k
m 1:[ J { Uy if m>k
Since we have agreement with () on a basis, the equality follows. In words we
may say that an orthogonal matrix U with spectrum o (Q) C {—1,1} with
can be written as a product of reflectors. With this simple case out of
the way, we consider more general case we write ) = Z )\sz . where the

i=1
set v1,...,v, are the eigenvectors and \; C o (Q). We wish to represent @

similar to the above formula as a product of elementary reflectors.

k k
=14 = H A
7=1 7j=1

where w; = «;v; for some scalars «;. On the one hand it must be true
that —2Re (7;) + |73|* |wi]* = 0 for each i = 1,...7n, and on the other hand
it must follow that

(I—Tzwzw)vm—{ om if m i

The second of these relations is automatically satisfied by the orthogonality
of the eigenvectors. The second relation can needs to be solved.  This

simplifies to (I — ryww})v; = (1 — T |ai|2) v; = Nv;.  Therefore, it is
necessary to solve the system

[en)

—2Re (1) + |7* [vi]* =

1-— T |a,~]2 = >\i

Having done so there results the factorization.
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Theorem 4.1.5. Let Q € M, be real orthogonal or unitary. Then @ can
n

be factored as the product of elementary reflectors Q@ = || (I — Tjij;‘f),
j=1

where the w; are the eigenvectors of Q.

Note that the product written here is up to n whereas the earlier product
was just up to k. The difference here is slight, for by taking the scalar («)
equal zero when necessary, it is possible to equate the second form to the
first form when the spectrum is contained in the set {—1,1}.

4.2 Schur’s theorem

It has already been established in Theorem 3.5.2 that every matrix is similar
to a triangular matrix. A far stronger result is possible. Called Schur’s
theorem, this result proves that the similarity is actually unitary similarity.

Theorem 4.2.1 (Schur’s Theorem). Every matriz A € M,(C) is uni-
tarily equivalent to a triangular matriz.

Proof. We proceed by induction on the size of the matrix n. First suppose
the A is 2 x 2. Then for a given eigenvalue A and normalized eigenvector
v form the matrix P with its first column v and second column any vector
orthogonal to v with norm one. Then P is an unitary matrix and P*AP =

[ 3 : } This is the desired triangular form. Now assume the Schur

factorization is possible for matrices up to size (n — 1) x (n — 1). For the
given n xn matrix A select any eigenvalue A . With its pertaining normalized
eigenvector v construct the matrix P with v in the first column and an
orthonormal complementary basis in the remaining n — 1 columns. Then

A oaip - Qg A a2 - a1p
0 a e a 0
29 2n
P*AP = . . . . =
. . .. . A2
0 apa - Gnn 0

The eigenvalues of As together with A constitute the eigenvalues of A. By
the inductive hypothesis there is an (n — 1) X (n — 1) unitary matrix ) such
that Q*A3Q) = Tb, where Ty is triangular. Now embed @ in an n X n matrix
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() as shown below

A0 0
0 0
: Q
0
It follows that
A0 - 0
Q*P*APQ 0 T
= . - —

0

is triangular, as indicated. Therefore the factorization is complete upon
defining the similarity transformation U = PQ. Of course, the eigenvalues
of Ay together with A constitute the eigenvalues of A, and therefore by
similarity the diagonal of T' contains only eigenvalues of A. O

The triangular matrix above is not unique as is easy to see by mixing or
permuting the eigenvalues. An important consequence of Schur’s theorem
pertains to unitary matrices. Suppose that B is unitary and we apply the
Schur factorization to write B = U*TU. Then T = UBU*. It follows that
the upper triangular matrix is itself unitary, which is to say T*7T = I. It isa
simple fact to prove this implies that 7" is in fact a diagonal matrix. Thus,
the following result is proved.

Corollary 4.2.1. FEvery unitary matriz is diagonalizable. Moreover, every
unitary matrix has n orthogonal eigenvectors.

Proposition 4.2.1. If B, A € Ms are similar and tr(B*B) = tr(A*A), then
B and A are unitarily equivalent.

This result higher dimensions.

Theorem 4.2.2. Suppose that A € M, (C) has distinct eigenvalues A; ...
with multiplicities ny,na, ... ,ng respectively. Then A is similar to a matrizc
of the form

Ty
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where T; € My, is upper triangular with diagonal entries ;.

Proof. Let E; be eigenspace of \;. Assume dim Fy = m;. Let uj ... u;,, be
an orthogonal basis of E;, and suppose v; ... vUp_p, is an orthonormal basis
of C* — Ey. Then with P = [u1...Up,,V1...Vy_m,] We have P"1AP has
the block structure
11 0
o

Continue this way, as we have done before. However, if dim F; < m; we
must proceed a different way. First apply Schur’s Theorem to triangularize.
Arrange the first m; eigenvalues to the first m; diagonal entries of T, the
similar triangular matrix. Let E, s be the matrix with a 1 in the r, s position
and 0’s elsewhere. We assume throughout that » # s. Then, it is easy to
see that I + aFE, ; is invertible and that (I + aE,s)~! = I — aE,s. Now if
we define

(I+aE,.) ' T I+ aFE,s)

we see that t,s — t,s + a(ty, —tss). We know ¢, —tss # 0 if r and s pertain
to values with different eigenvalues. Now this value is changed, but so also
are the values above and to the right of ¢.;. This is illustrated below.

columns — s
T
* T

row r * — —

To see how to use these similarity transformation to zero out the upper
blocks, consider the special case with just two blocks

Th Tho

0 Ty

We will give a procedure to use elementary matrices aF;; to zero-out each
of the entries in T75. The matrix 119 has my - mq entries and we will need
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to use exactly that many of the matrices aF;;. In the diagram below we
illustrate the order of removal (zeroing-out) of upper entries

mi 2m1 N (AU
T
2 :
1 m+1
0 T

When performed in this way we develop m-ms constants «;;. We proceed in
the upper right block (772) in the left-most column and bottom entry, that is
position (mq, mq + 1) . For the (mq,m; + 1) position we use the elementary
matrix oy, m,+1 to zero out this position. This is possible because the
diagonal entries of T} and 75 are different. Now use the elementary matrix
aFEp,, —1,m,+1 to zero-out the position (m; —1,mq +1). Proceed up this
column to the first row each time using a new a. We are finished when
all the entries in column m; + 1 from row mj to row 1 are zero. Now
focus on the next column to the right, column m; + 2. Proceed in the
same way from the (m,m; + 2) position to the (1,m; + 1) position, using
elementary matrices aFEj, ,, 12 zeroing out the entries (k, m; + 2) positions,
k = mq,...,1. Ultimately, we can zero out every entry in the upper right
block with this marching left-to-right, bottom-to-top procedure.

In the general scheme with k£ x k blocks, next use the matrices 75 and
T3 to zero-out the block matrix T3.(See below.)

To Ths
T3
T:
0 Tio1 Th-1p
i T, |

After that it is possible using blocks 77 and T3 to zero-out the block Tis.
This is the general scheme for the entire triangular structure, moving down
the super-diagonal (j.j + 1) blocks and then up the (block) columns. In this
way we can zero-out any value not in the square diagonal blocks pertaining
to the eigenvalues Ap ... Ag. O
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Remark 4.2.1. If A € M,,(R) and 0(A) C R, then all operations can be
carried out with real numbers.

Lemma 4.2.1. Let J C M, be a commuting family. Then there is a vector
x € C™ for which x is an eigenvector for every A € J.

Proof. Let W C C™ be a subspace of minimal dimension that is invariant
under J. Since C" is invariant, we know W exists. Since C" is invariant,
we know W exists. Suppose there is an A € J for which there is a vector
in W which is not an eigenvector of A. Define Wy = {y € W | Ay =
Ay for some A\}. That is, Wy is a set of eigenvectors of A. Since W is
invariant under A, it follows that Wy # ¢. Also, by assumption. Wy ; wW.
For any x € Wy

ABz = (AB)x = B(Az) = ABzx

and so Bx € Wy. It follows that Wy is J invariant, and W; has lower
positive dimension than W. Il

As a consequence we have the following result.

Theorem 4.2.3. Let J be a commuting family in M,,. If A € J is diago-
nalizable, then J is simultaneously diagonalizable.

Proof. Since A is diagonalizable there are n linearly independent eigenvec-
tors of A and if S is in M, and consists of those eigenvectors the matrix
S~1AS is diagonal. Since eigenvectors of A are the same as eigenvectors of

B € J, it follows that S~1BS is also diagonal. Thus S—178 = D := all
diagonal matrices. (I

Theorem 4.2.4. Let J C M, be a commuting family. There is a unitary
matrix U € M, such that U* AU is upper triangular for each A € J.

Proof. From the proof of Schur’s Theorem we have that the eigenvectors
chosen for U are the same for all A € J. This follows because after the first
step we have reduced A and B to

A11 A12 and Bll Bl2
0 A22 0 B22

respectively. Commutativity is preserved under simultaneous similarity and
therefore Ass and Bss commutes. Therefore at the second step the same
eigenvector can be selected for all Bas C J2, a commuting family. O
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Theorem 4.2.5. If A € M,(R), there is a real orthogonal matriz Q €
M, (R) such that

A
A
(%) QTAQ = . . 1<k<n
Ay,

where each A; is a real 1 X 1 matriz or a real 2 X 2 matriz with a non real
pair of complex conjugate eigenvalues.

Theorem 4.2.6. Let J C M,(R) be a commuting family. There is a real
orthogonal matriz Q € M, (R) for which QT AQ has the form (x) for every
AcJ.

Theorem 4.2.7. Suppose A, B € M, (C) have eigenvalues oy, ... ,o, and
B1, ..., 0, respectively. If A and B commute then there is a permutation
i1...1, of the integers 1,... ,n for which the eigenvalues of A+ B are o;j +
Bi;; 3 =1,...,n. Thus o(A+ B) C 0(A) + o(B).

Proof. Since J = {A, B} forms a commuting family we have that every
eigenvector of A is an eigenvector of B, and conversely. Thus if Az = oz
we must have that Bz = B;;z. But how do we get the permutation? The
answer is to simultaneously triangularize with U € M,,. We have

U*AU =T and U*BU =R.
Since
U'(A+BU=T+R
we have that the eigenvalues pair up as described. O

Note: We don’t necessarily need A and B to commute. We need only the
hypothesis that A and B are simultaneously diagonalizable.

If A and B do not commute little can be said of o(A + B). In particular
0(A+ B) G 0(A) + o(B). Indeed, by summing upper triangular and lower
triangular matrices we can exhibit a range of possibilities. Let A = [J{],

B=1[99], 5(A+ B) = {—1,1} but o(A) = o(B) = {0}

Corollary 4.2.1. Suppose A, B € M,, are commuting matrices with eigen-
values

ai,...,o0pn and Bi,..., By respectively. If o # —B; for all 1 < 4,5 < n,
then A+ B is nonsingular.
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Note: Giving conditions for the nonsingularity of A+ B in terms of various
conditions on A and B is a very different problem. It has many possible
answers.

4.3 Exercises

1.

Characterize all diagonal unitary matrices and all diagonal orthogonal
matrices in M,,.

Let T(0) = [<59 ~5nf] where 6 is any real. Then T'(6) is real orthog-
onal. Prove that if U € Ms(R) is real orthogonal, then U has the form
T(0) for some 0 or

and conversely.

Let us define the n x n matrix P to be a w-permutation matrix if

for every vector z € R,, the vector Px has the same components
as x in value and number, though possibly permuted. Show that
w-permutation matrices are permutation matrices.

. In Ry identify all Householder transformations that are rotations.

. Given any unit vector w in the plane formed by e; and e;. Express

the Householder matrix for this vector.

. Show that the set of unitary matrices on C,, forms a subgroup of the

subset of GL(n,C).

In Ry, prove that the product of two (Householder) reflections is a
rotation. (Hint. If the reflection angles are 61 and 65, then the rotation
angle is 2 (0; — 63) .)

. Prove that the unitary matrices are closed the norm. That is, if the

sequence {U,}C M, (C) are all unitary and lim, ,,, U, = U in the
|-l norm, then U is also unitary.

Let A € M, be invertible. Define G = A*, (A~1)* k=1,2,.... Show
that G is a subgroup of M,. Here the group multiplication is matrix
multiplication.
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10.

11.

12.

13.
14.

15.

16.

17.

18.
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Prove that the unitary matrices are closed under pointwise conver-
gence. That is, if the sequence {U_n}C M,(C) are all unitary and
lim,, 0o U, =U for each (ij)entry, then U is also unitary.

Suppose that A € M,, and that AB = BA for all B € M,,. Show that
A is a multiple of the identity.

Prove that a unitary matrix U can be written as VW1V for
unitary V, W if and only if det U = 1. (Bellman, 1970)

Prove that the only triangular unitary matrices are diagonal matrices.

We know that given any bounded sequence of numbers, there is a
convergent subsequence. (Bolzano-Weierstrass Theorem). Show that
the same is true for matrices for any given matrix norm. In particular,
show that if U,, is any sequence of unitary matrices, then there is a
convergent subsequence.

The Hadamard Gate (from quantum computing) is defined by the
1 1
1 -1
holder matrix. What are its eigenvalues and eigenvectors?

matrix H = % { ] . Show that this transformation is a House-

Show that the unitary matrices do not form a subspace M, (C).

Prove that if a matrix A € M,,(C) preserves the orthonormality of one
orthonormal basis, then it must be unitary.

Call the matrix A a checkerboard matrix if either

(I) a;j=0 if i+jiseven or (II) a;; =0 if i+ jis odd

We call the matrices of type I even checkerboard and type Il odd
checkerboard. Define CH (n) to be all n x n invertible checkerboard
matrices. The questions below all pertain to square matrices.

(a) Show that if n is odd there are no invertible even checkerboard
matrices.

(b) Prove that every unitary matrix U has determinant with modulus
one. (That is, |detU| = 1.)

(c) Prove that n is odd the product of odd checkerboard matrices is
odd.
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(d) Prove that if n is even then the product of an even and an odd
checkerboard matrix is odd, while the product of two even (or
odd) checkerboard matrices is even.

(e) Prove that if n is even then the inverse of any checkerboard matrix
is a checkerboard matrix of the same type. However, in light of
(a), it is only true that if n is an invertible odd checkerboard
matrix, its inverse is odd.

(f) Suppose that n = 2m. Characterize all the odd checkerboard
invertible matrices.

(g) Prove that CH (n) is a subgroup of GL (n).

(h) Prove that the invertible odd checkerboard matrices of any size
n forms a subgroup of CH (n).

In connection with chess, checkerboard matrices give the type of chess
board on which the maximum number of mutually non-attacking knights
can be placed on the even (i+j is even) or odd (i+j is odd) positions.

19. Prove that every unitary matrix can be written as the product of a
unitary diagonal matrix and another unitary matrix whose first column
has nonnegative entries.
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Chapter 5

Hermitian Theory

Hermitian matrices form one of the most useful classes of square matri-
ces. They occur naturally in a variety of applications from the solution of
partial differential equations to signal and image processing. Fortunately,
they possess the most desirable of matrix properties and present the user
with a relative ease of computation. There are several very powerful facts
about Hermitian matrices that have found universal application. First the
spectrum of Hermitian matrices is real. Second, Hermitian matrices have a
complete set of orthogonal eigenvectors, which makes them diagonalizable.
Third, these facts give a spectral representation for Hermitian matrices and
a corresponding method to approximate them by matrices of less rank.

5.1 Diagonalizability of Hermitian Matrices

Let’s begin by recalling the basic definition.

Definition 5.1.1. Let A € M, (C). We say that A is Hermitian if A = A*,
where A* = AT. A* is called the adjoint of A. This, of course, is in conflict
with the other definition of adjoint, which is given in terms of minors.

Recall the following facts and definitions about subspaces of C,,:

e If U, V are subspaces of C,,, we define the direct sum of U and V by
UsV={u+v|luel, veV}

e If U, V are subspaces of C,,, we say U and V' are orthogonal if (u,v) = 0
for every u € U and v € V. In this case we write U L V.

For example, a natural way to obtain orthogonal subspaces is from ortho-
normal bases. Suppose that {u1,...,u,} is an orthonormal basis of C,,. Let

181
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the integers {1,...,n} be divided into two (disjoint) subsets J; and J;. Now
define

Uy = G{Ui ’ 1€ Jl}

Uy = G{Ui ’ 1€ JQ}

Then U; and Us are orthogonal, i.e. U; L Us, and

Uy Uy, =C,

(Au,z) = (u, Az) = A (u,z) =0

Our main result is that Hermitian matrices are diagonalizable. To prove it,
we reveal other interesting and important properties of Hermitian matrices.
For example, consider the following.

Theorem 5.1.1. Let A € M,(C) be Hermitian. Then the spectrum of
A,0(A), is real.

Proof. Let A € 0(A) with corresponding eigenvector « € C,,. Then

(Az,2) = (z, Az) = (z,\z) = Nz, )
|
(Azx, x)

|
XNz, ).

Since we know ||z||? = (x,z) # 0, it follows that A = X, which is to say that
A is real. O

Theorem 5.1.2. Let A € M,(C) be Hermitian and suppose that A and p
are different eigenvalues with corresponding eigenvectors x and y. Then

x Ly (ie (z,y)=0).

Proof. We know Az = Az and Ay = py. Now compute

<A"va> = <$v A*y> = <.’L’,Ay> = M<§Cay>
|
Az, y).

If (z,y) # 0, the equality above yields a contradiction and the result is
proved. O
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Remark 5.1.1. This result also follows from the previously proved result
about the orthogonality of left and right eigenvectors pertaining to different
eigenvalues.

Theorem 5.1.3. Let A € M, (C) be Hermitian, and let \ be an eigenvalue
of A. Then the algebraic and geometric multiplicities of X are equal. In
symbols,

mq(A) = mg(X).

Proof. We prove this result by reconsideration of our main result on triangu-
larization of A by a similarity transformation. Let z € C,, be an eigenvector
of A pertaining to A. So, Ax = Az. Let us,... ,u, C C, be a set of vectors
orthogonal to z, so that {x,us,... ,u,} is a basis of C,. Indeed, it is an
orthogonal basis, and by normalizing the vectors it becomes an orthonor-
mal basis. We claim that Us = S(ug,... ,u,), the span of {us,... ,uy } is
invariant under A. To see this, suppose

u = zn:cjuj € Us
j=2
and
Au=v+az
where v € Uy and a # 0. Then, on the one hand
(Au,z) = (u, Az) = A (u,z) =0
On the other hand
(Au,z) = (v +az,z) = a(z,z) = a|z||* # 0

This contraction establishes that the span of {ug, ... ,u, } is invariant under
A.

Let U @ V = C"™ be invariant subspaces with U | V. Suppose that Up
and Vp are orthonormal bases of the orthogonal subspaces U and V. Define
the matrix P € M, (C) by taking for its columns first the basis vectors Up
and and then the basis vectors Vp. Let us write P = [Up, V] (with only
a small abuse of notation). Then, since A is Hermitian,

B=P'AP
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The whole process can be carried out exactly m,(\) times, each time
generating a new orthogonal eigenvector pertaining to A. This establishes
that mg(\) = m4(A). A formal induction could have been given. O

Remark 5.1.2. Note how we applied orthogonality and invariance to force
the triangular matrix of the previous result to become diagonal. This is
what permitted the successive extraction of eigenvectors. Indeed, if for any
eigenvector = the subspace of C,, orthogonal to x is invariant, we could have
carried out the same steps as above.

We are now in a position to state our main result, whose proof is implicit
in the three lemmas above.

Theorem 5.1.4. Let A € M, (C) be Hermitian. Then A is diagonalizable.
The matriz P for which P~YAP is diagonal can be taken to be orthogonal.
Finally, if {\1,..., \n}and {ul,... u,} denote eigenvalues and pertaining

orthonormal eigenvectors for A, then A admits the spectral representation
A=30 Nujuj .

Corollary 5.1.1. Let A € M,(C) be Hermitian.
(i) A has n linearly independent and orthogonal eigenvectors.
(ii) A is unitarily equivalent to a diagonal matriz.

(iii) If A, B € M,, are unitarily equivalent, then A is Hermitian if and only
if B is Hermitian.

Note that in part (iii) above, the condition of unitary equivalence cannot be
replaced by just similarity. (Why?)

Theorem 5.1.5. If A,B € M,(C) and A ~ B with S as the similarity
transformation matriz, B = S7'AS. If Az = Az and y = S~ 'z, then
By = \y.

If matrices are similar so also are their eigenstructures. It should establish
the very closeness that similarity implies. Later as we consider decomposi-
tion theorems, we will see even more remarkable consequences.

Though we have as yet no method of determining the eigenvalues of a
matrix beyond factoring the characteristic polynomial, it is instructive to
see how their existence impacts the fundamental problem of solving Az = b.
Suppose that A is Hermitian with eigenvalues A1, ..., A\, counted according
to multiplicity and with orthonormal eigenvectors {uy,...,u,}. Consider
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the following solution method for the system Ax = b. Since the span of the
eigenvectors is C,, then

b= i biui
i=1

where as we know by the orthonormality of the vectors {uj,...,u,} that
b; = (b,u;). We can also write = ). ; z;u;. Then, the system becomes

i=1
= Xn: £L‘Z>\Zuz = zn: bz-ui
=1 i=1

Therefore, the solution is

Expanding the data vector b in the basis of eigenvectors yields a rapid
method to find the solution to the system. Nonetheless, this is not the
preferred method for solving linear systems when the coefficient matrix is
Hermitian. Finding all the eigenvectors is usually costly, and other ways
are available that are more efficient. We will discuss a few of them in in
the section and in later chapters.

Approximating Hermitian matrices

With the spectral representation available, we have a tool to approximate the
matrix, keeping the “important” part and discarding the less important part.
Suppose the eigenvalues are arranged in decending order [A1| > -+ > |\,
Now approximate A by

k
Ak = ZAjUju? (1)
J=1

This is an n x n matrix. The difference A — Ay = Z?:,Hl Ajuju?. We can
approximate the norm of the difference by

n n
2 : T 2 :
(A — Ak) Tr = )\jujuj Tr = )\jxjuj
j=k+1 Jj=k+1
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where z = >, zju;. Assume [|z|| = 1. By the Cauchy-Schwartz inequality

2
A=A z|? = || Y Nz,

j=k+1
n

2
< >l
j=k+1
N 5\ 1/2 )
Therefore, [[(A— Ag)|| < (Zj:k-—i-l |Aj] ) . From this we can conclude
that if the smaller eigenvalues are sufficiently small, the matrix can be ac-

curately approximated by a matrix of lesser rank.

Example 5.1.1. The matrix

0.5745 —0.5005 0.1005  0.0000
—0.5005 1.176 —0.5756 0.1005
0.1005 —0.5756 1.176  —0.5005
0.0000  0.1005 —0.5005 0.5745

A:

has eigenvalues eigenvectors {2.004,0.9877, 0.3219, 0.1872} with pertaining
eigenvectors

0.2740 0.4918 0.6519 0.5080
ug = —0.6519 Uy = —0.5080 us = 0.2740 wy = 0.4918
0.6519 |’ —0.5080 |’ —0.2740 |’ 0.4918
—0.2740 0.4918 —0.6519 0.5080

respectively.  Neglecting the eigenvectors pertaining to the two smaller
eigenvalues A is approximated according as 1 the formula above by

2
Ay = Z )\ju]'u? = Alulu{ + )\gugug
7j=1
T T

0.274 0.274 0.4918 0.4918

—0.6519 —0.6519 —0.508 —0.508

= 2004 0.6519 0.6519 +0.9877 —0.508 —0.508
—0.274 —0.274 0.4918 0.4918

0.3893 —0.6047 0.1112  0.0884
—0.6047 1.107 —0.5968 0.1112
0.1112 -0.5968 1.107 —0.6047
0.0884  0.1112 —0.6047 0.3893
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The difference

0.1852  0.1042 —0.0107 —0.0884
0.1042 0.069 0.0212 —-0.0107
—0.0107  0.0212 0.069 0.1042
—0.0884 —0.0107 0.1042  0.1852

A— Ay =

has 2-norm ||A — As||, = 0.3218, while the 2-norm |A|, = 2.004. The

: e JA=Aall, _ 0.3218
relative error of approximation is TAT, = — 3.000 — 0.1606.

To illustrate how this may be used, let us attempt to use As to approx-
imate the solution of Az = b, where b = [2.606,—4.087, 1. 113,0.3464]T.
First of all the exact solution is z = [2.223,—2.688,—0.1629,0.931 Z]T.
Since the matrix As has rank two, it is not solvable for every vector b.
We therefore project the vector b into the span of the range of Ay, namely
u1 and us. Thus

by = (b, ur) us + (b, ug) ug = [2.555, —4.118,1.109, 0.358 4]

Now solve Asxe = be, to obtain zo = [2.023,—2.828,—0.220 2,0.9274]T.
The 2-norm of the difference is ||z — z2||, = 0.2508. This error, though
not extremely small, can be accounted for by the fact that the data vector
b has sizable us and u4 components. That is Hprojg(%m)bu = 0.2508.

5.2 Finding eigenvectors

Recall that a zero of a polynomial is called simple if its multiplicity is one.
If the eigenvalues of A € M,,(C) are distinct and the largest, \,,, in modulus
is simple, then there is an iterative method to find it. Assume

(1) [An| = p(4)
2) ma(A) = 1.

Moreover, without loss of generality we assume eigenvalues to be ordered
A1l < - < JAn—1] < |An| = pn. Select 20 € C(™). Define

1
(k+1) _ (k)
S PO
By scaling we can assume that X\, = 1, and that y), ... y(™ are linearly

independent eigenvectors of A. So Ay™ = y(™. We can write
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Then, except for a scale factor (i.e. the factor ||z*)||~1)

Since |\;| < 1,5 =1,2,... ,n—1, we have that [\%| — 0ifj = 1,2,... ,n—1.
Therefore, the limit of z(*) approaches a multiple of y(™).
This gives the following result.

Theorem 5.2.1. Let A € M,(C) have n distinct eigenvalues and assume
the eigenvalue X\, with modulus p(A) is simple. If z©) s not orthogonal to
the eigenvector y™ pertaining to An, then the sequence of vectors defined by

1
(k+1) — (k)
g EOl

converges to a multiple of y™ . This is called the Power Method.

The rate of convergence is controlled by |A,—i|. The closer to 1 this
number is the slower the iterates converge. Also, if we know only that A,
(for which |\,| = p(A) is simple we can determine what it is by considering
the Rayleigh quotient. Take

(Az®) 2 (k)
Pk = 7
(x(k) (k)

Then lim pj = Ay Thus the multiple of y™ is indeed \,.

To find intermediate eigenvalues and eigenvectors we apply an adaptation
of the power method called the orthogonalization method. However, in order
to adapt the power method to determine \,_; ,our underlying assumption
is that is also simple and morover |\,_a| < |Ap—1]-

Assume y(™ and ), are known. Then we restart the iteration, taking
the starting value

0 _ o _ @ y™) o

:z‘(

We know that the eigenvector y(™~ 1) pertaining to A,_1 is orthogonal to
y(™ . Thus, in theory all of the iterates

1
A(kt1) _ (k)
R PO
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will remain orthogonal to y(™. Therefore,

lim #®) = y(=1),

k—o0

—in theory. In practice, however, we must accept that y(") has not been
determined exactly. This means #(*) has not been purged of all of y(™. By
our previous reasoning, since A, is the dominant eigenvalue, the presence of
y(™ will creep back into the iterates #*). To reduce the contamination it is
best to purify the iterates #(*) periodically by the reduction

7(k) o (n)
(*) :i‘(k) _ j(k) o <$ Y >y

[yl

(n)

before computing z(k+1)

that

. The previous argument can be applied to prove

(2)  lim z® =401

k—oo

) <Ax(k),x(k)>_
= SO .

Additionally, even if we know y(™ exactly, round-off error would reinstate
a y(”) component in our iterative computations. Thus the purification step
above, (%), should be applied in all circumstances.

Finally, subsequent eigenvalues and eigenvectors may be determined by
successive orthogonalizations. Again the eigenvalue simplicity and strict
inequality is needed for convergence. Specifically, all eigenvectors can be
determined if we assume that eigenvalues to be strictly ordered |A;| < --- <
An_1| < [An| = pn. For example, we begin the iterations to determine 37
with

Don’t forget the re-orthogonalizations periodically throughout the iterative
process.

What can be done to find intermediate eigenvalues and eigenvectors in
the case A is not symmetric? The method above fails, but a variation of it
works.

What must be done is to generate the left and right eigenvectors, w(™
and y(”), for A. Use the same process. To compute y(”*l) and w1 we
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orthogonalize thusly:

¢ fw@2
0 n

500 _ (0 (20, 4 )>y(n)
[y(m]2

where z(©) is the original starting value used to determine the left eigenvector
w™. Since we know that

Tim 28 — gy

it is easy to see that

lim Az® = al,y™.

k—o00

Therefore,

(k) (k)
i AZ5E0)
koo (z®), (M)

Example 5.2.1. Let T be the transformation of R?> — R? that rotates a
vector by 6 radians. Then it is clear that no matter what nonzero vector
20 is selected the iterations z(**1) = Tz(*) will never converge. (Assume
|2(®]| = 1.) Now the matrix representation of T is

_ |cos@ —sinb
T~ lsin® cos®

] rotates counterclockwise

we have

= (A —cosh)? +sin?4.

pap(A) = det [A—cos@ sin 6 ]

—sinf A —cosf
The spectrum of A is therefore
A =cosf +isinf.

Notice that the eigenvalues are discrete, but there are two eigenvalues with
modulus p(Ar) = 1. The above results therefore do not apply.
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Example 5.2.2. Although the previous example is not based on a symmet-
ric matrix, it certainly illustrates non convergence of the power iterations.

The even simpler Householder matrix (1) _01 } furnishes us with a sym-

metric matrix for which the iterations also do not converge. In this case,
there are two eigenvalues with modulus equal to the spectral radius (£1).
With arbitrary starting vector (¥ = [a, b]T, it is obvious that the even
iterations are 229 = [, b]” and the odd iterations are (21 = [a, —b]%.

Assuming again that the eigenvalues are distinct and even stronger, as-
suming that

A1 < [Xo] < -0 <Al

we can apply the process above to extract all the eigenvalues (Rayleigh
quotient) and the eigenvectors, one-by-one, when A is symmetric.

First of all, considering the matrix A — ol we can shift the eigenvalues
to either the left or the right. Depending on the location of A, a sufficiently
large |o| may be chosen so that |A\; — o| = p(A — oI). The power method
can be applied to determine A\; — ¢ and hence ;.

5.3 Positive definite matrices

Of the many important subclasses of Hermitian matrices, there is one class
that stands out.

Definition 5.3.1. We say that A € M, (C) is positive definite if (Az,z) >
0 for every nonzero z € C,,. Similarly, we say that A € M, (C) is positive
semidefinite if (Ax,z) > 0 for every nonzero x € C,.

It is easy to see that for positive definite matrices all of the results are
true

Theorem 5.3.1. Let A, B € M,, (C). Then
1. If A is positive definite, then o (A) C R}
2. If A is positive definite, then A is invertible.
8. B*B is positive semidefinite.

4. If B is invertible then B*B is positive definite.
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5. If B € M, (C) is positive semidefinite, then diag(B) is nonnegative,
and diag (B) is strictly positive when B is postive definite.

The proofs are all routine. Of course, every diagonal matrix with non-
negative entries is positive semidefinite.

Square roots

Given a real matrix A € M,,. It is sometimes desired to determine a square
root of A. By this we mean any matrix B for which B2 = A. Moreover,
if possible, it is desired that the square root be real. Our experience with
numbers indicates that in order that a number have a positive square root,
it must be positive. The analogue for matrices is the condition of being
positive definite.

Theorem 5.3.2. Let A € M, be positive [semi-]definite. Then A has a
real square root. Moreover, the square root can taken to be positive //[semi-
Jdefinite.

Proof. We can write the diagonal matrix of the eigenvalues of A in the equa-
1/2

tion A = P~'DP. Extract the positive square root of D as D3 =diag(A\;"", ...

Obviously D3D3 = D. Now deﬁ1116 114% by Az = P~1D3P. This matrix is
real. It is simple to check that A2 A2 = A, and that this particular square
root is positive definite. O

Clearly any real diagonalizable matrix with nonnegative eigenvectors has a
real square root as well. However, beyond that conditions for determin-
ing existence let alone determination of square roots take us into a very
specialized subject.

5.4 Singular Value Decomposition

Definition 5.4.1. For any A € M,,,, the n x n Hermitian matrix A*A is
positive semi-definite. Denoting its eigenvalues by \; we called the values
\/A; the singular values of A.

Because 7 (A*A) < min (r (A*),r(A)) < min(m,n) there are at most
min (m, n) nonzero singular values.

Lemma 5.4.1. Let A € My,,,. There is an orthonormal basis {u1, ..., u,} of
Cyp, such that {Auy, ..., Au,} is orthogonal.

).
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Proof. Proof. Consider the n x n Hermitian matrix A*A, and denote an
orthonormal basis of its eigenvectors by {us,...,u,}. Then it is easy to see
that {Auy,..., Au,} is an orthogonal set. For (Au;, Auy) = (A*Auj,uy) =
)‘j <ujauk> = 0. O

Lemma 5.4.2. Lemma 2 Let A € M, and an orthonormal basis {uy,...,u,} of

C,. Define

v — ||Aij||Auj if | Au;| #0
’ 0 if Ayl =0

Let S = diag(||Aurll,...,[[Aun]l), the n x n matriz U having rows given

by the basis {ul,...,un}Aand V the m X n matriz given by the columns
{vi,...,v,}. Then A=VSU.

Proof. Proof. Consider

[ w1 v Un | [ || A | 0 0 up —
N 0 Au 0 0
vsve, = | Vb b el . ©o
L 4L O O . e HAunH ] Up, —
[ v vy U | | Awy || 0 0 ]
B [ l 0 |Auz|| 0 0 .
N : . . j
I 11 o 0 o [[Aun| |
[ v1 ve Un |
! !
- . | Aus] e; = | Auy | v; = Au,

Thus both V.SU and A have the same action on a basis. Therefore they are
equal. O

It is easy to see that ||Au;| = \/A;, that is the singular values. While
A = VSU could be called the singular value decomposition (SVD), what is
usually offered at the SVD is small modification of it. Redefine the matrix
U so that the first r columns pertain to the nonzero singularvalues. Define
D to be the m x n matrix consisting of the non zero singular values in the
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d;; positions, and filled in with zeros else where. Define the matrix V' to be
the first 7 of the columns of V and if 7 < m construct an additional m — r
orthonormal columns so that V' is an orthonormal basis of C,,. The resulting
product VDU, called the singular value decomposition of A, is equal to
A, and moreover it follows that V is m x m, D is m x n, and U is n X n.
This gives the following theorem

Theorem 5.4.1. Let A € M,,,. Then there is an m x m orthogonal matriz
V, an nxn orthogonal matriz U, and an m xn matriz D with only diagonal
entries such that A = VDU. The diagonal entries of D are the singular
values of A and the rows of U are the eigenvectors of A*A.

Example 5.4.1. The singular value decomposition can be used for image
compression. Here is the idea. Consider all the eigenvalues of A*A and
order them greatest to least. Zero the matrix S for all eigenvalues less than
some threshold. Then in the reconstruction and transmission of the matrix,
it is not necessary to include the vectors pertaining to these eigenvalues. In
the example below, we have considered a 164 x 193 pixel image of C. F.
Gauss (1777-1855) on the postage stamp issued by Germany on Feb. 23,
1955, to commemorate the centenary of death. Therefore its spectrum has
164 eigenvalues. The eigenvalues range from 26,603.0 to 1.895. A plot
of the eigenvalues shown below. Now compress the image, retaining only a
fraction of the eigenvalues by effectively zeroing the smaller eigenvalues.
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Note that the original image of the stamp has been enlarged and resampled
for more accurate comparisons. This image (stored at 221 dpi) is displayed
at effective 80 dpi with the enlargement. Below we show two plots where
we have retained respectively 30% and 10% of the eigenvalues. There is an
apparent drastic decline in the image quality at roughly 10:1 compression.
In this image all eigenvalues smaller than A = 860 have been zeroed.
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5.5 Exercises

1. Prove Theorem 5.3.1 (i).
2. Prove Theorem 5.3.1 (ii).

3. Suppose that A, B € M, (C) are Hermitian. We will say A = 0if A
is non-negative definite. Also, we say A %= Bif A— B = 0. Is “=”
an equivalence relation? If A »= B and B = C prove or disprove that
A=C.

4. Describe all Hermitian matrices of rank one.

5. Suppose that A, B € M,, (C) are Hermitian and positive definite. Find
necessary and sufficient conditions for AB to be Hermitian and also
positive definite.

6. For any matrix A € M, (C) with eigenvalues X;, i = 1,...,n. Prove
that i) [Ni]* = > ;|



Chapter 6

Normal Matrices

Normal matrices are matrices that include Hermitian matrices and enjoy
several of the same properties as Hermitian matrices. Indeed, while we
proved that Hermitian matrices are unitarily diagonalizable, we did not
establish any converse. That is, if a matrix is unitarily diagonalizable, then
does it have any special property involving for example its spectrum or its
adjoint? As we shall see normal matrices are unitarily diagonalizable.

6.1 Introduction to Normal matrices
Definition 6.1.1. A matrix A € M,, is called normal if A*A = AA*.

Proposition 6.1.1. A € M,, is normal if and only if every matriz unitarily
equivalent to A is normal.

Proof. Suppose A is normal and B = U*AU, where U is unitary. Then
B*B = U*A*AU = U*AA*U = U*AUU*A*U = BB*. If U*AU is normal
then it is easy to see that U*AA*U = U*A* AU. Multiply this equation on
the right by U* and on the left by U to obtain AA* = A*A. O

Examples.
(1) Unitary matrices are normal (U*U =1 = UU").
(2) Hermitian matrices are normal (AA* = A2 = A*A).

(3) If A* = —A, we have A*A = AA* = — A2, Hence matrices for which
A* = —A, called skew-Hermitian, are normal.

197
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Example 6.1.1. Consider the arbitrary matrix N € My (R), written as

N = [ CCL Z } . If we suppose that IV is normal then

T 2 2
N*N - a b a b _|a"+c a?%—c;l
ab+cd b°+d
ab]rzbr:[ﬁ+ﬁ m+M}

NN = [ d ac+bd &+ d?

From this we conclude that b?> = ¢?, or b = +¢. Consider the cases in turn.

(i) If ¢ = b, then N is Hermitian and thus normal.

(ii) If c = —-b # 0, then (N*N),, =ab+cd =b(a—d). On the other
hand (NN*),;, = ac+bd = (d—a)b. For b(a—d) = (d—a)b, we must
have a = d. This gives that real 2 X 2 normal matrices are either symmetric
or have the form

a b
= 2]

Note this form includes both rotations and skew-symmetric matrices.

Recall the definition of a unitarily diagonalizable matrix: A matrix A € M,
is called unitarily diagonalizable if there is a unitary matrix U for which
U*AU is diagonal. A simple consequence of this is that if U*AU = D
(where D = diagonal and U = unitary), then

AU =UD

and hence A has n orthonormal eigenvectors. This is just a part of the
spectral theorem for normal matrices.

Theorem 6.1.1 (Spectral theorem for normal matrices). If A € M,
has eigenvalues Ai...\,, counted according to multiplicity, the following
statements are equivalent.

(a) A is normal.
(b) A is unitarily diagonalizable.
(c) STy Yoy laigl? = 2251 (M1

(d) There is an orthonormal set of n eigenvectors of A.
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Proof. (a) = (b). If A is normal, then AA* is Hermitian and therefore
unitarily diagonalizable. Thus U*A*AU = D = U*AA*U. Also, A, A%,
A*A = AA* form a commuting family. This implies that eigenvectors of
A* A are also eigenvectors of A. Since A* A has a complete orthonormal set
we know that U*AU is also diagonal. It is easy to see also that (b) = (a)
We also note that (a) = (d).

(b) = (c). Suppose U*AU = D. Then U*A*U = D* and U*A*AU = D*D.
By Corollary 3.5.2 similarly preserves the trace. We know trace of A*A
is tr (A*A) = Y01 DTy alpar; = D7 D po Gkjki = D5y Doy ksl
Since the trace of D*D is ¥|\;|?, the result follows.

(¢c) = (b). We know that A is unitarily equivalent to a upper triangular
matrix 7. We also know that if A ~ B are unitarily equivalent  |a;;|> =

ij

>~ |bij|%. Application of this equality to the upper triangular matrix T yields
ij

Do lagl =Y NP It = IR

i,j j>i
Thus t;; = 0 for j > 4. Thus A is uniformly diagonalizable.
(d) = (b). Trivial. O

Corollary 6.1.1. Let A € M, and A is normal. If U is unitary and if
U* AU is upper triangular then U* AU is diagonal.

Theorem 6.1.2. Let N € M,(R). Then N is normal if and only if there
is a real orthogonal matriz Q € My(R) such that

Ay
As O
QNG = ) 1)
O An
where A; is 1 X 1 (real) or A; is 2 x 2 (real) of the form
o B
A= L .
[—ﬁj ai]

Proof. First of all, any matrix A of the form given by (1) is normal, and
therefore so also is any matrix unitarily similar (real orthogonally similar in
this case) to it.
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To prove the converse we assume that N € M, (R) is normal. We know
that N is unitarily diagonalizable. That is, there is a unitary matrix U such
that U*NU = D, the diagonal matrix of its eigenvalues. Because N is real,
all complex eigenvalues occur in complex conjugate pairs. Arrange them as
successive diagonal entries in D. If X is a real eigenvalue, we can assume
without loss of generality that the corresponding eigenvector is real. For
complex eigenvalues, the corresponding eigenvectors also occur in conjugate
pairs. Thus if a4 i3 is an eigenvector of N with corresponding eigenvector
written in real and complex parts v = wu, + ius. Since IV is real we have
that a — i is also an eigenvector of N with corresponding eigenvector @ =
u, — tus. By the fact that N is unitarily diagonalible, these vectors are
orthogonal. This means (u,,us) = 0.

Replace the eigenvectors u, + ius by the real an imaginary parts in U .
This gives the matrix Q. Now compute QT NQ. It is easy to see that com-
pute Nu, = au,—(vs and Nugs = aus+(v,. When the first of these vectors
(cu, —Bvs) is multiplied by Q7 we obtain the vector [0,..., a,—8, 0,... O]T.
Multiplication by the second gives the vector [0,...,0, «, 0,... O]T. In this

way the components [ _aﬁ g } arise. U

Corollary 6.1.2. (a) A € M,, is symmetric if and only if (1) holds with all
blocks 1 x 1 (and real).
(b) AAT = I if and only if (1) has the form

A1
Ay

. "
sinf; cos0;

where \j = £1 and A; = [Cosej _Sinoj} 6; € R.

6.2 Exercises

1. If A and B commute and if A is normal, then A* and B commute.



Chapter 7

Factorization Theorems

This chapter highlights a few of the many factorization theorems for ma-
trices. While some factorization results are relatively direct, others are it-
erative. While some factorization results serve to simplify the solution to
linear systems, others are concerned with revealing the matrix eigenvalues.
We consider both types of results here.

7.1 The PLU Decomposition

The PLU decomposition (or factorization) To achieve LU factorization we
require a modified notion of the row reduced echelon form.

Definition 7.1.1. The modified row echelon form of a matrix is that form
which satisfies all the conditions of the modified row reduced echelon form
except that we do not require zeros to be above leading ones, and moreover
we do not require leading ones, just nonzero entries.

For example the matrices below are in row echelon form.

1 2 3 12 3 0
A=10 0 1 B=|04 -7 6
0 00 00 0 1

Most of the factorizations A € M,, (C) studied so far require one essential
ingredient, namely the eigenvectors of A. While it was not emphasized when
we studied Gaussian elimination, there is a LU-type factorization there.
Assume for the moment that the only operations needed to carry A to its

201
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modified row echelon form are those that add a multiple of one row to
another. The modified row echelon form of a matrix is that form which
satisfies all the conditions of the modified row reduced echelon form except
that we do not require zeros to be above leading ones, and moreover we
do not require leading ones, just nonzero entries. Naturally it is easy to
make the leading nonzero entries into leading ones by the multiplication by
an appropriate identity matrix. That is not the point here. ~What we
want to observe is that in this case the reduction is accomplished by the left
multiplication of A by a sequence of lower triangular matrices of the form.

1
0 1 0
L= 0 1
c "
0 - 1

Since we pivot at the (1, 1)-entry first, we eliminate all the entries in the first
column below the first row. The product of all the matrices L to accomplish
this has the form

- .
C21 1 0
Ly=1]¢1 0 1
el 0 - 1|
where ¢, = —Z—’ﬁ. Thus, with the notation that A = A; has entries agjl.) this

2)

first phase of the reduction renders the matrix As with entries a;;

- 2
&
0 aé%) :
A=LiAdi=| 0 af o
R

Since we have assumed that no row interchanges are necessary to carry out

the reduction we know that a%) # 0. The next part of the reduction process
is the elimination of the elements in the second column below the second
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row, i.e. az(é) —0, ...a 5122) — 0. Correspondingly, this can be achieved by

a matrix of the form

1

0 1 0
Ly=|0 c2n 1

|0 cug - 1]

(What are the values cko ?7) The result is the matrix Az given by

[ (3) 3) ]

a11 "' aip
0 ag;) . :
A3 =LyAy=LyLiAi=| 0 0 af
[ 0 0 ay  ad ]

Proceeding in this way through all the rows (columns) there results

- 9 1
B
0 ag) . :
Ap=Lp 1An 1 =Ly 1 Lol1A) = 0 0 a:(,)%)
0 0 0 al) |

The right side of the equation above is an upper triangular matrix. Denote
it by U. Since each of the matrices L;, i =1,...n — 1 is invertible we can
write

The lemma below is useful in this.

Lemma 7.1.1. Suppose the lower triangular matrix L € M, (C) has the
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form
- -
0 0
1
L = 0 1 — kth row
Ck+1,k
10 - 0 cuk 1

Then L is invertible with inverse given by

1
0 0
1
L= 0 1 — k" row
—Ck+1k
i 0 0 —cug 1|

Proof. Trivial
Lemma 7.1.2. Suppose L1 Lo, -- , L,_1are the matrices given above. Then

the matriz L = Lfl e L;El has the form

1
—C21 1 0
—c31 —c3p 1
I — 1
—Ck+1,k
|~ —Ca o —C e 1

Proof. Trivial.

Applying these lemmas to the present situation we can say that when
no row interchanges are needed we can factor and matrix A € M, (C) as
A = LU, where L is lower triangular and U is upper triangular. When row
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interchanges are needed and we let P be the permutation matrix that creates
these row interchanges then the LU-factorization above can be carried out
for the matrix PA. Thus PA = LU, where L is lower triangular and U is
upper triangular. We call this the PLU factorization. Let us summarize
this in the following theorem.

Theorem 7.1.1. Let A € M, (C). Then there is a permutation matriz
P € M, (C) and lower L and upper U triangular matrices (€ M, (C)), such
that PA = LU. Moreover, L can be taken to have ones on its diagonal. That
iS, &'i: 1, 1= 1,...n.

By applying the result above to A7 it is easy to see that the matrix U
can be taken to have the ones in its diagonal. The result is stated as a
corollary.

Corollary 7.1.1. Let A € M, (C). Then there is a permutation matrix
P € M, (C) and lower and upper triangular matrices (€ M, (C)) respec-
tively, such that PA = LU. Moreover, U can be taken to have ones on its
diagonal (u;; =1, i=1,...n).

The PLU decomposition can be put in service to solving the system
Az = b as follows. Assume that A € M, (C) is invertible. Determine the
permutation matrix P in order that PA = LU, where L is lower triangular
and U is upper triangular. Thus, we have

Ax = b
PAx = Pb
LUz = Pb
Solve the systems
Ly = Pb
Uz =y

Then LUx = Ly = Pb .Hence « is a solution to the system. The advantages
of this formulation over the direct Gaussian elimination is that the systems
Ly = Pband Uz = y are triangular and hence are easy to solve. For example

. T
for the first of the systems, Ly = Pb, let the vector Pb = [bl,...,bn} .

Then it is easy to see that “back substitution” (aka “forward substitution”)
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can be used to determine y. That is, we have the recursive relations

by
v = 7
I
b —lan
Y2 = —

l22

: n—1
Yn = (l;n - Z lnmym> l;ﬁ
m=1

A similar formula applies to solve Uz = y. In this case we solve first for
ZTn = Yn/Unn. The general formula is recursive with x; being determined
after zx41,...,2, . are determined using the formula

n
T = (yk - Z Ukmym> Uin

m=k+1

In practice the step of determining and then multiplying by the per-
mutation matrix is not actually carried out. Rather, an index array is
generated, while the elimination step is accomplished that effectively inter-
changes a “pointer” to the row interchanges. This saves considerable time
in solving potentially very large systems.

More general and instructive methods are available for accomplishing
this LU factorization. Also, conditions are available for when no (nontrivial)
permutation is required. We need the following lemma.

Lemma 7.1.3. Let A € M, (C) have the LU factorization A = LU, where
L is lower triangular and U is upper triangular. For any partition of the
matriz of the form

Ann Ar
A=
[ Ay Ao }

there are corresponding decompositions of the matrices L and U

| L1n O | Ui Ur2
L_[LQI L22} andU—[ 0 U22}
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where the L;; and the U;;. are lower and upper triangular respectively. More-
over, we have

Apn = LnUn
A1 = LaUn
A1p = L12Us
Az Ly1Uia + LaaUso

Thus L11U11 is a LU factorization of A11.

With this lemma we can establish that almost every matrix can have a
LU factorization.

Definition 7.1.2. Let A € M, (C) and suppose that 1 < j < n. The
expression det(A{1,...,j}) means the determininant of the upper left j x j
submatrix of A. These quaditities for j = 1,...,n are called the principal
determinants of A.

Theorem 7.1.2. Let A € M, (C) and suppose that A has rank k. If

det(A{1,...,5}) #0 for j=1,...,k (1)

then A has o LU factorization A = LU, where L is lower triangular and U
is upper triangular. Moreover, the factorization may be taken so that either
L or U is nonsingular. In the case k =n both L and U will be nonsingular.

Proof. We carry out this LU factorization as a direct calculation in compar-
ison to the Gaussian elimination method above. Let us propose to solve
the equation LU = A expressed as

l11 Uil U2 U3 v Uln
lor a2 0 U2 U3 v - Uop
l31 l32 33 u33
0
_lnl lng =0 oo lnn_ L Unn |
air a2 a3 ain
a1 G2 a3 aon
azr  as2 as3
L anl an2 o« o e o« o e a/nn ]
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It is easy to see that ly;u1; = a11. We can take, for example [1; = 1 and
solve for u11. The detminant condition assures us that u1; # 0. Next solve
for the (2,1)-entry. We have lyju11 = agi. Since uj; # 0, solve for la;.
For the (1,2)-entry we have l11u12 = a12, which can be solved for wu;2 since
l11 # 0. Finally, for the (2,2)-entry, l1ou12 + loguge = agz is an equation
with two unknowns. Assign loo = 1 and solve for uss. What is important
to note is that the process carried out this way gives the factorization of the
upper left 2 x 2 submatrix of A. Thus

lii 0O ui wiz | _ | a1 a12
lor oo 0 u2 a1 a2

Since det <[ L dn }) #£ 0, it follows that det ([ uél 12 ]) # 0 and

a1 a2 U22
I

lo1 loo
Continue the factorization process through the k x k upper left submatrix
of A.

we know that [ } is nonsingular as the diagonal elements are ones.

Now consider the blocked matrix form form A

An A
A=
[ A1 As }

where A1 is k X k and has rank k. Thus we know that the rows of the lower
(n — k) X n matrix above, that is [ Ay Ag } can be written as a unique

linear combination of the rows of the upper kxn matrix [ A1l A ] . Thus
[ A1 Ay | =C[ A A |

for some (n — k) x k matrix C. Of course this means: Ag; = C A1 and
Agg = C Aq3. We consider the factorization

A—[AH A12]_[L11 0 ][Un U12:|
Ao Aao Ly1 Lo 0 Ux

where the blocks Li; and Uj; have just been determined. From the
equations in the lemma above we solve to get Ujo = L1_11 A9 and Lo =
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AUt

Then

= LoUiz + LoUs

= ApUL'Ly! A+ LU
= Ay A7 Apg 4 LoaUs

= C Ay Al Ajg + LagUss

= C Aip+ LUy
= Ay + LaUs

Thus we solve LosUss = 0. Obviously, we can take for Loy any nonsingular

matrix we wish and solve for Usy or conversely.

7.2 LR factorization

|

While the PLU factorization is useful for solving systems, the LR factoriza-

tion can be used to determine eigenvalues. .
Let A € M, be given. Then

A= A1 = L1R1.
Then

L1_1A1L1 == RlLl = A2
A2 == L2R2
L51A2L2 == R2L2 = Ag.

Continue in this fashion to obtain
L,;lAkLk = RkLk = Ak+1
We define

P =L1Ly... L
Qi = Ri... RoRy.

Then

PeApyr = A1 Py
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for
Aji1 = L ApLy,
= L Lty Ap 1 L1 Ly,
=P ' AP,
or
Py Ak+1 = Alpk.
Hence

PrQr = Pr1 ApQr—1
=A1P, 1Qr 1
= A1Py 2 Ap1Qk—2
= A3 Py 5Qp—2

= Ak

Theorem 7.2.1 (Rutishauser). Let A € M, be given. Assume the eigen-
values of A satisfy

(Al > [A2] > > [Aq] > 0.
Then A ~ A = diag(\ ... \p). Assume A= SAS™! and
YES_IZLyRy X=S=L_R,

where L, and L, are lower unit triangular matrices and R, and R, are
upper triangular. Then Ay defined by (x) satisfy the result lim Ay, is upper
triangular.

Proof. (Wilkinson) We have
A¥ = XAFY
= XA*L,R,
= XA*L,A""ARR,.
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By the strict inequalities between the eigenvalues we have

1 1=17
k k A\
(A"LyA™");5 = <>\—l> bij 1>
j
0 i< j

Hence A¥L,A=% — I (because K;

L < 1ifi > j). Hence with
AY = LR, (A*L,A"F)A*R,
and

AY = P.Qy,

we conclude that klim P, = L,. Therefore
—00

Ly=P P, — 1.
Finally we have that A must be upper triangular because
LA, =Ry

is upper triangular.
1

This exposes all the eigenvalues of A. Therefore the eigenvectors can be
determined.

7.3 The QR algorithm

Certain numerical problems with the LU algorithm have led to the QR
algorithm, which is based on the decomposition of the matrix A as

A=QR
where @ is unitary and R is upper triangular.

Theorem 7.3.1 (QR-factorization). (i) Suppose A is in M, ,, andn >
m. Then there is a matriz Q € My, with orthogonal columns and an

upper triangular matriz
R € M, such that A = QR.
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(ii) If n = m, then Q is unitary. If A is nonsingular the diagonal entries
of R can be chosen to be positive.

(11i) If A is real; then @ and R may be chosen to be real.

Proof. (i) We proceed inductively. Let aq,..., a, denote the columns
of A and ¢1,qo,...,qn denote the columns of ). The basic idea of
the QR-factorization is to orthogonalize the columns of A from left
to right. Then the columns can be expressed by the formulas ay =
Zle ckqr, k =1,...,n. The coefficients of the expansion become,

respectively, the entries of the kth column of R, completed by n — k

zeros. (Of course, if the rank of A is less than m, we fill in arbitrary

orthogonal vectors which we know exist as m < n.) For the details,
first define ¢; = a1/[|a1||. To compute g2 we use the Gram—Schmidt

procedure.

G2 = a2 — (q1,a1)q1
¢ = G2/||G2]|-

Tracing backwards note that

az = g2 + (g1, 01)q1
= [|G2lg2 + (q1,a1)q1.

So we have

laxll (g1, a1)

[al az as ] _ [(h 2 g3 ] 0 1G]l
A L 0
0 0
Instead of the full inductive step we compute g3 and finish at that
point
4z = a3 — (q1,a3)q1 — (g2, a3)q2
a3 = Gs/11gs|l-
Hence

az = ||g3llgz + (g1, az)q1 + (g2, a3)qe.
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The third column of R is thus given by

r3 = [<QIva’3>7 <QQaa3>7 ||Q3||7O707 o aO]T'

In this way we see that the columns of @) are orthogonal and the matrix
R is upper triangular, with an exception. That is the possibility that
gr = 0 for some k. In this degenerate case we take g to be any
vector orthogonal to the span of a1, as, ... ,an, and we take ry; = 0,
j=kk+1...m. Also we note that if § = 0, then a is linearly
dependent on aq,as, ... ,ar_1, and hence on ¢1, go,...qr_1. Select the
coefficients 71, ... ,7E_1 to reflect this dependence.

(ii) If m = n, the process above yields a unitary matrix. If A is nonsingu-
lar, the process above yields a matrix R with a positive diagonal.

(iii) If A is a real, all operators above can be carried out in real arithmetic.

a

Now what about the uniqueness of the decomposition? Essentially the
uniqueness is true up to a multiplication by a diagonal matrix, except in
the case when the matrix has rank is less than m, when there is no form of
uniqueness. Suppose that the rank of A is m.

Then application of the Gram-Schmidt procedure yields a matrix R with
positive diagonal. Suppose that A has two QR factorizations, QR and PS
with upper triangular factors having positive diagonals. Then

P*Q=SR!

We have that SR~! is upper triangular and moreover has a positive diagonal.
Also, P*() is unitary. We know that the only upper triangular unitary
matrices are diagonal matrices, and finally the only unitary matrix with a
positive diagonal is the identity matrix. Therefore P*Q) = I, which is to
say that P = Q). We summarize as

Corollary 7.3.1. Suppose A is in M, , and n > m. If rank(A) = m
then the QR factorization of A = QR with upper triangular matriz R having
a positive diagonal is unique.
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The QR algorithm

The QR algorithm parallels the LR algorithm almost identically. Suppose
A is in M, Define

Al = Q1R

A = R1Qq.
Also

Q1A1Q = A,.

Then decompose Az into a QR decomposition
Az = Q2Ry
and
Q3A42Q2 = R2Q2 = As.
Also
Q3Q141Q1Q2 = R2Q2 = A4s.

Proceed sequentially

A = Qi Ry
Apy1 = RpQp
QrLALQr = Aki1.
Let
Py =0Q1Q2...Q%
T, = Ry Rp—1... Ry.
Then
P,:Alpk = Ak11.
whence

PkAk+1 = Alpk.
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Also we have

P.Ty, = P 1QrRyTy—
= Py 1 ATk
= A1 Py 1Ty

= Ak,
Theorem 7.3.2. Let A € M, be given, and assume the eigenvalues of A
satisfy
[A1] > [A2] > - > |An] > 0.
Then the iterations A converge to a triangular matrix.

Proof. Our hypothesis gives that A is diagonalizable, and we write A ~ A =
diag(A1 ... An). That is,

Ap = SAS™!
where A = diag(\; ... \y,). Let

X=58=Q:R,; here QR
y=§1= L,U, | here LU.

Then
AY = Q.R.A*L,U,
= Q. R, AFL,A""AFU,
= Q.(I+ R ExR; )R A Uy
where

Ey=AL,AF T

0 i=j
(Er)ij =< (Ni/Nj)iliy i>j
0 i < j.

It follows that I + R, ErR;! — I, and RmA_kUy is upper triangular. Thus

Q(I + R.ELR; V)R, A U, = P,Ty.
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The matrix I + R,FEyR,' can be QR factored as [gkRk, and since I +
R.ExR;' — I, it follows that we can assume both Uy — I and Ry, — I.
Hence

AY = QuUk[Ri(I + R.ExR; ") R, AU,] = PT},.

with the first factor unitary and the second factor upper triangular. Since
we have assumed (by the eigenvalue condition) that A is nonsingular, this
factorization is essentially unique, where possibly a multiplication by a di-
agonal matrix must be applied to give the upper triangular factor on the
right a positive diagonal. Just what is the form of the diagonal matrix can
be seen from the following. Let A = |A| A1, where |A| is the diagonal matrix
of moduli of the elements of A and where A; is the unitary matrix of the
signs of each eigenvalue respectively. We also take U, = Ay (A5U,) where
As is a unitary matrix chosen so that A5U has a positive diagonal. Then

A% = QUMM [(MoA}) Rl + ReB R, R (Ao [AIF (AST)] = PiTi.
From this we obtain Pj is essentially asymptotic to QxﬁkAgAlf and from
this we obtain that
Qr =P P, — M\
which is diagonal. Finally, it follows that A is upper triangular since
Q; "Ar = Ry
In the limit therefore A is similar to an upper triangular matrix. O

Example 7.3.1. Apply the QR method to the matrix

23 1 2
A= 2 2 21
3 2 0

The matrix A has eigvenvalues 5.45, 0.723, —1.87. The successive iterations
are
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[ 510 —0.511 2.13 9.51 -1.02 —-0.36
A = | 0.631 0.662 0.136 Az = | —0.0146 0.666 0.482
| 142 -0.0202 -1.44 0.513 0.240 -1.84
5.46 —1.41 0.482 5.47 —0.366 —1.26
Ag=| —0.0372 0.495 0.672 As = | —0.0404 —-0.462 1.39
| 0.169 0.815 —1.62 | 0.0430 1.21 —-0.677
[ 5.46 —-1.13 —-0.687 [ 5.45 0.529 -1.18
Ag = | —0.0184 —-1.52 0.813 A7 = | —0.00682 —1.78 0.585
| 0.00826 0.983 0.381 | 0.00115 0.414 0.638
[ 5.43 0.684 —1.09
Ag = | —0.000822 —-1.87 0.229
0.0000215 0.0659 0.729

Note the gradual appearance of the eigenvalues on the diagonal.
Remark. These iterations were carried out in precision 3 arithmetic, which
affects the rate of convergence to triangular form.

7.4 Least Squares

As we know, if A € M, ,, with m < n it is generally not possible to solve
the overdetermined system

Ax =b.

For example, suppose we have the data {(x;,y;)}7_;, with the z-coordinates
distinct. We may wish to “fit” a straight to this data. This means we want
to find coefficients m and b so that

b+ mx; =y, i1=1,...,n. (%)

Taking the matrix and data vector

1 = Y1

1 Y2
A = b fr—

1 =z, Yn

and z = [b,m]T, the system (x) becomes Az = b. Usually n > 2. Hence
there is virtually no hope to determine a unique solution to system.
However, there are numerous ways to determine constants m and b so
that the resulting line represents the data. For example, owing to the dis-
tinctness of the z-coordinates, it is possible to solve any 2 x 2 subsystem of
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Az = b. Other variations exist. A new 2 x 2 system could be created by
creating two averages of the data, say left and right, and solving. Assume

k
the sequence {z;} is ordered from least to greatest. Define z, = % > xj and
=1

T, = Lk >. . Let y; and y, denote the corresponding averages for the
j=k+1
ordinates. Then define the intercept b and slope m by solving the system

BB

While this will normally give a reasonable approximating line, its value has
little utility beyond its naive simplicity and visual appearance. What is
desired is to establish a criteria for choosing the line.

Define the residual of the approximation » = b — Az. It makes perfect
sense to consider finding z = [b,m]” for which the residual is minimized in
some norm. Any norm can be selected here, but on practical grounds the
best norm to use is the Euclidean norm || - ||2. The vector Az that yields
the minimal norm residual is the one for which (b — Az) L Aw, for we are
seeking the nearest value in the Aw to the vector b. It can be found by
select the one for the solution, Az, for which

b—Ax 1 Aw all w.

This means
(b— Az, Ay) =0 ally
or
(AT(b— Ay),y) =0 ally
or
AT(b— Ay) =0
Al Ay = A%, ggi?t?ins

The least squares solution to Ax = b is given by the solution to the normal
equation

AT Ay = AT,
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Suppose we have the QR decomposition for A. Then if A is real
ATA=R"Q"QR=R"R
ATy = RTQy.
Hence the normal equations become
RTRz = RTQy.

Assuming that the rank of A is m, we must have that R and hence RT
is invertible. Therefore we have the least squares solution is given by the
triangular system

Rz = Qy.

7.5 Exercises

1. If A € M(C) has rank k, show that there is a permutation matrix P
such that PA has its first k£ principal determinants nonzero.

2. For the least squares fit of a straight line determine R and Q.

3. In the case of data

T, | n X T, | 2¥i
A A_ |:E.’Bi 21’22:| A b_ [Ewiyj )

4. In attempting to solve a quadratic fit we have the model
c—|—ba7i—|—a:c?:yi i=1,...,n.

The system is

1 x :c% zl
2
A=1: ¢ b=
1z, =2 yn

The normal equations have the matrix and data given by

n Yz, Xa? 2y
ATA = | 2a; Ex? Eacg’ ATp = Xy
Ya? Ya? Yt Saty;

5. Find the normal equations for the least squares fit of data to a poly-
nomial of degree k.
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Jordan Normal Form

8.1 Minimal Polynomials

Recall pa(z) = det(zI — A) is called the characteristic polynomial of the
matrix A.

Theorem 8.1.1. Let A € M,,. Then there exists a unique monic polyno-
mial ga(x) of minimum degree for which qa(A) = 0. If p(x) is any polyno-
mial such that p(A) = 0, then ga(x) divides p(z).

Proof. Since there is a polynomial p4(z) for which p4(A) = 0, there is one of
minimal degree, which we can assume is monic. by the Euclidean algorithm

pa(z) = qa(x)h(z) + r(z)
where deg r(x) < deg qa(z). We know
pa(4) = qa(A)h(A) +r(A).

Hence r(A) = 0, and by the minimality assumption r(z) = 0. Thus g4
divided pa(z) and also any polynomial for which p(A) = 0. to establish
that g4 is unique, suppose g(x) is another monic polynomial of the same
degree for which ¢(A) = 0. Then

r(z) = q(x) — qa(®)

is a polynomial of degree less than g4(z) for which r(a) = q(A) —qa(A) = 0.
This cannot be unless r(z) = 0 = 0g = g4. O

Definition 8.1.1. The polynomial g4(z) in the theorem above is called the
minimal polynomial.

221
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Corollary 8.1.1. If A, B € M,, are similar, then they have the same min-
imal polynomial.

Proof.

B=S5"14S8
qa(B) = qa(571AS) = §7'qa(A)S = qa(A4) = 0.

If there is a minimal polynomial for B of smaller degree, say ¢p(z), then
gp(A) = 0 by the same argument. This contradicts the minimality of g (z).
]

Now that we have a minimum polynomial for any matrix, can we find a
matrix with a given polynomial as its minimum polynomial? Can the degree
the polynomial and the size of the matrix match? The answers to both
questions are affirmative and presented below in one theorem.

Theorem 8.1.2. For any n'™ degree polynomial
p(z) = 2"+ an_12"t + a0z 2 4 -+ arx + ag
there is a matrix A € M, (C) for which it is the minimal polynomial.

Proof. Consider the matrix given by

0 0 —ayp
1 0 —ai
A= 0 1 0 —ao
. 0 :
L 0 ... 0 1 —an,l_

Observe that

Iey = e = A%,y
A61 = €92 = A61

A€2 — €3 — A261

Ae, 1 =e, = A""teg
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and

Ae, = —ap_1€, — Gp_26,_1 — -+ — ajez — ape1

Since Ae,, = A™ey, it follows that

p(A)e; = Aey + an1 A" e + ap_oA%e1 + - -+ a1Ae; + agleg =0
Also

p(A)er = p(A)AFLey = AF1p(A)e; = AF1(0) =0 E=2...,n

Hence p(A)e; =0 for j =1...n. Thus p(A) = 0. We know also that
p(z) is monic. Suppose now that

q(:r) ="+ bm_l.’L’m_l -+ bix 4+ by
where m < n and ¢(A) = 0. Then

q(A)el = AMe; + bm_lAm_lel + -+ b1Aeq + boeq
=€em+1 + bm—16m + -+ breg + boe; = 0.

But the vectors ey,11 ...e1 are linear independent from which we conclude
that ¢(A) = 0 is impossible. Thus p(x) is minimal. O

Definition 8.1.2. For a given monic polynomial p(z), the matrix A con-
structed above is called the companion matrix to p.

The transpose of the companion matrix can also be used to generate a linear

differential system which has the same characteristic polynomial as a given

nth order differential equation. Consider the linear differential equation

y™ +an 1y 4+ ary +ag = 0.

This n'" order ODE can be converted to a first order system as follows:

upr =y
!/ /
Uz = Uy =Y
!/ "
usz = Uy =Y
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Then we have

uy 0 1 uy
Uug 0 1 0 U2
0 1
0 1
_un_ _CL() —aq el e —an_l_ | Un |

8.2 Invariant subspaces

There seems to be no truly simple way to the Jordan normal form. The
approach taken here is intended to reveal a number of features of a matrix,
interesting in their own right. In particular, we will construct “generalized
eigenspaces” that envelop the entire connection of a matrix with its eigen-
values. We have in various ways considered subspaces V of C, that are
invariant under the matrix A € M, (C). Recall this means that AV C V.
For example, eigenvectors can be used to create invariant subspaces. Null
spaces, the eigenspace of the zero eigenvalue, are invariant as well. Triangu-
lar matrices furnish an easily recognizable sequence of invariant subspaces.
Assuming T' € M, (C) is upper triangular, it is easy to see that the sub-
spaces generated by the coordinate vectors {e1,...,e,} form=1,...,n are
invariant under 7.

We now consider a specific type of invariant subspace that will lead the
so-called Jordan normal form of a matrix, the closest matrix similar to A
that resembles a diagonal matrix.

Definition 8.2.1 (Generalized Eigenspace). Let A € M, (C) with spec-
trum o (A) = {A1,...,A\x}. Define the generalized eigenspace pertaining to
)\i by

V)\i = {wECn | (A—)\if)nm‘:()}

Observe that all the eigenvectors pertaining to \; are contained in V.
If the span of the eigenvectors pertaining to ); is not equal to V), then there
must be a positive power p and a vector x such that (A — X\;I)? z = 0 but that
y=(A—-NI)P 1y # 0. Thus y is an eigenvector pertaining to A;. For this
reason we will call V), the space of generalized eigenvectors pertaining to
Ai. Our first result, that V), is invariant under A, is simple to prove, noting
that only closure under vector addition and scalar multiplication need be
established.
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Theorem 8.2.1. Let A € M, (C) with spectrum o (A) = {A1,..., A}
Then for each i =1,...,k, V), is an invariant subspace of A.

One might question as to whether V), could be enlarged by allowing
higher powers than n in the definition. The negative answer is most simply
expressed by evoking the Hamilton-Cayley theorem. We write the charac-
teristic polynomial pg (A) = [[ (A — )\i)m“‘()‘i), where m 4 ()\;) is the algebraic
multiplicity of ;. Since pa (4) =[] (4 — )\Z-I)mA()‘i) = 0, it is an easy mat-
ter to see that we exhaust all of C,, with the spaces V),. This is to say that
allowing higher powers in the definition will not increase the subspaces V},.
Indeed, as we shall see, the power of (A— ;) can be decreased to the geomet-
ric multiplicity mg (A\;) the power for A;. For now the general power n will
suffice. One very important result, and an essential first step in deriving
the Jordan form, is to establish that any square matrix A is similar to a
block diagonal matrix, with each block carrying a single eigenvalue.

Theorem 8.2.2. Let A € M,, (C) with spectrum o (A) = {A1,..., \x} and
with invariant subspaces Vy,, i =1,2,...,k. Then (i) The spaces Vy,, j =
1,...,k are mutually linearly independent. (ii) Eszl Vi, = C, (alternatively
Ch =6,..., Vo)) (i) dim Vy, = ma (N;). (W) A is similar to a block
diagonal matriz with k blocks Ay,...,Ag. Moreover, o (A;) = {\} and
dim A; = mg (N\;) .

Proof. (i) It should be clear that the subspaces V), are linearly independent
of each other. For if there is a vector z in both V); and V), then there is

a vector for some integer ¢, it must be true that (A — )\jI)q_l x # 0 but
(A= X\I)%z = 0. This means that y = (A — X\;I)? 'z is an eigenvector
pertaining to A\;. Since (A — \;I)" z = 0 we must also have that

A-NDTHA-ND"z = (A-ND"(A-N\DTg

= (A-X\D"y=0
= (= 2)"y=0

This is impossible unless A\; = A;. (ii) The key part of the proof is to block
diagonalize A with respect to these invariant subspaces. To that end, let S
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be the matrix with columns generated from bases of the individual V), taken
in the order of the indices. Supposing there are more linearly independent
vectors in C,, other than those already selected, fill out the matrix S with
vectors linearly independent to the subspaces Vy,, i = 1,...,k. Now define
A = S71AS. We conclude by the invariance of the subspaces and their
mutual linear independence that A has the following block structure.

A 0 0
0 A 0
A=S8"14AS =
Ak *
0 0 B |

It follows that
pa (V) =0z (V) = ([Tra, V) 25 )

Any root r of pp (A) must be an eigenvalue of A, say A;, and there must be an
eigenvector x pertaining to A;. Moreover, due to the block structure we can
assume that x = [0,...,0, z] T where there are k blocked zeros of the sizes of
the A; respectively. Then it is easy to see that ASxz = \;Sz, and this implies
that Sz € VAJ.. Thus there is another vector in VAJ., which contradicts its
definition. Therefore B is null, or what is the same thing, @le W\, = C,.
(iii) Let d; = dim V},. From (ii) know ) d; = n. Suppose that \; € o (4;).
Then there is another eigenvector x pertaining to A\; and for which A;x =
Aixz. Moreover, this vector has the form = = [0,...,0,z,0,... O]T, analogous
to the argument above. By construction Sz ¢ Vy,, but ASz = \;Sz, and
this contradicts the definition of V,. We thus have that pa, (\) = (A — A\)%.
Since pa (A) = [Ipa, (A) = [T(A = X)™43) it follows that di = ma (A)
(iv) Putting (ii), and (iii) together gives the block diagonal structure as
required. ]

On account of the mutual linear independence of the invariant subspaces
V), and the fact that they exhaust C,, the following corollary is immediate.

Corollary 8.2.1. Let A € M, (C) with spectrum o (A) = A1,...,\x and

with generalized eigenspaces Vy,, © = 1,2,...,k. Then each x € C,, has a
. . k

unique representation r = Zi:l x; where x; € Vy,.

Another interesting result which reveals how the matrix works as a linear
transformation is to decompose the it into components with respect to the
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generalized eigenspaces. In particular, viewing the block diagonal form

A 0 0
- 1 0 A 0
A=5"AS =
Ay
the space C,, can be split into a direct sum of subspaces E1, ..., E} based on

coordinate blocks. This is accomplished in such that any vector y € C,, can
be written uniquely as y = Zle y; where the y; € F;. (Keep in mind that
each y; € C,; its coordinates are zero outside the coordinate block pertaining
E;) Then Ay = AZ?ZI Yi = Zle Ay, = Zle A;y;. This provides a
computational tool — when this block diagonal form is known. Note that
the blocks correspond directly to the invariant subspaces by SE; = V),. We
can use these invariant subspaces to get at the minimal polynomial. For
each i =1,...,k define

mi =min{(A— NI z=0|zecV}
J

Theorem 8.2.3. Let A € M, (C) with spectrum o (A) = Ai,...,\; and
with invariant subspaces Vy,, 1 =1,2,..., k. Then the minimal polynomial
of A is given by

k
) =[Jo-20™

Proof. Certainly we see that for any vector z € V),

k
q(A)z = (H (A— AiI)mi) x=0

=1

Hence, the minimal polynomial g4 (\) divides ¢ (A). To see that indeed
they are in fact equal, suppose that the minimal polynomial has the form

k
aa () =T =2)™
i=1
where 1; < my, for i = 1,...,k and in particular m; < m;. By construction

there must exist a vector € V), such that (A — \I)™ x = 0 but y =
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(A—X\D)™ 1z #0. Then if

k
q(A)z = (H(A—)\,I)mi>a:

This cannot be because the contrary implies that there is another vector in
one of the invariant subspaces V), . O

Just one more step is needed before the Jordan normal form can be derived.
For a given V), we can interpret the spaces in a heirarchical viewpoint. We
know that V), contains all the eigenvectors pertaining to \;. Call these
eigenvectors the first order generalized eigenvectors. If the span of these
is not equal to V),, then there must be a vector x € V), for which y =
(A—MNI)?z=0but (A— NI)z #0. That is to say y is an eigenvector of
A pertaining to A;. Call such vectors second order generalized eigenvectors.
In general we call an z € V), a generalized eigenvector of order j if y =
(A= NIz =0but (A— NItz #0. In light of our previous discussion
V), contains generalized eigenvectors of order up to but not greater than
my. .

1

Theorem 8.2.4. Let A € M, ((C) with spectrum o (A) = {\1,..., \x} and
with invariant subspaces Vy;, 1 =1,2,...,k.
(i) Let x € V), be a genemlzzed ezgenvector of order p. Then the vectors

z, (A=XNDaz, (A-=ND?z,..., (A=NI)P 'z (1)

are linearly independent.
(i) The subspace of C,, generated by the vectors in (1) is an invariant
subspace of A.

Proof. (i) To prove linear independence of a set of vectors we suppose linear
dependence. That is there is a smallest integer k£ and constants b; such that

M-

k
2= b (A= NIV z=0
7=0



8.2. INVARIANT SUBSPACES 229

where by, # 0. Solving we obtain by (A — NI)F 2 = — Z?;g b; (A—NI) .
Now apply (A — \I)P ~* to both sides and obtain a new linearly dependent
set as the following calculation shows.

k—1
0 = bp(A=NDP " e =N "p (A NIV Fg
7=0
p—1
= =Y b k(A=A a
j=p—k

The key point to note here is that the lower limit of the sum is increased.

This new linearly dependent set, which we denote with the notation Z?;;_ R G (A—=NI )
can be split in the same way as before, where we assume with no loss in gen-

erality that c,—1 # 0. Then

p—2
p1 (A=NDP e = — c; (A= NI x
j=p—k
Apply (A — N\ I) to both sides to get
p—2 '
0 = Cp—1 (A — )\iI)pl‘ = — Z Cj (A — )\iI)J—HZL‘
Jj=p—k
p—1 )
= — Z Cj—1 (A—)\Z'I)JJZ
j=p—k+1

Thus we have obtained another linearly independent set with the lower limit
of powers increased by one. Continue this process until the linear depen-
dence of (A — \JI)P ' 2 and (A — M I)P "%z is achieved. Thus we have

c(A=NDP e = dA- NP 22

d
(A-XND)y = .

d
where y = (A — NI)P 2z, This implies that A; + — is a new eigenvalue

c
with eigenvector y € V),, and of course this is a contradiction. (ii) The
invariance under A is more straightforward. First note that while z; = =,
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ry = (A— M)z = Ax — A\r so that Az = x3 — Az;. Consider any vector y
defined by y = 3P~ b; (A — A1)’ = It follows that

p—1
Ay = A bi(A- NIV =
§=0
p—1
= > b (A= \I) Az
§=0
p—1
= > b (A= NI (z2— Az)
=0
p—1
= > b (A= NI) (A= N\I) 2y — Azd]
j=0
p—1
= Cj (A — )\ZI)] x
=0
where ¢; = bj_1 — A for j > 0 and ¢p = —A, which proves the result. O

8.3 The Jordan Normal Form

We need a lemma that points in the direction we are headed, that being the
use of invariant subspaces as a basis for the (Jordan) block diagonalization
of any matrix. These results were discussed in detail in the Section 8.2. The
restatement here illustrates the “invariant subspace” nature of the result,
irrespective of generalized eigenspaces. Its proof is elementary and is left to
the reader.

Lemma 8.3.1. Let A € M, (C) with invariant subspace V' C C,,.
(i) Suppose vi...vy is a basis for V and S is an invertible matriz with
the first k columns given by vy ...vg. Then

1.k

S48 - [%H .
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(ii) Suppose that Vi, Vo C C,, are two invariant subspaces of A and C,, =
Vi @ Vi, Let the (invertible) matriz S consist respectively of bases from Vi
and V4 as its columns. Then

1 | x]0
S AS—[O *]

Definition 8.3.1. Let A € C. A Jordan block Ji()\) is a k x k upper
triangular matrix of the form

Al
0
Je(A) = Al
0 ' 1
. A—
A Jordan matrix is any matrix of the form
JIny (A1) 0
J =
0 Iny, (Ak)

where the matrices J,,, are Jordan blocks. If J € M,(C), then nj +ng---+
ng = n.

Theorem 8.3.1 (Jordan normal form). Let A € M, (C). Then there is
a nonsingular matriz S € M, such that

_Jm (Al) 1
0
A=S St =8J871
0
L Jnk ()‘k)_
where Jp,(A;) is a Jordan block, where ny+mna+---+ng =n. J is unique up
to permutations of the blocks. The eigenvalues A1, ... , A are not necessarily

distinct. If A is real with real eigenvalues, then S can be taken as real.

Proof. This result is proved in four steps.

(1) Block diagonalize (by similarity) into invariant subspaces pertaining to
o(A). This is accomplished as follows. First block diagonalize the ma-
trix according to the generalized eigenspaces V), = {z € C,, | (A — N I)"x =
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0} as discussed in the previous section. Beginning with the highest or-
der eigenvector in & € V), construct the invariant subspace as in (1)
of Section 8.2. Repeat this process until all generalized eigenvectors
have been included in an invariant subspace. This includes of course
first order eigenvectors that are not associated with higher order eigen-
vectors. These invariant subspaces have dimension one. Each of these
invariant subspaces is linearly independent from the others. Continue
this process for all the generalized eigenspaces. This exhausts C”.
Each of the blocks contains exactly one eigenvector. The dimensions
of these invariant subspaces can range from one to my,, there being at
least one subspace of dimension my,.

Triangularize each block by Schur’s theorem, so that each block has
the form

You will note that
KA =XM+N
where N is nilpotent, or K(\) is 1 x 1.

“Jordanize” each triangular block. Assume that Kj()\) is m xm, where
m > 1. By construction K7()) pertains to an invariant subspace for
which there is a unique vector x for which

N™ g 40 and N™z =0.
Thus N™~ 1z is an eigenvector of K7 (), the unique eigenvector. Define
yi = N"lg 1=1,2,... ,m.

Expand the set {y;}I", as a basis of C,,. Define
Ym Ym-1 - U
S1 = [ : . ] :

Then
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So
[0 1 0 i
0 1
S{INS; = 0
1
. 0 0—
We conclude that
A 1 0 i
Al
A1
STTKI (NS =
1
- O A_.

(4) Assemble all of the blocks to form the Jordan form. For example,
the block K;(\) and the corresponding similarity transformation S;
studied above can be treated in the assembly process as follows: Define
the n X n matrix

0

51

0

~

S1 =

O O~
N O O

where S is the block constructed above and placed in the n X n matrix
in the position that Kj(\) was extracted from the block triangular
form of A. Repeat this for each of the blocks pertaining to minimally

invariant subspaces. This gives a sequence of block diagonal matrices
S1, S92 ..., Sg. Define T'= 5155 ...S5. It has the form

Together with the original matrix P that transformed the matrix to
the minimal invariant subspace blocked form and the unitary matrix
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V used to triangularize A, it follows that

_Jm()‘l)
0
A=PVT (PVT)™t = 87571
0
L Jnk()\k)_
with S = PVT.
O
Example 8.3.1. Let
co 1 -
0
2
J = 3 1 0
0 3 1
0 0 3
L -1 ]

In this example, there are four blocks, with two of the blocks pertaining to
the single eigenvalue 2. For the first block there is the single eigenvector e,
but the invariant subspace is & (ej,ez) . For the second block, the eigenvector,
e3, generates the one dimensional invariant subspace. The block pertaining
to the eigenvector 3 has the single eigenvector e4 while the minimal invariant
subspace is & (e4,e5,€6). Finally, the one dimensional subspace pertaining
to the eigenvector —1 is spanned by e;. The minimal invariant polynomial
isqgA)=A—22A=33\+1).

8.4 Convergent matrices

Using the Jordan normal form, the study of convergent matrices becomes
relatively straightforward and simpler.

Theorem 8.4.1. If A € M, and p(A) < 1. Then

lim A =0.

k—oo
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Proof. We assume A is a Jordan matrix. Each Jordan block Ji()) can be
written as

Je(A) = Al + Ny,

where
0 1 0
0 1
N, = is nilpotent.
1
. O 0_
Now
Jnl(/\l)
A:
Jmk()‘k)

We compute, for m > ng
(S Q)M = (AL + N)™
my
= AT+ Y AN <m>
i=0 J

because N7 = 0 for j > ng. We have

/\m_j(m> — 0asm — o0
J

since |A| < 1. The results follows. O

8.5 Exercises

1. Prove Theorem 8.2.1.

2. Find a 3 x 3 matrix that has the same eigenvalues are the squares of
the roots of the equation A3 — 3\2 +4\ —5=0.

3. Suppose that A is a square matrix with o(A) = {3}, m4(3) = 6, and
mg(3) = 3. Up to permutations of the blocks show all possible Jordan
normal forms for A.
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4. Let A € M, (C) and let 1 € C,,.Define z;11 = Az; fori=1,...,n—1.
Show that V = &({x1,...,2,}) is an invariant subspace of A. Show
that V' contains an eigenvector of A.

5. Referring to the previous problem, let A € M, (R) be a permutation
matrix. (i) Find starting vectors so that dim V' = n. (ii) Find start-
ing vectors so that dimV = 1. (iii) Show that if A = 1 is a simple
eigenvalue of A then dimV =1 or dimV = n.



Chapter 9

Hermitian and Symmetric
Matrices

Example 9.0.1. Let f: D — R, D C R". The Hessian is defined by

of

el

€ M,.

Since for functions f € C? it is known that

o’r Of
8:ci8xj N 83:]-83;-2-

it follows that H(x) is symmetric.
Definition 9.0.1. A function f: R — R is convex if
fOz+ (1= XNy) < Af(z) + (1 =N f(y)
for ,y € D (domain) and 0 < A < 1.
Proposition 9.0.1. If f € C%(D) and f"(z) > 0 on D then f(x) is convex.

Proof. Because f” > 0, this implies that f’(z) is increasing. Therefore if
T < xpy <y we must have

f(@m) < f(@) + f'(@m)(@m — z)
and
Flam) < fy) + f(@m)(@m —y)

237
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by the Mean Value Theorem. Therefore,

Y— T T — X Y— Tm T — &
<
0 ) + T (o) < e f () + ZE )
or
Flom) < Lo p(ay 4 =D gy
Y-z y—=x
It is easy to see that
Ty = y—:cmx_i_a:m—a:y.
y—x y—x
Defining A = yy_%;‘, it follows that 1 — XA = Zy”l—_wx O

Definition 9.0.2. We say that f: D — R, where D C R" is convex, is a
convex function if f is a convex function on every line in D.

Theorem 9.0.1. Suppose f € C%(D) and H(x) is positive definite. Then
f is conver on D.

Proof. Let x € D and n be some direction. Then z 4+ Ay is a line in D. We
2
compute # f(z+ An)

d
af:Vf-n: g ng)

Now

_0%f

d 8f af Ox10x1
-\ a5 :V—ﬁ: '[7717"'77771]'
dX 8:7:1 8331 82f

anaml

Hence we see that
2

d
Wf(ﬂﬁ +n) =n"H(z)n >0

by assumption. O
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Example 9.0.2. Let A = [a;;] € M,,. Consider the quadratic form on C"
or R™ defined by

Q(z) = 27 Az = Sa;jz;z;
1
= 52(6@']’ + iji):L‘j:Ei
1
= xTﬁ(A + ATz,

Since the matrix A+ A7 is symmetric the study of quadratic forms is reduced
to the symmetric case.

n
Example 9.0.3. Let Lf = > aij%%. L is called a partial differential
ij=1 ’
operator. By the combination of devices above (assuming f € C? for exam-
ple) we can study the symmetric and equivalent partial differential operator

1 9?
Lf = ”21 5 (@i + aji)ngj-
In particular, if A+ AT is positive definite the operator is called elliptic.
Other cases are
(1) hyperbolic,
(2) degenerate/parabolic.
Characterizations of Hermitian matrices. Recall
(1) A € M, is Hermitian if A* = A.
(2) A € M, is called skew-Hermitian if A = —A*.
Here are some facts
(a) If A is Hermitian the diagonal is real.
(b) If A is skew-Hermitian the diagonal is imaginary.
(c) A+ A*  AA* and A*A are all Hermitian if A € M,,.
)

(d) If A is Hermitian than A*, k = 0,1,..., are Hermitian. A~! is Her-
mitian if A is invertible.
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(e) A— A* is skew-Hermitian.
(f) A € M, yields the decomposition
1 * 1 *
A:§(A+A )+§(A—A )

Hermitian Skew Hermitian

(g) If A is Hermitian iA is skew-Hermitian. If A is skew-Hermitian then
tA is Hermitian.

Theorem 9.0.2. Let A €¢ M,. Then A = S + T where S and T are
Hermitian. Moreover this is unique.

Proof.
1 * 1 *
A= §(A+A )+§(A—A )
=8 +iT
where S = (A + A*) and
) 1 «
iT=—-(A— A"
2 .
=T =—5(A-A"). O
Theorem 9.0.3. Let A € M,, be Hermitian. Then
(a) x*Ax is real for all x € C";
(b) All the eigenvalues of A are real;
(c) S*AS is Hermitian for all S € M,
Proof. For (a) we have
¥ Ax = Ya;jx;;.
The conjugate is
¥ Ar = Zdijij:ci = Zajiij:ci
= Yai;jxiZ; + " Az O

Theorem 9.0.4. Let A € M,,. Then A is Hermitian if and only if at least
one of the following holds:
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(a) (Az,x) = x*Ax is real Vz € C™.
(b) A is normal with real eigenvalues.
(c) S*AS is Hermitian for all S € M,,.

Proof. Hermitian = (a), (b), or (c) are obvious. (a) = Hermitian. Prove
using e; and e;. We have

(Aej + ek, e; + 6k> = ajj + Qg + Qi + ag;

= aji + ag; is real = Im a;p = —Im ay;.
Similarly

<Ai6j + ey, ie; + ek> — aj; + agg + iak.j — iajk.
= i(ag; — aj) is real = Re ap; = Re a.
All this gives A* = A.
(c) = Hermitian S*AS is Hermitian = S*AS is similar to a real diagonal

matrix. Therefore A is similar to a real diagonal matrix. Just let S = I to
get A is Hermitian. O

Theorem 9.0.5 (Spectral Theorem). Let A € M, be Hermitian. Then
A is unitarily (similar) equivalent to a real diagonal matriz. If A is real
Hermitian, then A is orthogonally similar to a real diagonal matriz.

9.1 Variational Characterizations of Eigenvalues
Let A € M,, be Hermitian. Assume

>\min§>\1§>\2§"'§>\n71§>\n:)\max-

Theorem 9.1.1 (Rayleigh—Ritz). Let A € M,, and let the eigenvalues
of A be ordered as above. Then

Amax = Ap, = Max (Az, z)
£0 (x,T)
, )

Ain = Ay — min SAZ
«£0 (x,T)
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Proof. Let xy ...z, be the linearly independent and orthogonal eigenvectors
of A. Any vector x € C™ has the representation

TI0;T;.

Then (Az,x) = Zaf)\j and (z,z) = Ea?. Hence

Az, z a?
) =Xy

is a convex combination of the eigenvalues, whence the theorem follows. In
particular take z = z,(z1) to achieve the maximum (minimum). O

Remark 9.1.1. This result gives just the largest and smallest eigenvalues.
How can we achieve the intermediate eigenvalues? We have already consid-
ered this problem somewhat in conjunction with the power method. In that
consideration we employed the bi-orthogonal eigenvectors. For a Hermitian
matrix, the families are the same. So we could characterize the eigenvalues
in a manner similar to that discussed previously. However, the following
characterization is simpler.

Theorem 9.1.2. Let A € M, be Hermitian with eigenvalues as above and
corresponding eigenvectors xy ...xy,. Then

(Az, x)
* An—k = max .
( ) g xl{xn7“¥§n—k+l} <$’$>

The following result is even more general

A
(%) Ak = min max (Az, 2)
{wn,wnfl...wn,kJrl}mJ_{wn,wn,;...wn,kJrl} <.’17,113>
#0

Proof. The Rayleigh-Ritz argument above gives (x) directly. O
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9.2 Matrix inequalities

When the underlying matrix is symmetric or positive definite, certain pow-
erful inequalities can be established. The first inequality is a consequence
of the cofactor result Proposition 2.5.1.

Theorem 9.2.1. Let A € M,(C) be positive definite. Thendet A < aj1ass---

Proof. Expanding in minors, the determinant of A

0 a2 -+ a
azy -+ Q2n
_ _ a1 Gz - agp
detA=ay; | ¢ -, ¢ |+det
an2 Ann
anl Qan2 Ann

Since A is positive definite, it follows that each of it principal submatrices
is also. Therefore, the first term in the right side of the equality above is
postive, while the second term is negative by the cofactor result Proposition
2.5.1. To clarify , it is important to note that if A is Hermitian and invert-
ible, so also is its inverse. In particular, it A is positive definite, we know
its determinant is positive and so when we write

0 a2 -+ amn
a1 Q2 --° Q2p ik
det| . . ) . = — E a1;a1;a
anl Aan2 Ann

it is clear this term is negative. Therefore,

azy -+ Q2p
det A S ail
an2 Ann
whence the result follows inductively. Il

Corollary 9.2.1. Let S1,S2,..., Sy be any partition of the integers {1,...,n},

and let A1, Ao, ..., A.., be the principal submatrices of A pertaining to the
indices of each subdivision. Then

det A = det A; det Ay - - - det A,

An important consequence of Theorem 9.2.1 is one of the most famous
determinantal inequalities. It is due to Hadamard.
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Theorem 9.2.1. Let B be an arbitrary nonsingular real square matrix. Then
(det B)? <[> Ibisl?
i=1 j=1
Proof. Define A = BTB. Then
diagA = | Y "oy %, o> [bogl?
j=1

j=1

whence the result follows from Theorem 9.2.1 since det A = (det B)?. O

9.3 Exercises

1. Prove Corollary 9.2.1.
2. Establish Theorem 9.2.1 in the case the matrix is complex.

3. Establish a result similar to Theorem 9.2.1 for rectangular matrices.
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Nonnegative Matrices

10.1 Definitions

Nonnegative matrices are simply those with all nonnegative entries. We
will eventually distinguish various types of such matrices substantially on
how they are nonnegative or conversely where they are zero. A particular
type of nonnegative matrix, the type that has no off-diagonal block to be
zero, will turn out to have the greatest value to us. If nonnegative matrices
distinguished themselves in only minor ways from general matrices, they
would not occupy the high position of importance they enjoy in the modern
literature. Indeed, many remarkable properties of nonnegative matrices
have been uncovered. Owing substantially to the many applications to
economics, probability, and engineering, the subject has now for more than
a century been one of the hottest areas of research within the subject.

Definition 10.1.1. A € M,(R) is called nonnegative if a;; > 0 for 1 <
i,j < n. We use the notation A > 0 for nonnegative matrices. If a;; > 0
for all 4, j we say A is fully (or strictly) positive. (Notation. A > 0.)

In this section we need some special notation. Let z € C", x = (z1,... ,z,)7.

Then
T
2| = (lzal, - 2al)”
We say that £ € R" is positive if z; > 0, 1 <i <n. We say that x € R" is
fully (or strictly) positive if z; > 0, 1 < i < n. We use the notation z > 0

and x > 0 for positive and strictly positive vectors, respectively.
Note that if A > 0 we have || A s = ||Ae||oo Where e = (1,1,...,1)T.

245
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To give an idea of the direction we are heading, let us suppose that
A € M, (R) is a nonnegative matrix. Let A # 0 be an eigenvector of A
with pertaining eigenvector z > 0. Thus Az = Az. (We will prove that
this comes to pass for every nonnegative square matrix.) Suppose further
that the vector Az is zero on the index set S. That is (Az), = 0if i € S.
Since A # 0 it follows that 2; = 03 € S. Let S¢ be the complement of
S in the integers {1,...,n}, and let P and P~ be the projections to S and
SC, respectively. So, Px = 0 and Ptz = z. Also, it is easy to see that
I, = P+ P*, and hence

PAPYz = APz =0
Therefore PAPL+ = 0. When we write
A= <P+PL)A(P+Pi)

in block form

a=(per)a(rer)=| B0 2l

we see that A has the special form

A_ [ PAP 0
~ | PtAP Plapt

This particular calculation reveals in a simple way the consequences of zero
components to eigenvectors of nonnegative matrices. Zero components of
eigenvectors implies zero blocks of A. It would be correct to observe that
this argument requires a nonnegative eigenvector. Nonetheless, there are still
some very special properties of the remaining eigenvalues of A, particularly
those with the modulus equal to the spectral radius. It will be convenient to
have a name for the index set where a nonnegative vector z € R" is strictly
positive.

Definition 10.1.2. Let x € R™ be nonnegative, x > 0. Let S be the index
set such that z; # 0 if i € S. We call S the support of the vector x.

10.2 General Theory

Definition 10.2.1. For A € M, (R) and X\ ¢ o(A) we define the resolvent
of A by

R\ = (M- A)~L
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This function behaves much like a rational function in complex variable
theory. It has poles at each A\ € o(A). The order of the pole is the same as
the order of the zero of A in the minimal polynomial of A.

Theorem 10.2.1. Suppose A € M, (R) is nonnegative and X\ > p(A), then
R\ = (M- A"t >o0.

Proof. Apply the Neumann series
(%) (M — A)~ Z A~ (k1) 4

Since A > 0 and A > 0, it is apparent that R(A) > 0. |

Remark 10.2.1. It is apparent that (x) holds upon noting that

A n+1 n
(M — A)~ (1 — (= ) = "\ (kF) gk
(5) )%

and that |\| > p(A) yields convergence.

Theorem 10.2.2. Suppose A € M, (R) is nonnegative. Then the spectral
radius p(A) of A is an eigenvalue of A with at least one eigenvector, x > 0.

Proof. Suppose for each y > 0, R(\)y remains bounded as A\ | p. If x € C”
is arbitrary

)l” _ Z/\—(n-i-l)Anx
n=0

< Z |)\|—(n+1)An|$|
n=0
= R(|A[)|z|

for all A, |A| > p. It follows that R(A)x is uniformly bounded in the region
|A| > p, and this is impossible.

Now let yo > 0 be a vector for which R()\)yp is unbounded as A | p, and
let || || denote a vector norm. For A > r, set

2(A) = R(Myo/[IR(M)yoll,

where ||R(A)yo| T 00. Now z(A) C {z | ||z|| = 1}, and the latter is compact.
Therefore {z(A)} 1>, has a cluster point g with g > 0 and ||zo|| = 1. Since

(pI = A)z(A) = (p = X)z(A) + o/ [ R(A)woll
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and since A — p and ||[R(\)yo|| T oo we have

lim (pI — A)z(\) = lim(pl — A)zg = 0. O
)\—>p )\—>p

Corollary 10.2.1. Suppose A € M,(R) is nonnegative and Az = Az for
some z > 0, then A = p(A).

Proof. Since p(A) C o(AT) there is a vector y > 0 for which ATy = py. If
A # p, we must have (z,y) = 0. But z > 0 and this is impossible. O

Corollary 10.2.2. Suppose A € My (R) is strictly positive and z > 0 such
that Az = pz, then z > 0.

n
Proof. If z; = 0, then ) a;jz; = 0, and thus z; = 0 for all j since a;; > 0,
j=1
for all j. Hence z = 0, a contradiction. O

This result will be strengthened in the next section by another result that
has the same conclusion but a much weaker hypotheses.

Theorem 10.2.3. Suppose A € M, (R) is nonnegative with spectral radius
p(A) and define

T = Mmin g a;j TAM = Max Y
1 (3 -
J

¢m = min g a;j CM = Max )y a;j
Jo

then both inequalities below hold.

rm < p(A) <rm
cm < p(A) <cm

Moreover, if A, B € My (R) then p(A+ B) > max(p(A), p(B)).

Proof. We prove the second set of inequalities. Let x € R,, be the eigenvec-
tor pertaining to p(A). Since z > 0 we can normalize = so that > x; = 1.
Then

n
Zaij:cj:p(A)xi, i=1,...,n
j=1
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Sum both side in 7 to obtain

S ayz = Z p(A)z;

i=1 j=1
n n
> (Sus)er = ot
j=1 \i=1
Replacing > | a;; by cpr makes the sum on the left larger, that is
n n n
p(A) < Z (Z aij) zj < CMZCCi =cp
j=1 \i=1 i=1

Similarly replacing 3 ;" a;; by ¢, makes the sum on the left smaller,
and therefore p(A) > ¢;,. Thus, ¢ < p(A) < cpr. The other inequality,
rm < p(A) < rp, can be easily established by applying what has just been
proved to the matrix AT noting of course that p(A) = p(AT).

The proof that p(A + B) > max(p(A), p(B)) is an easy consequence of
a Neumann series argument. O

We could just as well prove the first inequality and apply it to the transpose
to obtain the second. This proof is given below.

Alternative Proof. Let x be the eigenvector pertaining to p(A) and z; =
max x;. Then
7

Hence

To obtain s < p, let y > 0 satisfy
Aty = py
and suppose ||y||1 = 1. Then we have on the one hand

(e, ATy) = ple,y) = p
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and on the other hand applying convexity

e, ATy) =D > aiy
i
= ;yj (;w) > mjin;aﬁ =

O

Corollary 10.2.1. (i) If p(A) is equal to one of the quantities c,, or cpr,

then all of the sums ) a;; are equal for j in the support of the eigenvector
i
x pertaining to p.

(i) If p(A) is equal to one of the quantities ry, or rar, then all of the sums
Y ai;j are equal for i in the support of the eigenvector y of AT pertaining

J
to p. (13) If all the row sums (resp. column sums) are equal, the spectral
radius is equal to this value.

Proof. Assume that p(A) = cpr. Let S denote the support (recall Definition
10.1.2) of the eigenvector x. Assume also that the eigenvector x is normal-
ized so that Z?:1 zj =) ;cgj= 1. Following the proof of Theorem 10.2.3
we have

i (i %‘) Ti= (2”: aij) zj = car

j=1 \i=1 jes \i=1

1
Since — (3°7; aij) < 1 for each j =1,...,n it follows that

CMm
1 n
>t (o)< X
jes M \i=1 jes
1
Clearly if for some j € S we have — (}_7" ; a;;) < 1 the inequality above
M

will become a strict inequality, and the result is proved. The result is proved
similarly for ¢,
(ii) Apply the proof of (i) to AT. O

10.3 Mean Ergodic Theorem

Let A € M, (R). We have seen that understanding the nature of powers A*,
k =1,2,... leads to interesting conclusions. For example if lim A* = P,

k—oo
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it is easy to see that P is idempotent (P? = P) and AP = PA = P. It is
therefore a projection to the fixed space of A. A less restrictive property is
mean convergence:

My =kYI+A+A%+...4+ A"
klim M = P.
Note that if p(A) < 1 we have A*¥ — 0. Hence Mj — 0. On the other hand

if p(A) > 1 the M}, become unbounded. Hence mean convergence has value
only when p(A) = 1.

Theorem 10.3.1 (Mean Ergodic Theorem for matrices). Let A € M, (R)
with p(A) = 1. If {A*}2° | is bounded then klim My, = P, where P is a pro-
—00

jection, commuting with A, onto the fixed space of A.

Proof. We need a norm || - ||, vector and matrix. We have ||A*|| < C for
k=1,2,... . It is easy to see that
1 (& 1 (&
AM;, — My, = = AT — = Al
1
= E(I+Ak+1)
1
<=(1+0).
<iito)

Since the matrices M}, are bounded they have a cluster point P. This means
there is a subsequence My, that converges to P. If there is another cluster
point @ (i.e. there is a subsequence M;; — @), then we compare P and Q.
First we know

E
M, — P _—
g
1M, — Q|| < 01 0)

From (x) we have AP = P and AQ = @, whence My, P = P and M;,Q = Q
for all k =1,2,... . Hence

P_Q:ij(Mkj _P) _Mkj(ij _Q)
or

1P =@l <e.
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Thus P = @ and M}, converges to some matrix P. We have AP = PA=P
hence M,P = P for all k and therefore P> = P. Clearly the range of P
consists of all fixed vectors under A. O

Corollary 10.3.1. Let A € M,(R) and suppose that klim AR = P, then

lim M; exists and equals P.
k—o0

Definition 10.3.1. Let A € M, (R) have p(A) = 1. Then A is said to be
mean ergodic if

limk (T + A+ -4 AF)
exists.

Clearly, if A € M, (R) satisfies p(A) = 1 and A¥ is bounded, then A is
mean ergodic. (Previous theorem.) Conversely, if A is mean ergodic then
the sequence A* is bounded. This can be proved by resorting to the Jordan
canonical form and showing AF is bounded if and only if A? is bounded,
where Aj is the Jordan canonical form of A.

Lemma 10.3.1. Let A € M,(R) with p(A) = 1. Suppose A = 1 is a
stmple pole of the resolvent, and the only eigenvalue of modulus 1. Then
A =P+ B where P = )l\iml()\ — 1)R(N) is a projection onto the fized space

of A, PB=BP =0 and p(B) < 1.

Proof. We know that P exists and using the Neumann series it is clear that
AP=PA=P

o0

i _ _ A= _ —(k+1) gk
Alim (A= 1)(M — A) AA=1)) A A

—1
0

—T; _ —(k+1) gk+1
lim (A 1)%) A

T _ —(k+1) gk _ y—1
lim (A — 1)A [; A AR — ) ]
= li -1 =P.
Lim (A —1)R(A)
That is, AP = P. The other assertions follow similarly. Also, it follows that

P? = lim PR(A) = P
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which is to say that P is a projection. We have, as well, that Az = = =
Px = x, again using the Neumann series.

Now define B=A — P. Then BP = PB = 0. Suppose Bx = ax, where
|a| > 1. Then Pz = 0, for

aPx = PBx = 0.

Therefore Az = ax. Here a # 1 implies z = 0 by hypothesis and a = 1
implies Pr = z, or z = 0, also. This contradicts the assumption that
la| > 1. O

Theorem 10.3.2. Let A € M,(R) satisfy A > 0 and p(A) = 1. The
following are equivalent:

(a) X =1 is a simple pole of R(\).
(b) {AF}$° is bounded.
(c) A is mean ergodic.

Moreover

lim(A — DR(A) = lim ~

e AR
] Jim (T4 Ao 4 AT

if either limit exists.

10.4 Irreducible Matrices

Irreducible matrices form one of the cornerstones of positive matrix theory.
Because the condition of irreducibility is both natural and often satisfied,
their applications are far and wide.

Definition 10.4.1. Let A € M,, (C). The zero pattern of A is the set of
ordered pairs S = {(¢,7) | a;; =0 }.

Example 10.4.1. For example with

A=

N = O
w o =
S O N

S={(1,1),(2,2), (2,3), (3,3)}.
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Definition 10.4.2. A generalized permutation matrix B is any matrix hav-
ing the same zero patter as a permutation matrix.

This means of course that a generalized permutation matrix has ex-
actly one nonzero entry in each row and one nonzero entry in each column.
Generalized permutation matrices are those nonnegative matrices with non-
negative inverses.

Theorem 10.4.1. Let A € M, (R) be invertible and A > 0. Then A is
invertible with nonnegative inverse if and only if A is a generalized permu-
tation matrix.

Proof. First, if A is a generalized permutation matrix, define the matrix B
by

0 if aij:0
bj=4{ 1 .
) - if i

o if a; #0

Then A~' = BT > 0. On the other hand suppose A~! > 0 and A has

on some row two non zero entries, say a;j, and a;;,. Since A1 >0is

invertible there is a nonzero entry in the i column, say al;.l > 0. Now
compute multiply A=1A. It is easy to see that
-1 -1
(A A)k,ﬁ >0 and (A A),w.2 >0
which contradicts that A™1A = I. O

Example 10.4.1. The analysis for 2x2 matrices can be carried out directly.
Suppose that

A:[Z b] and Al = L [d _b]

d CdetA| —c a

There are two cases: (1) det A > 0. In this case we conclude that b = ¢ = 0.
Thus A is a generalized permutation matrix. (2) det A < 0. In this case
we conclude that a =d = 0. Again A is a generalized permutation matrix.
As these are the only two cases, the result is verified.

Definition 10.4.3. Let A, B € M, (R). We say that A is cogredient to
B if there is a permutation matrix P such that

B=PTAP



10.4. IRREDUCIBLE MATRICES 255

Note that two cogredient matrices are similar, indeed they are unitarily
similar for the very special class of unitary matrices given by permutations.
It is important to note that since AP merely interchanges the columns of
A and PT AP then interchanges the rows of AP. From this we observe that
both A and B = PT AP have exactly the same elements, though permuted.

Definition 10.4.4. Let A € M, (R). We say that A is irreducible if it is
not cogredient to a matrix of the form

A1 |0

As | Ay
where the block matrices A; and A4 are square matrices. Otherwise the
matrix is called reducible.

Example 10.4.2. All diagonal matrices are reducible.

There is another way to describe irreducible (and reducible) matrices in
terms of projections. Let S = {j1,...,7x} C {1,2,...,n} and define Pg to
be the projection to the coordinate directions by

1 af ieS
PS@Z_{O if i¢S

Furthermore define
Pg =1— Ps

Then Pg and Pg- are orthogonal projections. That is, the product PSP§ =
0 and by definition Pg + P§ = I. If S¢ denotes the complement of S in
{1,2,...,n}, it is easy to see that Pg- = Pgc

Proposition 10.4.1. Let A € M, (R). Then A is irreducible if and only
if there is no set of indices S = {j1,...,Jk} C {1,2,...,n} for which
PyAP; =0.

Proof. Suppose there is a set of indices S = {ji,...,jr} C {1,2,...,n} for
which PSAPSL = (. Define the permutation matrix as from the permutation
that takes the first k& integers 1,..., k to the integers ji,...,Jr and the
integers k +1,...,n to the complement S¢. Then

PTAP = [ A1 | 4o }

Az | Ay
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The entries in the block Ay are those with rows given from the rows cor-
responding to the indices in S and columns corresponding to the indices
in S¢. Thus A is reducible. Conversely, suppose that A is reducible and
that P is a permutation matrix such that

Pl AP = [ 4110 }

As | A4

For definiteness, let us assume that A; is k x k and Ay is (n — k) X (n — k).
Define § = {}L | DPj.i = 1, 1= 1,...,k}. and T = {]z | Dbj.i = 1, 1=
k4 1,...,n} Because P is a permutation, it follows that T = S¢ and
PSAPé = 0, which proves the converse. O

As we know for a nonnegative matrix A € M, (R) the spectral radius is
an eigenvalue of A with pertaining eigenvector z > 0. When the additional
assumption of irreducibility of A is added the conclusion can be strengthened
to £ > 0. To prove this result we establish a simple result from which the
x> 0 follows almost directly.

Theorem 10.4.2. Let A € M, (R) be nonnegative and irreducible. Sup-
pose that y € Ry, is nonnegative with exactly 1 < k < n —1 nonzero entries.
Then (I + A)y has strictly more nonzero entries.

Proof. Suppose the nonzero entries of y are S = {j1,...,jx}. Since (I + A)y =
y + Ay, it follows immediately that ((I + A)y), # 0 for j; € S, and there-
fore there are at least as many nonzero entries in (I + A)y as there are in
y. In order that the number of nonzero entries not increase, we must have
for each index i ¢ S that (Ay), = 0. With Pg defined as the projection
to the standard coordinates with indices from S we conclude therefore that

P§-AP = 0, which means that A is reducible, a contradiction. O

Corollary 10.4.1. Let A € M,, (R) be nonnegative. Then A is irreducible
if and only if (I + A" > 0.

Proof. Suppose that A is irreducible and y > 0 is any vector in R,. Then
(I + A)y has strictly more nonzero coordinates and thus (I + A)2 y has even
more nonzero coordinates. We see that the number of nonzero coordinates
of (I + A)k y must increase by at least one until the maximum of n nonzero
coordinates is reached. This must occur by the (n —1)™ power. Now
apply this to the vectors of the standard basis ej,...,e,. For example,
(I +A)" 'er > 0. This means that the k" column of (I + A)™ " is strictly
positive. The result follows.
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Suppose conversely that (I + A)" ' > 0 but that A is reducible. Then
there is a permutation matrix P such that PTAP has the form

Alo}

PTAP =
[ A3 A4

It is easy to see that all the powers of A have the same form — with respect
to the same blocks. Also, (I +A4)" " =1+ 37 ("1 A% So

n—1
PT(1+4"t'p = PT <I+Z ("; 1>Ai> P
=1
- I+ ni <” - 1) PTA'PT
B i
=1

has the same form

_ A ] o0
T n—1 _ 1
P e[4S

and this proves the result. O

Corollary 10.4.2. Let A € M, (R) be nonnegative. Then A is irreducible
if and only if for each pair of indices (i,7) there a positive power 1 <k <mn
such that (Ak')ij > 0.
Proof. Suppose that A is irreducible. Since (I 4+ A)"™! = 1437} (nzl)Ai >
0, it follows that A (I + A)" ' = A+ Y7} (";1)A*! > 0. Thus for each
pair of indices (i, 7), (Ak)ij >0 for some k.

On the other hand suppose that A is reducible. Then there is a permu-
tation matrix P for which

PTAP:[Al 0 }

Az | Ag

Follow the same argument as above to establish that A (I + A)" ' must
have the same form as PT AP with the same zero pattern. Thus there is
no positive power 1 < k < n such that (Ak)ij > 0 for any of the pairs of

indices corresponding to the (upper right) zero block above. O

Another characterization of irreducibility arises when we have Ax < ax for
some nonzero vector x > 0. This type of domination-type condition appears
to be quite weak. Nonetheless, it is equivalent to the others.
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Corollary 10.4.3. Let A € M, (R) be nonnegative. Then A is irreducible
if and only if Ax < ax for some nonzero vector x > 0, then = > 0.

Proof. If z; = 0, then a;; = 0 whenever z; # 0. Define S = {1 < j <
n | z; # 0}. Then with Pg as the orthogonal projection to the standard
vectors e;, 1 € S, it must follow that PSAP§ = 0. Since S is strictly
contained in {1,2,...,n}, it follows that A is reducible.

Now suppose that A is reducible, which means we can assume it has
the form

(Ao
A_[A:% A4]

For definiteness, let us assume that A; is k X k and Ay is (n — k) x (n — k)
and of course k > 1. Let v € R,,_i be the nonzero nonnegative vector which
satisfies A4v = p (A4)v. Let u = 0 € Ry. Define the vector x = u@®v. Then

| (Aw); =0=p(Ag)u; if 1<:<k
(Ax)l { (1A11))2- :p(A4)A’t)Z‘ Zf k+1 < 1 <n

The conditions of that the hypothesis are met without x > 0. O

Corollary 10.4.4 (Subinvariance). Let A € M, (R) be nonnegative and
irreducible with spectral radius p. Suppose that there is a positive number s
and nonnegative vector z > 0 for which

(Az),; < sz, for i=1,2,....n
Then (i) z> 0, and (i) p < s. If in addition p = s, then Az = pz.

Proof. Clearly, the same inequality holds for powers of A. For A(Az) <
Az < sz. Now apply induction. Next suppose that z; = 0. By Corollary
10.4.2 we must have for each index pair ¢, j that (Ak)l.j > 0 for some positive
integer k making (Akz)z < sz; impossible for some k. Thus z > 0. To prove
the second assertion, let x be the eigenvector of AT pertaining p. Then

(Az,z) = (2, ATz) = p(2,2) < s (z,2) (1)

Since x > 0, the innerproduct (z,x) > 0. Hence p < s.
Finally, if p = s and (Az), < pz; for some index ¢ then we conclude from
(1) that p < p, a contradiction. O
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Theorem 10.4.3. Let A € M, (R) be nonnegative and irreducible. If z >
0 is the eigenvector pertaining to p (A), i.e. Az = p(A)x, then > 0.

Proof. We have that (I + A) is also nonnegative and irreducible, with spec-
tral radius 1 + p (A) and pertaining eigenvector z. Since

(I+A)" 2> (1+p(A)" " z>0
it follows that = > 0. O

Corollary 10.4.5. (i) If p(A) is equal to one of the quantities ¢, or cpy
from Theorem 10.2.3, then all of the sums ) a;j are equal for j =1,...,n.
i

(i) If p(A) is equal to one of the quantities Ty, or rpr from Theorem 10.2.3,
then all of the sums ) a;j are equal for i =1,...,n. (iii) Conversely, if all

J
the row sums (resp. column sums) are equal, the spectral radius is equal to
this value.

Proof. Both are direct consequences of Corollary 10.2.1 and Theorem 10.4.3
which imply that the eigenvectors (of A and AT, resp.) pertaining to p are
strictly positive. [l

10.4.1 Sharper estimates of the maximal eigenvalue

Sharper estimates for the maximal eigenvalue (spectral radius) are possible.
The following results assembles much of what we have considered above. We
begin with a basic inequality that has an interesting geometric interpreta-
tion.

Lemma 10.4.1. Let a;, b;, 1 =1,...n be two positive sequences. Then
b b

n
min -+ < % < max -~
Jaj Zj:l a; J o aj
Proof. We proceed by induction. The result is trivial for n = 1. For n =2
the result is a simple consequence of vector addition as follows. Consider
the ordered pairs (a;,b;), ¢ = 1,2. Their sum is (a; + az, by +be). It is a
simple matter to see that the slope of this vector must lie between the slopes
of the summands, which is to say

bj 232':1 bj bj

min — < —3 < max —
i Yia; 14
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as is shown below.

S

Now assume by induction the result holds up to n — 1. Then we must have
that

max

Siab St [zﬂb b]

n . n—1 — n—1 ’
D1 4; di1 4t ay 1 @5 9n
b; b b;
< max[ max -L,—| = max -
1<j<n—1 a; Qan 1<5<n a;
A similar argument serves to establish the other inequality. O

Theorem 10.4.4. Let A € M, (R) be nonnegative with row sums rj and
spectral radius p. Then

<p< 2
mkln Zakjr] p < max Zakjr] (2)

Proof. First assume that A is irreducible. Let x € R™ be the principal
nonnegative eigenvector of A7, so ATz = pz and x > 0. Assume also
that = has been normalized so that > x; = 1. By summing both sides of
ATz = px, we see that > rpzp = p. Since p? is the spectral radius of A2, we
also have that (AT)2 T = (A2)Tx = p?x. Summing both sides, it follows
that >0 ;>0 4 rja;‘-Fk:rk = p?. Now

9 n n AT n .
p° > k=1 Zj:l TjQTk max Zj:l AkjTy

P Tk k Tk

by Lemma 10.4.1. The reverse inequality is proved similarly. In the
case that A is not irreducible, we take the limit A; | A where the Ay are
irreducible matrices. The result holds for each A, and the quantities in the
inequality are continuous in the limiting process. Some small care must be
taken in the case that A has a zero row. O
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Of course, we have not yet established that the estimates (2) are sharper
that the basic inequality ming ry < p < maxgri. That is the content of
following result, whose proof is left as an exercise.

Corollary 10.4.6. Let A € M, (R) be nonnegative with row sums ry,.
Then

. RS
mkmrkgmk}n —E QjjTj Spgmkax g Q5T <maxrk
Tk 4
] 1

We can continue this kind of argument even further. Let A € M, (R)
be nonnegative with row sums and let  be the nonnegative eigenvector
pertaining to p. Then (AT) x = p3z or expanded

E , a’lj ]kakmxm - p Ty
m,k,j

Summing both sides yields

T T _ 3
Z Tj kU Tm = P

m,k,j
Therefore,
) = p_3 _ >om ZkZ'Tj ?ka£m$m
PR SHD SR
>k Zj T jkakm >k Gmk Zj Ak5Tj
< max N = max
m Zj T§Q5m m G CmjTi

by Lemma 10.4.1, thus yielding another estimate for the spectral radius.
The estimate is two-sided as those above. This is summarized in the fol-
lowing result.

Theorem 10.4.5. Let A € M, (R) be nonnegative with row sums ;. Then

Am - QfeiT 5 Amk - QpeiT 5
i T T Bk B -

m CL]J m CL]J

Remember the complete proof as developed above does require the assump-
tion irreducibility and the passage of the limit. Let’s consider an example
and see what these estimates provide.
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Example 10.4.3. Let

1 3
A=15 3
11

= Ot W

The eigenvalues of A are —2, 2, and 8. Thus p = 8. The row sums are
ry =7, ro = 13, r3 = 6, which yields the estimates 6 < p < 13. The
estimates from (2) are 6—74, 8, and 2—32 giving the estimates

7.333333333 < p < 9.142857143
Finally, from (3) the estimates for p are
7.818181818 < p < 8.192307692

It remains to show that the estimates in (3) furnish an improvement to
the estimates in (2). This is furnished by the following corollary, which is
left as an exercise.

Corollary 10.4.7. Let A € M, (R) be nonnegative with row sums r;. Then
foreachm=1,...,n

>k Gmik D hjTj

n n
NESS < < Ly @)
min | — Y apir;| < <max |— Y apir;
N Y et 7 QT N Y 7
J= J=

Jj - mg"J

These results are by no means the end of the story on the important
subject of eigenvalue estimation.

10.5 Stochastic Matrices

Definition 10.5.1. A matrix A € M, (R), A > 0, is called (row) stochastic
if each row sum of A is 1 or equivalently Ae = e. (Recall, e = (1,1,...,1)7.)
Similarly, a matrix A € M, (R), A > 0, is called column stochastic if AT is
stochastic.

A direct consequence of Corollary 10.2.1(iii) is that the spectral radius of
stochastic matrices must be one.

Theorem 10.5.1. Let A € M,(R) row or column stochastic. Then the
spectral radius of A is p(A) = 1.
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Lemma 10.5.1. Let A, B € M, (R) be nonnegative row stochastic ma-
trices. Then for any number 0 < ¢ < 1, the matrices cA + (1 —c¢) B and
AB are also row stochastic. The same result holds for column stochastic
matrices.

Theorem 10.5.2. Fvery stochastic matriz is mean ergodic, and the periph-
eral spectrum is fully cyclic.

Proof. If A > 0 is stochastic, so also is A*, k = 1,2,... . Therefore A" is
bounded. Also p(A) < max ) a;; = 1. Hence the conditions of the previous
vk

theorems are met. This proves A is mean ergodic. Il

Stochastic matrices—as a set—have some interesting properties. Let S, C
M, (R) of stochastic matrices. Then S, is a convex set, it is also closed.
Whenever a closed convex set is determined, the characterization of its ex-
treme points is desired.

Recall, the (matrix) point A € S, is called an extreme point if whenever

A=Y\A;

YX; =1, >0and A; € S, it follows that one of the A;’s equals A and
all A; but one are 0.

Examples. We can also view S,, C R™. Tt is a convex subset of R™

and is moreover the intersection of the positive orthant of R™ with the n

hyperplanes defined by ) a;; =1, i =1,... ,n. [Note that we are viewing
J

2
a vector x € R™ as

T
m:(allw" sy O, 21y« -« Q25 .o , Oy ... 7ann) ]

Sy is therefore a convex polyhedron in R™. The dimension of Sy, is n? —n.
Theorem 10.5.3. A € S,, is an extreme point of S, if and only if A has
exactly one 1 in each row, and all other entries are zero.

Proof. Let C' = ¢;; be a (0,1)-matrix. (That is a matrix ¢;; = { (1) or for

all 1 <4,j5 < n.) Suppose that C' € S,, then there is a unique j for which
cj =1 If C = XA+ (1—-X)B it is easy to see that a;; = by; = 1 and
moreover that a;p = by = 0 for all other k£ # j. It follows that C is an
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extreme point. Conversely suppose C' € S, is not a (0,1) matrix. Fix one
row. Let

€j
Cy —
Aj =
Cnh —
where e; = (0,0,...,1,0...0) and c3...c, are the respective rows of C.
jthposition
Then
n
C=> Cy4;
1

If C is not a (0,1) row we are finished, since C' cannot be an extreme point.
Otherwise select any non (0,1) row and repeat this argument with respect
to that row. O

Corollary 10.5.1. Permutation matrices are extreme points.

Definition 10.5.2. A lattice homomorphism of C" is a linear map A: C" —
C™ such that |Az| = A|z|, for all z € C™. A is a lattice isomorphism if both
A and A~! are lattice homomorphisms.

Theorem 10.5.4. A € S, is a lattice homomorphism if and only if A is an
extreme point of S,. A € S, is a lattice isomorphism if and only if A is a
permutation matric.

Theorem 10.5.5. A C S, is a permutation matriz if and only if c(A) C T.
I'={\ € C ||\ = 1}.Exercise.
1. Show that any row stochastic matrix (i.e. nonnegative entries with

row sums are equal 1) with at least one column having equal entries
is singular.

2. Show that the only nonnegative matrices with nonnegative inverses
must be diagonal matrices.

3. Adapt the argument from Section 10.1 to prove that the nonnegative
eigenvector z pertaining to the spectral radius of an irreducible matrix
must be strictly positive.
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4. Suppose that A, B € M, (R) are nonnegative matrices. Prove or
disprove

(a) If A is irreducible then AT is irreducible.

(b) If A is irreducible then AP is irreducible, for every positive power
p=> 1

(c) If A? is irreducible then A is irreducible.
(d) If A, B are irreducible, then AB is irreducible.

(e) If A, B are irreducible, then aA + bB is irreducible for all non-
negative constants a, b > 0.

5. Suppose that A, B € M, (R) are nonnegative matrices. Prove that
if A is irreducible, then aA + bB is irreducible for all nonnegative
constants a,b > 0.

6. Suppose that A € M,, (R) is nonnegative and irreducible and that the
trace of A is positive, trA > 0. Prove that A* > 0 for some sufficiently
large integer k.

7. Prove Corollary 10.2.1(ii) for p(A) = rp,.

8. Let A € M, (R) be nonnegative with row sums r; (A) and column
sums ¢; (A). Show that Y"1, r; (A%) =37 i (A)ri (A).

9. Prove Corollary 10.4.6.
10. Prove Corollary 10.4.7. (Hint. Use Lemma 10.4.1.)

11. Let p be any positive integer and suppose that A € M, (R) is nonneg-
ative with row sums r;. Define r = (r17...,rn)T. Recall that (APr),
refers to the m'™ coordinate of the vector APr. Show that

. (Ap’r‘)m < < (Apr)m
o ), = e e,

(Hint. Assume first that A is irreducible.)

12. Use the estimates (2) and (3) to estimate the maximal eigenvalue of
5 1 4
A=|13 15
1 2 2

The maximal eigenvalue is approximately 7.640246936.
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13. Use the estimates (2) and (3) to estimate the maximal eigenvalue of

v Ot Ot N
OO
T Oy W
- O N

The maximal eigenvalue is approximately 14.34259731.

14. Suppose that A € M, (R) is nonnegative and irreducible with spectral
radius p, and suppose x € R™ is any strictly positive vector, > 0.

Az)
DeﬁneT:max%. Show that p < 7.
15.
10 0 01
A:[O 1] o(A) ={1} C=1100
010

B—E (1)] o(B)={-1,1}  pcA\)=X+1=0

A= _1’ei7r/376—i7r/3
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