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CHAPTER 1

ALGEBRAIC BACKGROUND

1. Fields

In an introductory linear algebra course, one generally considers vector spaces
for which the scalars are real numbers. The vast majority of the results that you
may have seen for real vector spaces remain unchanged if we allow other systems of
numbers as scalars, as long as they form a field. Fields are defined by generalizing
the essential algebraic properties of the real numbers in the same way an abstract
real vector space generalizes R™. That is to say, we can axiomatize the properties
of the real numbers so that they become a single example of a larger class of fields.
We can consider vector spaces over a field satisfying the same axioms as real vector
spaces, except that the scalars are elements of the new field.

Let us analyze the properties of fields. We start with two “compositions”: “4”
and “”. With respect to each of these compositions the underlying structure is that
of a group, which is formally defined as follows:

DEFINITION 1.1. A nonempty set G with a composition o is a group if
1. (aob)oc=uao(boc) for all a,b,c € G (associativity).

2. There exists an identity element e in G such that eoca = aoe = a for all
a€G.

3. For each a € G, there exists an inverse a~! in G such that

If, in addition, the composition o is commutative, i.e.,
4. aob="boa for all a,b € G,

then G is called abelian.

Groups are the fundamental building blocks for most algebraic structures. Here
are some examples:

ExXAMPLES 1.2. a. The real numbers R form a group under addition. The
nonzero real numbers R \ {0} form a group under multiplication.

b. The complex numbers C from a group under addition. The nonzero complex
numbers C \ {0} form a group under multiplication.

c. The integers Z = {0, £1,+2,...} form a group under addition.
All these groups are abelian groups, and most of the groups we deal with will be
abelian. However, nonabelian groups certainly exist, and here are a few examples:

5



6 1. ALGEBRAIC BACKGROUND

d. The set of real invertible n x n-matrices forms a group under multiplication,
the general linear group GL,(R). This group is nonabelian for n > 2.

e. The subset of GL,(R) of all matrices with determinant 1 forms a group under
multiplication, the special linear group SL,(R). Again, this group is nonabelian
for n > 2.

f. The set of possible moves (rotations of faces) on a Rubik’s cube forms a non-
abelian group under composition.

Axioms 2 and 3 in the definition of a group suggest that the identity element and
the inverse are uniquely determined, which is in fact true, but needs a proof:

LEMMA 1.3. Let G be a group.
i If
aoce=coa=a and aoed =€ oa=ua

for all a € G, then e = €.

ii. If
aob=boa=¢€e and aoc=coa=ce,
then b = c.
PROOF. i. Using the properties of e and ¢/, we have
e =¢eoe=e.
ii. We have

b=boe=bo(aoc)=(boa)oc=ecoc=c.

Here are two properties valid in an arbitrary group G:

LEMMA 1.4. Let G be a group with composition o.

i. (Cancellation) Ifaob=aoc orboa =coa, then b= c.

1. For any given a,b € G, the equation a o x = b has the unique solution r =
-1
a~"ob.

PROOF. 1. Assume that a o b = a o c. We have

1

b=cob=(a"toa)ob=alo(aob)=alo(aoc)=(a'oa)oc=coc=c.

The other case is similar.
ii. We have
r=cox=(a
O

We have seen in Examples 1.2a and b that R and C have two underlying group
structures with respect to addition and multiplication. We also know that addition
and multiplication are linked via distributivity. These properties now lead to the
general definition of a field.
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DEFINITION 1.5. A field F' is a nonempty set with two operations + and - satis-
fying the following list of properties. Note: it is common to simply write ab instead
of a - b for the product of two elements a,b in F.

1. F'is an abelian group with respect to addition. Its identity element is called
0, and the additive inverse of = € F is denoted —x.

2. F'\ {0} is an abelian group with respect to multiplication. Its identity element
is called 1, and the multiplicative inverse of x € F\ {0} is denoted x~*.

3. a(b+c¢) = ab+ ac for all a,b,c € F (distributivity).

Of course, R and C are fields, but we also see that the set Q of rational numbers
is a field.

Here are a few essential properties of a field F' derived from the use of the dis-
tributivity law:

LEMMA 1.6. Let F be a field. The following statements hold:

i.ab=0<=a=0o0rb=0.

it. (—1)a = —a for alla € F.

PROOF. i. We first note that

0b=(0+0)b=0b+00.

Cancellation implies 0b = 0 for all b € F'. Let us assume now that ab = 0 and that
a # 0. We have to show that b = 0. Now

ab=0=a0.
Since a # 0, we can cancel a and obtain b = 0, as claimed.

ii. We have
0=0a=(14+(-1)a=a+ (-1)a.
On the other hand 0 = a + (—a), which proves the claim.
U

To obtain some more examples of fields, in fact, fields with only finitely many
elements, we start with the set of integers Z, which is not a field. If n is any fixed
positive integer > 1, then we can divide any other integer m by n with a remainder
r between 0 and n — 1:

m=qn+r, q€Z, 0<r<n-1.

This is called the Division Algorithm. We denote the remainder r of m upon
division by n by m. We note that

my =g <= n| (m1 —ma).
The set of the possible remainders, or integers modulo n, is denoted by Z/nZ:
Z/nZ =1{0,1,...,n—1}.

Given any element i € Z/nZ, there are infinitely many integers m for which m = i,
namely all m of the form
m=qn+1i, q¢€Z.



8 1. ALGEBRAIC BACKGROUND

We call m a representative of i if m = i.

EXAMPLE 1.7. Let us take n = 2. Then Z/2Z = {0,1}. An integer m represents
0 if and only if m is even, and it represents 1 if and only if m is odd.

We want to define addition and multiplication on the set Z/nZ as follows:
m1+mo =myq + mg

and
mi - M2 = M1Mma2.
There is a little problem with this definition because we are using representatives,
and therefore we have to show that the definition is independent of the choice of
representatives. In mathematical terminology, we have to show that addition and
multiplication are well-defined.
Assume then that my = 1771 and my = 7771 We have

m’1 =mi+qn and m'g = msy + qan,
and we obtain
my +my =my +ma+ (1 +q2)n  and  mimhy = mima + (mige + maq1 + q1g2)n,
which indeed shows that
m) +mh=mi +my and mimh = mimy.

Therefore, addition and multiplication on Z/nZ are well-defined. It should be clear
now from the very definition of addition and multiplication that the set Z/nZ inher-
its all the properties of Z. In particular, Z/nZ is an abelian group with respect to
addition, the identity element being 0 and the inverse of i being —i = n — i. Further-
more, distributivity holds and 1 plays the role of 1. We claim that Z/nZ is a field
if and only if n is a prime number. To check whether Z/nZ is a field, we only have
to find out if every nonzero element has a muliplicative inverse. Let us look at some
examples first:

For n = 2, the tables defining addition and multiplication look as follows:

+ 0 1
0 0 1
1 1 0
. 1
1 : 1

Since 1-1=1, Z/2Z is a field, denoted by Fs.

For n = 3, the tables defining addition and multiplication look as follows:
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0 0o 1 2
1 1 2 0
2 2 0 1

. 1 2

1 1 2

2 2 1

Again, every nonzero element has an inverse (note that 2~! = 2), and therefore
7,/37 is a field, denoted by Fs.

Here are the tables for n = 4:

+ o 1 2 3
0 o 1 2 3
1 1 2 3 0
2 2 3 0 1
3 3 0 1 2

[ ]

=
(\]}
w

1 1 2 3
2 2 0 2
3 3 2 1

The elements 1 and 3 have inverses with respect to multiplication, but 2 has no
inverse. Therefore, Z/4Z is not a field.

PROPOSITION 1.8. The set Z/nZ is a field if and only if n is a prime number.
PROOF. Let us first assume that n is not a prime number. Then n can be factored
as n =mning with 1 <n; <n,1 <ng <n. In Z/nZ, we obtain
m#0, my#0, but ny-ng=n=0.
Therefore, neither 77 nor 7z are invertible, and Z/nZ is not a field.

Let us assume now that n is a prime number. We have to show that every nonzero
element 77 in Z/nZ has an inverse with respect to multiplication. We first note that

mi=0
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is equivalent to the fact that n divides mi. But n is a prime number and m is not
divisible by n, so ¢ must be divisible by n, which means that ¢ = 0. This implies that

mk=mj <= k=17,
just take i = k — j. If we now let k run through the non-zero elements
{1,2,...,n—1}

of Z/nZ, then the n — 1 elements m k are all distinct, and hence one of them has to
equal 1, which had to be shown. O

REMARKS 1.9. 1. Prime numbers are usually denoted by the letter p, and the
corresponding field Z/pZ with p elements is denoted by FF,. In our applications to
coding theory, we will be dealing with Fa, the field with 2 elements.

2. The fields I, are examples of finite fields, i.e., fields with only finitely many
elements. One can show that the number of elements in any finite field has to be a
power of a prime number p.

2. Mathematical Induction

We will frequently use the principle of mathematical induction. Let N denote the
set of all natural numbers, i.e., the set of positive integers.

THEOREM 1.10 (The Principle of Mathematical Induction). Let P(n) be a state-
ment depending on the number n. Assume that P(1) is true and the truth of the
implication

P(k) is true => P(k + 1) is true.
Then P(n) is true for all n € N.

Although this is very plausible, it is in fact an axiom about the natural numbers,
equivalent to the axiom that every nonempty subset of N contains a smallest element.

REMARK 1.11. Sometimes it is more suitable to replace the condition
P(k) is true = P(k + 1) is true
by the condition
P(i) is true for all i < k = P(k+ 1) is true,
which leads to an equivalent formulation of the principle of mathematical induction.
Let us consider a few examples:

ExXAMPLES 1.12. a. Prove that n! > 277! for all n € N.

Forn =1, we have 1! = 1 = 2° = 1, so the base case P(1) is true. We now make
the inductive hypothesis by assuming that P(k) is true, i.e., that k! > 2¥~1. We
have

(k+ 1) =(k+1)k > (k+1)21 > 2. 281 =2k,
Therefore, P(k + 1) is true, and by the principle of induction, we have P(n) true for
all n € N.
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b. Show that, for any real number x # 1 and any n > 1,
1—2z"

1—2°

l+o+a?+- a2t =

For n = 1, both sides are equal to 1, so P(1) is true. Let us assume now that
P(k) is true, i.e.,

1— k
l+a4+a2+. +aF 1= x.
1—2x
Then
1—zk 1—aF + a2k — 1 — gkl
1+x+x2+---+xk:7x+$k: z +x( l’)_ z

11—z 11—z  1l-=z

¢. Show that every natural number > 1 contains a prime factor.

Here, the base case is n = 2, which is a prime number. We assume now that all
integers ¢ with 2 < ¢ < k—1 contain a prime factor, and have to show that k contains
a prime factor. If k itself is a prime number, then we are done. Otherwise, k can
be factored as k = [ -m with [,m > 2. Then 2 <[ < k — 1, and by the inductive
hypothesis [ contains a prime factor, so £ contains the same prime factor.

3. Polynomial Rings

Throughout this section, we fix a field F'. We let & denote an indeterminate and
consider the set F[x] of all polynomials f(z), i.e., of finite formal sums

f(z) = ag + a1z + agx® + - - + a,z™,

where n > 0 and the coefficients a; are elements of the field F. If a,, # 0, then f(x)
has degree n, written as

deg f(z) = n.
The zero polynomial 0 does not have a degree. Note that the polynomials of degree
0 are precisely the nonzero elements in F.
Two nonzero polynomials

flx) =ag+ a1z +agx® + -+ apx™
and
g(x) = by + bz + boa® + -+ + ba™
are equal if and only if they have the same degree and coefficients, i.e., m = n and
ap :bo, ai :bl,....
Addition and multiplication of polynomials are defined as usual.

ExAMPLE 1.13. Let

f(z) =ap+ a1z + asz? + asa®
and
g(x) = by + b1z + by,
Then
f(@) + g(z) = (ap + bo) + (a1 + b1)x + (az + b2)x* + azz®,
and

f(x)g(x) = apbo + (aobl + albo)l‘—{—
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—I—(a1b1 + agby + (12()0)1’2 + (a1b2 + agsby + a3b0)$3 + (ang + a3b1)$4 + a3b2x5.

With respect to addition, F[z] is an abelian group. Furthermore, multiplication
is associative,
L f(x) = f(z)- 1= f(z)
for all f(z) € F[z], and the distributivity law holds. Sets R with two operations +
and - having these properties are called rings. If multiplication is commutative, as
it is with F[z], then R is called a commutative ring.

ExamMpLES 1.14. a. The ring of integers Z is a commutative ring.
b. Every field F' is a commutative ring.
c. For any n > 1, the set Z/nZ is a commutative ring.

d. For any field F and any n > 2, the set M,(F) of all n x n-matrices with
coefficients in F' is a non-commutative ring.

DEFINITION 1.15. We call F[z] the polynomial ring with coefficients in F.
We sometimes simply write f instead of f(z).

The following lemma is obvious from the definitions of addition and multiplication
in Flz].
LEMMA 1.16. For any two nonzero polynomials f,g € F|x], we have
deg(f +g) < max{deg f,deg g}

and
deg fg = deg f + degg.

Here are some consequences:
COROLLARY 1.17. a. If fg =0, then either f =0 or g =0.
b. If fg=hg and g # 0, then f = h (cancellation).

PRrROOF. a. If both f # 0 and ¢ # 0, then the coefficient of zde/+degd in fgq
is nonzero as the product of the nonzero coefficients of 248/ in f and x99 in g.
Hence fg # 0.

b. We have (f —h)g=0and g #0,so f —h =0 by i.

The following result shows in particular that F[z] can never be a field.

COROLLARY 1.18. Let f be a nonzero polynomial. Then there exists a polynomial
g for which fg =1 if and only if deg f = 0.

PROOF. Let us assume first that deg f = 0. Then f(z) =a € F, a # 0, and we
can take g(x) = a~!. If, on the other hand, fg = 1, then, by Lemma 1.16,
deg f +degg =deg fg =deg1 =0,
which shows that deg f = 0. U

The polynomial ring F[z| has properties very similar to those of the ring of
integers Z. In particular, there is also a division algorithm.
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THEOREM 1.19 (Division Algorithm). Let f,g € F[x] with g # 0. There exist
uniquely determined polynomials q and r such that

f=ag+r
and either r =0 or degr < degg.

PROOF. We first show the existence of ¢ and r. Let

f(x):ao+a1x+a2x2+...+akxk

and
g(x) = bo + by + byz® + - 4 bypa™
with ap # 0 and by, # 0, so
degf:k7 degg:m

If m =0, so g(x) = by is a nonzero element in F', then

f(@) = (f(2)bg )9 ().

Hence, q(z) = f(z)by " and r = 0.
Assume now that degg = m > 0. We will prove the result by induction on the
degree of f. If deg f < degg, then

f=0-9+f
is of the desired form with ¢ = 0 and r = f. In particular, the result is true for
deg f = 0. Let assume now that the result is true for all polynomials of degree

<k —1, and let f as above be of degree k > m. Put
fi(x) = f(2) = arby,'z" g ().
Then fi(z) is of degree < k — 1, and by the induction hypothesis we have
fi=qg+mn
with r = 0 or degr; < deg g = m. We obtain
f =t aby'd g = g+ ady e g = (a0 by g 4

and, therefore, the result with ¢ = ¢ + axb,,'2*~™ and r = r1.
To show uniqueness, let us assume that

f=aq9+r=dqg+r

with 7 = 0 or degr < degg and ' = 0 or degr’ < degg. Then r — 7' = (¢’ — q)g.
If r # 7/, then the lefthand side has degree < deg g, whereas the righthand side has
degree > deg g by Lemma 1.16. This is a contradiction, so r = r’. Therefore

(¢ —q)g=0.
Since g # 0, Corollary 1.18 shows that ¢’ = ¢, which proves uniqueness. ([

Let us compute an example.
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ExXaMPLE 1.20. Let
fx)=32>+2>—2+1, g(x)=2?+2z—1¢cQ[z].
Then
fi(z) = f(z) — 3zg(x) = —ba® + 2z + 1.
We repeat the argument:
fo(x) = fi(z) + 5g(x) = 122 — 4.

Hence,

f(z) = fi(z) + 3zg(x) = folz) — 5g(x) + 3zg(z) = 3z — 5)g(z) + (122 — 4).
Here

g(z) =3x—5 and r(zr)=12z—4.

The following results, with only minor changes, hold equally well for the ring of
integers Z.

DEFINITION 1.21. Given two polynomials f and ¢ in F[z], we say that f divides
g (written as f | g) if g = f - h for some polynomial h € F[z|. The polynomial g is
then a multiple of f. A polynomial p of degree > 1 is prime, or irreducible, if it is
only divisible by polynomials of degree 0 and any product of itself with a polynomial
of degree 0. In other words, a polynomial p(z) is irreducible if

p=f-g = degf=0 or degg=0.

In particular, all polynomials of degree 1 are irreducible.
Given polynomials g1, ..., gk, we say that d € F[x] is a greatest common
divisor (GCD for short) of g1, ..., gk if d is a common divisor of g1, ..., g, i.e., if

d|917 d’g27"'ad|gk7

and if any other common divisor d’ of gy, ..., g, divides d.

PROPOSITION 1.22. Let g1, ..., gk be arbitrary nonzero polynomials in F[x].

i. There exists a greatest common divisor d of g1, ..., gk-

it. If d and d' are greatest common divisors of g1, ..., gk, then d = a-d for some
a€F,a#0.

1i. If d is a greatest common divisor of gi1,...,qr, then there are polynomials

fi,--+, fx in Flz] such that
d= fig1 + fag2 + -+ [rgk-
ProoOF. Consider the set S of all polynomials of the form

figr + faga + - + fror,

where fi, ..., fr are arbitrary polynomials in F[z]. Clearly, S contains g1, ..., gk.
In particular, S is nonempty. Furthermore, it is closed under addition and under
multiplication by arbitrary polynomials, i.e., if f € S, then ¢- f € S for all ¢ € F[z].
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Let d be a nonzero polynomial in S of smallest degree. We claim that d is a
greatest common divisor of gq,..., gr. Let us show first that d | g; for 1 <1i < k. By
the Division Algorithm, we find ¢; and r; such that

9i = qid+1;
with r; = 0 or degr; < degd. Now
ri =gi — qd €S,

and since d was chosen to have smallest degree, we must have r; = 0. Therefore, d is

a common divisor of g1, ..., gx.
Assume now that d’ is another common divisor of ¢q,...,gs. Then clearly d’'
divides any polynomial in S. In particular, d’ divides d. This proves parts i and iii.
If d and d' are both greatest common divisors of g1, ..., gi, then

d|d and d|d.
This implies that degd = deg d’, and therefore Lemma 1.16 implies that
d=a-d
with dega =0,s0a € F, a # 0. O

Since greatest common divisors differ only by nonzero constants, we can normalize
the highest nonzero coefficient to be 1. Polynomials of this form are called monic.
There is then a unique monic greatest common divisor for any given polynomials

9155 9k-
Important consequences include the following:

COROLLARY 1.23. Polynomials g1, ...,gr € F|x] are relatively prime (i.e., their
GCD equals 1) if and only if there exist polynomials f1,..., fr € F[z] such that

figr + fag2 + -+ frge = 1.
COROLLARY 1.24. Assume that p is irreducible. If p | fg, then
plf or plg.

PROOF. Suppose that p{ f. Then p and f are relatively prime, and therefore, by
Proposition 1.22,
hip+haf =1
for some polynomials hi, he. Mulitplying by g, we obtain
hipg+ hafg = g.
The lefthand side is divisible by p, and hence the same is true for the righthand
side. O

If a polynomial f(x) of degree > 1 is not irreducible, then it factors as
f=g-h
with degg > 1 and degh > 1. Since
deg f = deg g + degh,

we see that degg < deg f and degh < deg f. Using induction on the degree, we
see that every polynomial f of degree > 1 can be written as a product of irreducible
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polynomials, the same way a positive integer > 2 can be written as a product of prime
numbers. The prime numbers occurring are uniquely determined, and the following
result shows that this is also true for polynomials:

THEOREM 1.25 (Unique Factorization). Every polynomial f(z) € F|x] of degree

> 1 can be written as a product of irreducible polynomials:

f=p1-p2pr
Moreover if

f=a-q g
is another presentation of f as a product of irreducible polynomials q1,...,qs, then
r = s, and, after renumbering the q;’s if necessary, we have

G =a;-p; fori=1....r,

where dega; = 0.

PROOF. As mentioned above, we can proceed by induction on the degree to show
that f factors into a product of irreducible polynomials. To prove uniqueness, let us
assume that we have two factorizations

f=pi-p2pr=q1q G

into a product of irreducible polynomials with » < s. We use induction on r. If
r =1, then f is irreducible, and the result is clear. Let us assume now that the result
is true whenever f factors into a product of < r irreducible polynomials, and let us
look at the two factorizations given above. Since p; divides f, it divides the product
q1-q2---qs- By Corollary 1.24, p; then divides one of the factors ¢;. Renumbering
the ¢;’s if necessary, we may assume that p; | ¢1. But ¢; is irreducible as well, so

qr = ai-p1
for some a; of degree 0. We can now cancel by Corollary 1.18 and obtain

P2 pr=a1q2 Qs = b s,

where ¢, = asqe is again irreducible. The induction hypothesis now gives the result.
O

If p and ¢ are irreducible factors of a polynomial f, then they are either relatively
prime or they differ by a factor of degree 0, i.e., we can have ¢ = ¢- p for some c € F,
c # 0. In this case f would be divisible by p?. If we combine in this way all the
irreducible factors, which are not relatively prime to each other, then we obtain:

COROLLARY 1.26. Every polynomial f € F[x] can be written as
f=a-pi'py---pr

with a € F, a # 0 and the p;’s irreducible and pairwise relatively prime, i.e., any two
of them are relatively prime.

In calculus, we view polynomials as maps from R to R by inserting real numbers
for . We can do this over arbitrary fields F'.
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DEFINITION 1.27. If f(z) = ag + a1z + agz® + - - - + axz" is a polynomial in F|[x]
and ¢ € F, then we call

f(e) =ag + aic+ asc® + - + apc”

the value of f at c¢. We call ¢ a zero or root of f if f(¢) = 0. Given f, we obtain
the corresponding polynomial function from F' to F' by

cr— f(c).
Over R, two polynomial functions are the same if and only if the polynomials are
the same since
fle)=g(c)forallce R = f=g.
The same statement is not true for finite fields:
EXAMPLE 1.28. Let f(z) = 2% + x and let F' = Fa. The values of f at 0 or 1 are

both 0 so that, as a polynomial function, f is the zero function, but of course f is
not the zero polynomial.

We leave it as an exercise to show that, for two polynomials f and g and all ¢ € F,

(f +9)(c) = f(e) +9(c) and (fg)(c) = f(c)g(c).
PROPOSITION 1.29. Let f € Fx] be a polynomial and ¢ € F. Then
cisarootof f <— (z—c)]f
Proor. We can divide f by x — ¢,
f=alx—c)+r,
with a remainder r that is either 0 or of degree < deg(x—c) =1, so r € F. Evaluating
f at ¢ gives
[ =(e—c)+r=r
so that we can write
f=q(@—c)+ f(c).

The result is now obvious. O
Here is an easy consequence.

COROLLARY 1.30. Let f € F[z] be a polynomial of degree n. Then:
a. f has at most n roots in F.
b. if f has precisely n roots, it splits completely into linear factors, i.e., is of the
form
f=alx—c1) - (x—cp)
with a,cy,...,c, € F.

Over an arbitrary field F', there will usually be lots of polynomials without any
roots. For example,
x? — 2 € Q[z]
does not have a root, as v/2 is not a rational number. The same polynomial, however,
viewed as a polynomial in R[z], has the two roots ++/2. The polynomial

2 +1 € Rz
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has no roots, but as a polynomial in Fo[z] it has two: 1 twice. As we shall now
discuss, there is a field C called the complex numbers such that every polynomial in
C[X] has a root in C and therefore splits completely into linear factors.

The easiest way to define C is to start with a 2-dimensional vector space over R
with basis 1 and i. Every complex number z can then be written uniquely as

z=a-+b
with a,b € R. Addition is the usual vector space addition:

(a1 + b17) + (az + bei) = (a1 + a2) + (b1 + ba)i.

[43

In this way, we obtain an abelian group under “+ 7. Multiplication is now defined

in such a way that i2 = —1:
(a1 + bli) . ((12 + bQi) = (a1a2 — blbz) + (a1b2 + agbl)i.
One can easily check associativity, distributivity, and of course that 1 -z = z for all
z. To show that C is a field, we need to show that every non-zero z has an inverse
with respect to multiplication. Let us first introduce the complex conjugate Zz of
a complex number z. If z = a + bi, then Z = a — bi. Then
2z =a’ + b,

which is equal to 0 if and only if z = 0. For z = a + bi # 0, we obtain

To summarize, we have shown:
ProPOSITION 1.31. The set of complexr numbers C is a field.

We define the absolute value |z| of the complex number z = a + bi to be
Vva? + b2. Therefore, we have
27 = |22
It is sometimes easier to consider vector spaces over C, as opposed to R. The
primary reason for this lies in the following theorem, which we quote without proof.

THEOREM 1.32 (Fundamental Theorem of Algebra). Fvery polynomial in Clz]| of
degree > 1 has a root.

Let f € C[x] be an arbitrary polynomial of degree > 1. Then f has a root ¢ in
C by the Fundamental Theorem. By Proposition 1.29, this is equivalent to the fact
that f is divisible by x — c. If deg f > 2, then this implies that f is not irreducible.
Therefore, the irreducible polynomials in Clz] are precisely the linear polynomials.
By Corollary 1.30, we obtain:

COROLLARY 1.33. Ewvery polynomial f € Clx| of degree n > 1 can be written as
a product
fx) =alz =)™ (z —c2)® - (z — )7,
where a € C, a # 0, c1,...,¢, are the distinct roots of f in C, and eq,...,e, are
positive integers.



CHAPTER 2

VECTOR SPACES

In this chapter, we recall the basic features of vector spaces, allowing scalars from
an arbitrary field F'.

DEFINITION 2.1. Let F' be a field. An F-vector space, or vector space over
F, is a nonempty set V' with elements called vectors and two compositions, addition
“+” of vectors and multiplication of vectors by elements of F', called scalars, for
which the following properties hold:

1. V is an abelian group under addition.

2. a(v+w)=av+awforallae F,v,weV.
3. (a+bv=av+bvforallabe F,veV.

. (ab)v = a(bv) for all a,be F,v e V.

5. lv=wvforallveV.

W

Let us consider some examples:

EXAMPLES 2.2. a. Let F™ denote the set of all n-tuples (aj,as,...,a,) with
a; € F, 1 <4 <n. This is an F-vector space, with addition and scalar multiplication
being defined componentwise. The space F" is the natural generalization of R" to
arbitrary fields.

b. The set My, (F) of all m x n-matrices with entries in F' is an F-vector space
under matrix addition and scalar multiplication.

c. The polynomial ring F'[z] is an F-vector space. Sometimes, if F'[z] is considered
as a vector space rather than as a ring, it is denoted by P(F). In the same manner,
we can consider the set of all polynomials from F[z]| of degree < n. This F-vector
space is denoted by P, (F).

d. Let F(F) denote the set of all functions f : FF — F. For f,g € F(F), define a

function f + g by
(f +9)(@) = f(a) + gla),
and define scalar multiplication of a function f by a scalar b € F by
(bf)(a) =bf(a).

It is easily checked that all the axioms of an F-vector space are satisfied.

REMARK 2.3. We note that the following properties hold in an F-vector space
V. The proofs are identical to the proofs of Lemma 1.6 for fields:

1. 0v =0 for all v € V. (Note: The 0 on the lefthand side is the 0 in F'. The 0
on the righthand side is the zero vector in V.)

19
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2. —v=(-1)wforallveV.

DEFINITION 2.4. A nonempty subset W of an F-vector space V is a subspace
of V if W, equipped with vector addition and scalar multiplication as a subset of V,
is itself an F-vector space.

We note that, in particular, the sum v + w of two vectors v,w € W has to lie in
the subspace W and that any scalar multiple av of a vector v € W has to lie in W.
In other words, W has to be closed under addition and scalar multiplication. The
following result shows that these two conditions suffice to determine whether a subset
is a subspace or not.

LEMMA 2.5. A nonempty subset W of an F-vector space V is a subspace of V if
and only if W is closed under addition and scalar multiplication.

Proor. We saw already that these conditions are necessary. Let us assume
now that W is closed under addition and scalar multiplication. It is clear that the
properties 2-5 in the definition of an F-vector space hold for vectors in W, since they
hold in V. Furthermore, addition is associative since this is true in V. It remains to
show that the zero vector lies in W and that v € W implies —v € W, so that W is a
group with respect to addition.

Since W is nonempty, there is some vector v € W. Now —v = (—1)v by Remark
2.3. Hence —v € W, since W is closed under scalar multiplication. Since W is closed
under addition, we obtain v + (—v) =0 € W, as claimed. O

EXAMPLES 2.6. a. In F™, consider the subset W of all vectors v such that
Av =0, where A is a given m X n-matrix. We call W the nullspace of A.

b. In My, (F'), consider the subset of all matrices whose first row is equal to 0.
c. The vector space P,(F') is a subspace of P(F).

d. In F(R), consider the subset of all continuous functions.

DEFINITION 2.7. Let V denote a vector space over a field F. Given vectors
v1,v2,...,U, € V and scalars aq,a9,...,a, € F, the finite sum

ai1v1 + agve + -+ - + apvy

is called a linear combination of vy, v, ..., vy,.

The set S(vi,v2,...,vy,) of all possible linear combinations of wvy,va,..., v, is
closed under vector addition and scalar multiplication and is therefore a subspace of
V, the subspace generated or spanned by v, ve, ..., v,. If § C V is any subspace of
V and vy, v, ..., v, arein S, then every linear combination of the vectors vy, va, ..., v,
lies in S as well. Hence,

S(v1,v9,...,0,) CS.
Therefore, S(v1,ve,...,v,) is the smallest subset of V' containing vy, va,. .., vy.

A subspace S is said to be finitely generated if there exist some vectors
v1,v2,...,Un SO that

S = S(Ul,UQ,.. . ,vn).
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More generally, we can consider an arbitrary nonempty subset E of vectors from
V and define S(FE) as the set of all possible linear combinations of vectors from
E. Note that each linear combination involves only finitely many vectors, but these
vectors may vary. Again, S(FE) is a subspace of V; in fact, it is the smallest subspace
of V' containing F.

For a subspace S generated by a single nonzero vector v, we will often write

S(v) = Fu.

EXAMPLES 2.8. a. The set {1,z,22, ..., 2"} generates P,(F), and the set
{1,2,22,...} generates P(F). The latter set is infinite.

b. If A is a matrix in M,,,,(F'), then the row space of A is the subspace of F™
generated by the rows of A, and the column space of A is the subspace of F™
generated by the columns of A.

DEFINITION 2.9. The vectors v1,v9,...,v, are called linearly independent if
the only linear combination of vy, ve, ..., v, representing the zero vector is the trivial
one, hence if

a1 +agvg + -+ av, =0 = qaq;=0foralli=1,2,... n.
Vectors which are not linearly independent are called linearly dependent. Note

that the zero vector 0 is always linearly dependent and that a single nonzero vector
is always linearly independent.

PROPOSITION 2.10. The vectors vi,vs, ..., v, are linearly independent if and only
if every vector v € S(vi,...,v,) can be written uniquely as a linear combination of
V1,V2y...,Up.

PROOF. Assume first that the vectors v, v, ..., v, are linearly independent, and
let v € S(v1,...,vy,). Let
V= a1v1 + agvy + - -+ 4+ anvy
and
v =bivy + bovg + -+ + byuy

be two presentations of v as a linear combination of vi,ve,...,v,. Subtracting the
two equations we obtain

0= (a1 — bl)vl + (az — bg)vz + -+ (an — bn)vn.

Since by assumption the vectors vy, vs,..., v, are linearly independent, we obtain
a; — bl,az = bg,...,an = bm
as claimed.
Conversely, if we assume that the presentation of every vector from S(vy,...,vy)
is unique, then in particular this applies to the zero vector, which is in S(vy, ..., vy,).
Therefore,

0=0-v1+0-v2+---+0-v,

is the only possible linear combination for the zero vector, which means that vy, ..., v,
are linearly independent. ([
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We can extend the definitions of linear independence and dependence to arbitrary
subsets E of V. That is, E will be a linearly independent set if any finite number
of vectors from F are linearly independent and will be a linearly dependent set
otherwise.

DEFINITION 2.11. Let S be a subspace of V. A set B of vectors in S is a basis
of S if B is a linearly independent set which generates S. If S = {0} is the subspace
consisting only of the zero vector, then 0 is considered to be a basis vector.

EXAMPLES 2.12. a. In I, we have the standard basis ey, eo,...,¢e,, where
e; =(0,...,0,1,0,...,0),
1

the 1 being in the ith position.

b. In My, (F'), we have a basis consisting of matrices e;;, 1 <i <m,1 < j < n,
which have a 1 in the ij-th position and 0’s everywhere else.

c. In P,(F), we have the basis B = {1,z,22,...,2"}. In P(F), we have the basis
B={l,z,2%,..., 2", ...} consisting of all the powers of x.

The main results about finitely generated vector spaces are summarized in the
following two theorems and their consequences.

THEOREM 2.13. Let E be a finite set of vectors in'V, and let Ey C E be a linearly
independent subset. Then there exists a basis B of the subspace S(E) such that

EyC BCE.

In other words, the linearly independent subset Ey can be extended to a basis B of
S(E) by adding suitable vectors from E to Ey.

Proor. If S(Ey) = S(E), then Ej is a basis of S(E), and we are done. Let us
assume then that S(Ep) # S(E). Let Ey = {v1,v2, ..., vn}. Our assumption implies
that there is at least one vector v € E which is not contained in S(Ep). We now
define £y = Eg U{v} = {v1,...,vm,v}.

Claim: Ej is linearly independent. To show this, let us assume that

a1v1 + agva + - - - + AUy + av = 0.

Then a = 0, since otherwise

1
v = —a(aun 4 Q)
would be a linear combination of vy, ..., v, hence in S(Ep), contradicting our as-
sumption. However, if a = 0, then the linear combination reads ajvi+- - -4+ am,vm = 0,
and the linear independence of vy, ..., v,, implies that a; =0, ..., a,;, = 0 as well.

We can now apply the same arguments to the independent set F;. Either S(F;) =
S(F), in which case we are done, or we can enlarge E to a linearly independent subset
E5 of E by adding a vector from E to Ej, etc. Since E is a finite set, this procedure
has to stop, and we end up with a basis B of S(F) that contains Ey and lies in . [

Theorem 2.13 has some obvious important consequences:

COROLLARY 2.14. Let V be a finitely generated F-vector space. Then
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a. V has a finite basis.

b. Any basis of a subspace of V' can be extended to a basis of V.

c. Any finite set of generators of V' contains a basis.

ExAMPLE 2.15. Consider
E={(1,1,1),(0,1,1),(1,0,0),(1,0,1)}

as a subset of R3, and take Ey = {(1,1,1)}. Clearly (0,1,1) is not contained in
S(Ey). Hence, we can add (0,1,1) to Ep to obtain a linearly independent set Ey =
{(1,1,1),(0,1,1)}. The vector (1,0,0) is contained in S(Fj), but (1,0,1) is not.
Therefore, we can enlarge E; to an independent set Fo by adding (1,0, 1) to Ej:

E, ={(1,1,1),(0,1,1),(1,0,1)}.
Clearly, S(E2) = S(E), and therefore B = F3 is a basis for S(E).

REMARK 2.16. In the special case that V' = F", we can always proceed as follows
to find the basis B. Let Ey = {v1,...,v;} be a linearly independent set contained
in . Let vgy1,...,v, denote the vectors in E that are not contained in Ey. We
then form the n x k-matrix A that has the vectors v; as its columns. Then the span
S(E) of E is just the column space of A. We recall that elementary row operations
on the matrix A do not change linear independence or linear dependence relations of
the columns. We reduce A to a row echelon form R. A basis for the column space of
R is provided by the columns of R that contain a leading 1, i.e., a 1 that is the first
nonzero entry in its row. Therefore, a basis of S(FE) is provided by those columns of
A that are in the same positions as the leading 1’s of R. Since the first m columns
of A are linearly independent, the same is true for the first m columns of R. That is,
Ejy is part of the basis.

In Example 2.15, the matrix A for the ordered set F, i.e., with the vectors are
taken in the order listed, looks like

1 011
A=|1 1 0 0
11 01
A row echelon form R for A equals
10 1 1
R=1(0 1 -1 -1
00 0 1

The leading 1’s are in columns 1, 2, and 4. Therefore, we obtain the same result as
above.

THEOREM 2.17 (Steinitz’ Replacement Theorem). Let V' be a finitely generated
F-vector space with a basis
B = {vy,va,...,0,},
and let
E ={wi,we,...,wy}
be an arbitrary linearly independent subset of V.. Then m < n, and E can be extended
to a basis of V by adding n — m suitable vectors from B.
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PROOF. We try to change the basis B by replacing certain vectors in B with
vectors from FE. Since B is a basis, we can write

(%) w1 = a1V + agVo + - - - + apvn,

where the coefficients a; are uniquely determined. Since w; # 0, some coefficient a;

is nonzero. If necessary, we can reindex the basis vectors vy, vs,...,v,, SO that we
may assume that a; # 0. Then
1
vt = (w1 — azvz — -+ — anvn),
1

which shows that
By = {wy,va,...,v,}
generates V. We want to show that wi,vs,...,v, are linearly independent, and
therefore Bj is again a basis of V. To do this, assume that
biwi + bovg + - - - 4+ by, = 0.
If by # 0, then

1
(%) wy) = —b—(bgvg + oo+ bpop).
1

Since a; # 0, (%) and (**) are two different linear combinations representing wi,
which contradicts the fact that B is a basis. The assumption by # 0 was therefore
wrong, so by = 0. The linear independence of the vectors vs,...,v, then implies
that the remaining coefficients bo, ..., b, are equal to 0 as well, which proves linear
independence and hence that B; is a basis of V.

Let us now assume that we have constructed a basis

/ /
By, = {w1, w2, ..., Wk, V1, -5V}

of V', where v}, IRTRRRS v), are suitably chosen vectors from B. If k = m, then we are
done. Assume then that m > k. As before, we can write

/ /
Wi41 = A1W1 + QW2 + -+ AWk + A1V + - + ap¥y

in a unique way. Since the vectors wy, ..., wi4+1 are linearly independent, for some
1 > k + 1 the coefficient a; must be nonzero, and we may assume that i = k + 1, i.e.,
that ary1 # 0. As above, this implies that the vectors wi,ws, ..., Wry1,Vy gs- .-,y
generate V' and form in fact a basis By4q of V.

Continuing in this way, we construct bases B; of V for ¢ = 1,2,...,m, provided
that m < n. Then B,, is then the basis we are looking for. Assume finally that
m > n. Then B, = {wi,...,w,} is a basis for V. In particular, w,4; would
be a linear combination of wi,...,w,, contradicting the linear independence of FE.
Therefore, m < n. O

As an immediate consequence, we obtain:

COROLLARY 2.18. Any two bases of a finitely generated vector space contain the
same number of elements.
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DEFINITION 2.19. The number of elements in any basis of a finitely generated
vector space V is called the dimension of V' and denoted by dim V. By definition,
the dimension of the O-vector space is equal to 0. In place of finitely generated, we
often use the terminology finite dimensional.

ExAMPLES 2.20. a. dim F" = n.
b. dim P,(F) =n+ 1.
c. dim My, (F') = mn.

COROLLARY 2.21. Fwvery subspace S of a finite-dimensional F-vector space V is
finite-dimensional, and dim S < dim V.

PRrOOF. Clearly, the result is true if S = (0). Hence, we may assume that S
contains a nonzero vector vi. Let Ey = {v1}. If S(E;) = 5, then we are done. If
not, then we can find a vector vg € S such that Fy = {v1,v2} is linearly independent.
We can continue as in the proof of Theorem 2.13 and construct linearly independent

sets By = {v1,...,vx} C S for k = 1,2,.... This process has to terminate since
the possible number of linearly independent vectors is bounded by dim V. Therefore,
S = S(Ek) for some k < dim V. O

If S and T are two subspaces of an F-vector space V', then the intersection SNT
is again a subspace of F'. However, the union SUT is in general not a subspace. The
smallest subspace containing S U T is the sum S+ T of S and T"

S+T={v4+w|veSweT}.
We have the following important dimension formula:

THEOREM 2.22 (Dimension Formula). Let S and T be finite-dimensional sub-
spaces of an F-vector space V. Then S + T is finite-dimensional and

dim(S+7) =dimS +dim7 — dim(SNT).

PROOF. Let {v1,...,v} be a basis of SNT. By Corollary 2.14, we can extend
this basis to a basis

{v1,. ., Uk, kg1, -+, Un}
of S and to a basis

{v1, .., Uk, Wity .-y Wi}
of T'. Clearly, the union of these two bases, which is

{/Ulv ooy Uk U419+ -+ 3 Uny Wht1, - - - )wm}u
generates S+7. We have to show that these vectors are linearly independent. Assume
then that
aivr + -+ apVk + Qg41Vk41 + 0+ ApUp + bW + -+ bpwm = 0.

This implies

a1v1 + -+ + gk + Qg4 1Vk+1 0+ QU = —bpp1We1 — -0 — by Wi,
The left hand side lies in S and the right hand side in 7. Hence, both lie in S NT
and therefore can be written in terms of the basis {v1,...,v;}:

a1vi+- -+ apUp+ag4 11+ antny = —bg 1wk — - —bpwm = crvr - -+ epvg.
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However, the vectors vy,..., Vg, Wgt1,- . ., Wy, are linearly independent, and therefore
we must have bpy1 = 0,...,b, = 0,¢1 = 0,...,¢; = 0. Finally, since the vectors
Vly .., Uk, Ukt1,-- -, Uy are linearly independent, all the coefficients a; are equal to 0
as well. O

Let us consider the special case that SNT = (0), in which case we simply obtain
dim(S+7T)=dimS + dimT:

LEMMA 2.23. For two subspaces S and T, we have S N'T = (0) if and only if
every x € S+T can be written as x = v+ w, withv € S and w € T, in one and only
one way.

PROOF. Let us assume first that SN7T = (0). If
T =v1 +wp = v2 + w2
with v1,v9 € S and wq,ws € T, then
V] — U2 = Wy — Wy

lies in the intersection of S and T', hence is equal to 0, which proves uniqueness .
On the other hand, if SN T # (0), then any nonzero vector x € SN T can be
written as

r=x+0=0+z.

Therefore, if we put v1 = z,w; = 0 and vo = 0,wy = x, then we get two different
presentations of x. O

In the case that SNT = (0), we call the sum S + T a direct sum of S and T
and denote it by S @ T. The concepts generalize to more than 2 summands:

DEFINITION 2.24. Let Si,...,Sk be subspaces of a vector space V. The sum
S1+ -+ + Sy is the subspace of V' of all vectors x that can be written as

T=v+v2+-+ Vg
with v; € S; foreach i =1,... k.

It is sometimes convenient to write the sum using calculus notation:
k
St +S%=)_S;
j=1

The sum is called a direct sum if, for every vector x € S + --- + Sk, the above
presentation is unique. If this is the case, then we write

k
51@52@"'@Sk:@5j.
j=1

Lemma 2.23 easily generalizes to more than 2 summands as follows.
LEMMA 2.25. Let S1,...,Sk be subspaces of a vector space V. Then
Si+--+Sk=51P---8S
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if and only if, for each i =1,...,k, we have

k
Sin (Y S;) = (0).
j=1
i
EXAMPLE 2.26. Assume that {v1,...,v,} is a set of generators of V. Then
V=Fvu®Fuv®- - & Fu,
if and only if {v1,...,v,} is a basis of V.
We can use the dimension formula to prove the following result.

PROPOSITION 2.27. For the direct sum of subspaces Si,...,Sy of a vector space
V', we have

dim(S1 & S2 @ -+ - & S) = dim 51 + dim Sp + - - - + dim Sk.
Proor. This follows by induction from the dimension formula. We write
S1®So®- - ®Sg=51D(So®-- B Sk).
The dimension formula implies that
dim(S; @ So @ --- B Sg) = dim S1 + dim(Sy & - - - B Sk).
Assuming that the result is true for a direct sum of k£ — 1 subspaces, we have
dim(Se @ --- @ S) = dim Sy + - - - + dim S,

hence the claim. (]

Given any subspace S of a finite-dimensional vector space V', we can always find
a subspace T such that V = S @ T. This is just a reformulation of the fact that a

basis of S can be extended to a basis of V. That is, let {vy,...,v;} be a basis of S
and extend it to a basis

{01, Uk Vg1, - U )
of V. Let T be the subspace with basis {vg41,...,v,}. Then

dmV =n=k+(n—k)=dimS+dim7.

Hence, by the dimension formula, S N7 = (0), which by Lemma 2.23 implies that
V =85 ®T. We note that the complementary subspace T is in general not uniquely
determined since there are many ways of extending a basis of a subspace. We have
shown the following.

PROPOSITION 2.28. Given a subspace S of a finite-dimensional vector space V,
there exists a subspace T' of V' such that V =S & T.

The concept of writing a vector space as a direct sum of subspaces of smaller
dimensions will be important in the study of linear transformations.






CHAPTER 3

LINEAR TRANSFORMATIONS

1. Linear Transformations and Matrices
Let V and W be vector spaces over a field F.
DEFINITION 3.1. A map T: V — W is a linear transformation if
T(vy +v2) =T(v1) +T(v2) and T(av) =aT(v)
for all v,v1,v9 € V and all @ € F.

In other words, T is a linear transformation if it respects vector addition and
scalar multiplication. Definition 3.1 immediately implies that
T(a1v1 + agug + -+ - + anvp) = a1T(v1) + a2T'(v2) + - + anT(vn).
In particular, this shows that if V' is finite-dimensional with basis {v1,...,v,}, then
a linear transformation 7: V' — W is uniquely determined by the images
T(v1),...,T(vy)

of the basis vectors, and these can be prescribed arbitrarily.
Attached to a linear transformation T: V — W are two subspaces: the range
T(V)of T,
T(V)=A{T(v) |veV},
which is a subspace of W, and the nullspace n(T") of T,
n(T) ={veV |T(v) =0},

which is a subspace of V. The range of T is also called the image of T" and denoted
by im(7T"), and the nullspace of T" is also called the kernel of 7" and denoted by ker(7T').

If V is finite-dimensional, then we have the following relation between the dimen-
sions of the image and the kernel of T

PROPOSITION 3.2. Assume that V is a finite-dimensional vector space and that
T:V — W is a linear transformation. Then

dimn(7T) + dim7(V) = dim V.

ProOOF. By Proposition 2.28, we can choose a complement U of n(T) in V| i.e.,
a subspace U of V such that

V=nT)eU.
Let vy,...,vr be a basis of n(T), and let vgiq,...,v, be a basis of U. Clearly, the
image vectors T'(vg41), ..., T (v,) generate T'(V'). We have to show that these vectors

are linearly independent.

29
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Assume that
ap41T(Vgs1) + ag2T (Vkr2) + -+ -+ anT(vy,) = 0.
The left hand side equals T'(ag11vg+1 + - - - + anvy,). Hence,
A 1Vk+1 + -+ + apvn € n(T)NU = (0).

This shows that agy1vgp+1+ -+ apvy, = 0. It follows that a; =0 for¢i =k+1,...,n,
since the vectors vg1, ..., v, are linearly independent. Therefore,

{T(vkt1), -, T(vn)}
is a basis for T'(V'), and we obtain
dimV =dimn(7T) + dimU = dimn(T) + dimT'(V),

as claimed. 0

DEFINITION 3.3. A linear transformation 7: V' — W is one-to-one if

T(v)=T(va) = wv1 =1

for any vy, ve € V. We say that T is onto if T'(V) = W. A linear transformation 7'
that is both one-to-one and onto is called an isomorphism.

We first note the following.

LEMMA 3.4. The linear transformation T is one-to-one if and only if n(T) = (0).

Proor. If T is one-to-one, then 0 is the only vector in V' that is mapped to 0, so
n(T) = (0). Conversely, if n(T") = (0) and T'(v;) = T'(v2), then
T(Ul — ’Ug) == T(Ul) — T(UQ) = 0,
so v1 — v is in n(T'), and therefore vy = va. O

LEMMA 3.5. There exists an isomorphism T:V — W if and only if there exists
an isomorphism S: W — V.

ProOOF. Given T and w € W, define S(w) to be the unique vector v € V with
S(v) = w. Note that v exists as T is onto, and it is unique as T is one-to-one. The
converse follows in the same way. ([

When the equivalent conditions of Lemma 3.5 hold, we call V and W isomorphic
vector spaces. The particular isomorphism S constructed out of T in the proof
of Lemma 3.5 is called the inverse of T and is denoted T'. In fact, the set of
isomorphisms between isomorphic vector spaces forms a group under composition.
Proposition 3.2 and Lemma 3.4 immediately imply:

COROLLARY 3.6. Two finite-dimensional vector spaces over F are isomorphic if
and only if they have the same dimension.

We also note:

LEMMA 3.7. If V and W are finite-dimensional and dimV = dim W, then the
following statements are equivalent for a linear transformation T:V — W :

a. T is an isomorphism.
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b. T is one-to-one.

c. T 1is onto.

EXAMPLES 3.8. 1. Differentiation f — f’ is a linear transformation from
P(R) to P(R). This transformation is onto but not one-to-one, the nullspace be-
ing equal to R. If we restrict to polynomials of degree < n, hence to P, (R), then the
image is isomorphic to P,_1(R).

2. Integration f — ff f(x)dx is a linear transformation from P(R) to R.

3. Integration f — [ f(t)dt is a linear transformation from P(R) to P(R). It is
one-to-one but not onto.

4. For any m X n-matrix A, the map x — Ax is a linear transformation from F™
to F™. The nullspace of this transformation is equal to the nullspace of A and the
image is equal to the column space of A.

5. Assume that V' is n-dimensional, and let B = {v1,...,v,} be an ordered basis
of V. (By “ordered”, we mean simply that the elements of the basis are taken in a
given order, the order in which they are listed.) The coordinate map Cg : V. — F"
with respect B maps the ordered basis B to the standard ordered basis {ej,...,e,}
of F. That is, Cp(v;) = e; for i = 1,...,n. The linear transformation Cp is clearly
an isomorphism. If

UV =a1v1 + -+ apvn

is an arbitrary vector in V', then
Cp(v) =aie1 + -+ anen, = (a1, ..., an).
We will usually view these vectors as column vectors in F™.

The set L(V,W) of all linear transformations from V' to W becomes a vector
space over F'if we define the sum S + T by

(S+T)(v)=Sv)+T(v)

and a scalar multiple aT by (aT')(v) = aT'(v).

Assume that dimV = n and dimW = m. Let B = {v1,...,v,} be an ordered
basis of V', and let B' = {wy, ..., w.,,} be an ordered basis of W. We want to construct
an isomorphism between the vector spaces L(V, W) and M, (F') which will depend
on the choices of the bases B and B’ and their orderings. To do this, we have to
associate a matrix A to a given linear transformation T: V — W. We consider the
following diagram:

v L ow

cgl ch/

) —
A

and we want to define the matrix A so that multiplication by A makes the diagram
commutative, i.e., we get the same result going from V to F™ in two different ways.
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Let us start with a basis vector v; € V. Going along the top of the diagram, v; is
mapped to T'(v;), which can be expressed in terms of the basis B’ as

T(’Uj) = a1;W1 + G2jW2 + -+ F AW,

The coordinate map Cp maps T'(vj) to the column vector (aij,as;, ..., am;). Going
the other way around, the coordinate map Cp maps v; to the jth standard basis
vector ej of F" (viewed as a column vector). Multiplying this vector by A gives the
jth column of A. Therefore, this jth column has to be equal to (aij,az;, ..., am;).
We see that the matrix A is equal to (a;;). If we want to emphasize the dependence

of A on T and the bases B, B’, then we denote it by A?’B/. It is now easy to verify
that the map
T — A?’B

is linear and in fact an isomorphism between L(V, W) and My, (F):

PROPOSITION 3.9. The linear map T +— A?’B/ from L(V,W) to My, (F) is an
1somorphism. In particular, we have

dim L(V, W) = dim V - dim W.

Assume that we have, in addition to T, a linear transformation S: W — U,
where U is an r-dimensional F-vector space with ordered basis B”. The situation is
described by the following diagram:

The composite linear transformation S o T', which is simply denoted by ST, maps V'
to U, and we have the following relation between the corresponding matrices:

B,BN . BI,B// B,Bl
AST - AS ) AT ’

which simply means that the product of the transformations corresponds to the prod-
uct of the matrices.

Let us specialize to the situation that V = W. In this case, we denote L(V,V)
simply by L(V). In addition to being a vector space of dimension n? over F, where
dim V' = n, we also have a product on L(V') that turns L(V) into a ring, isomorphic
to the ring M, (F') of n x n-matices over F'.

If B and B’ are ordered bases of V', then we can express a vector v € V' in terms
of the basis B and in terms of the basis B’. To obtain the matrix that describes
the change of basis from B to B’, we simply look at the special case that T' =1 is
ABB A?’B/. In this case, the

the identity transformation, and we write instead of

diagram looks like
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and we obtain

ABB" . Cy(v) = Cpi(v)
for all v € V. The ith column of AB5 is simply the coordinate vector of the ith
basis vector of B with respect to B’. The matrix A5’ is invertible, and

(AB,B’)_l _ BB

Let T: V — V be a linear transformation and B an ordered basis of V. We simply
write A% instead of A?’B. To obtain the relationship between A% and A?l for two
ordered bases B and B’ of V', we look at the diagram

1 T 1

Vv —— V \%4 |4
CB/J J,CB J,CB J,CB/
o — F" Fm Fm
AB'.B. A?. AB,B’.

and compare it to the diagram

v L. vy

cu Jew

F’n F’n
AB'.
We obtain
’ / —1 ’
AP = (APB)y L A7 AP,

In particular, we see that matrices describing a given linear transformation with
respect to different bases are similar.

The task is now to find, for a given linear transformation 7: V. — V, a “good”
basis B of V' so that the form of the matrix Ag is as simple as possible.

ExaMPLE 3.10. Let T: P,(R) — P,(R) be given by T(f) = f’. Let B be the
ordered basis

B={l,z,2°%...,2"}.

The columns of the matrix A2 are obtained by expressing T'(1),T(z),...,T(z") in
terms of the basis B:

T(1)=0,T(z)=1,... ,T(:pi) = Z’;pi—l’ L T(a™) = a1
This yields:

010 0

0 0 2 0
A7 = |1

0 0O n

0 0 0 0
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2. Minimal polynomials and invariant subspaces

Throughout, V' denotes a finite-dimensional F-vector space, and T': V — V de-

notes a linear transformation. If
fx)=ap+ a1z + -+ apz™ € Flx]
is an arbitrary polynomial, then we denote by
f(T)=al4+a T+ - +a,T" € L(V)
the corresponding linear transformation obtained by substituting T for z, and if
A € M, (F), is an arbitrary n X n-matrix, then we denote by
flA) =aolp, + 1A+ +anA™ € M, (F)
the corresponding matrix obtained by substituting A for z. If B is an ordered basis
of V, and if A% denotes the matrix corresponing to 1" under the isomorphism
L(V) — My(F)

(n = dim V) described in the last section, then clearly f(AZ) corresponds to f(T).
In particular, f(7T) is the zero transformation if and only if f(AZR) is the zero matrix.
Since L(V) has dimension n?, where n = dim V, the n?+ 1 linear transformations

LT, T2,....T"

are linearly dependent. Hence, there is a non-zero polynomial f(z) € F[z] of degree
< n? such that f(T) = 0. Among all possible non-zero polynomials f with the
property f(T) = 0, we choose one, denoted by my(z), of smallest degree and assume
it is monic.

DEFINITION 3.11. We call mz(z) the minimal polynomial of the linear trans-
formation 7T'. Similarly, we define the minimal polynomial m4(x) for a matrix A. It

is clear that my(z) = ma(x) whenever A = A represents T with respect to a basis
B.

The fact that mp(x) is uniquely determined by T can easily be seen from the
following lemma.

LeEMMA 3.12. If f(z) is a non-zero polynomial such that f(T) =0, then
mr(z) | f(z).
PrOOF. We use the Division Algorithm. That is,
f(@) = q(z)mr(z) +r(z),

where either 7 = 0 or degr(z) < degmp(x). Inserting T for z, we obtain r(7T") = 0
and, hence, r = 0 since the degree of my(z) was minimal. The result follows. O

In general, it is not easy to find the minimal polynomial of a linear transformation.
As we progress, we will see that the minimal polynomial mp(z) always divides the
characteristic polynomial of T, which we denote by cp(z). We recall that

cr(z) =det(x —T)

can be computed as det(x - I — A) using any matrix A representing 7' with respect
to some basis B of V.
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Here are some explicit examples:

EXAMPLES 3.13. 1. If T =0 is the zero transformation, then mr(z) = =.
2. If T'=1 is the identity, then mp(z) = =z — 1.
3. More generally, T'= ¢ - 1 if and only if mp(z) =z — c.

4. Let
a b
a=[0

A? — (a+d)A+ (ad — be) I, = 0,

be a 2 x 2-matrix. Then

which we can rewrite as
A? —tr(A)A + det(A) Iy = 0.

If we assume that A is not a scalar multiple of the identity matrix, then degm(x) =
2, and therefore in these cases

ma(x) = 22 — tr(A)z + det(A).

We note that this is equal to the characteristic polynomial c4(x) of A.

Another family of examples arises as follows. Assume that W is a subspace of
V =R". We have

V=Wwaewt,
where W is the orthogonal complement of V under the dot product. Every v € V
can be written uniquely as
v=w+ U
with w € W,u € W+. The orthogonal projection of V on W is the linear transfor-
mation
PV -V, Plw+u)=uw.
The transformation P has the following property:
P?=p

This property leads to the more general definition of a projection.

DEFINITION 3.14. A linear transformation T: V — V is a projection if T? = T.

We let diag(aq, . .., a,) denote the diagonal r x r-matrix with with entires aq, ..., a,
along the diagonal.

PROPOSITION 3.15. Assume that T is a projection, and let k = dimT'(V'). Then
we have:
2

i. mp(x) =2 —x =z(x — 1) unless k = 0 or k = dim V. In the latter cases,
T=0o0rT=1, somr(z)=x or mp(x) =z — 1, respectively.
1. There exists a basis B of V' such that
AB = diag(1,1,...,1,0,0,...,0),

with k ones along the diagonal.
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Proor. We first show that

T(V)nn(T) ={0}.
Assume that w € T(V) N n(T). Then w = T(v) for some v € V', and T'(w) = 0. We
obtain

0="T(w)=T%0)=T() =w.

Hence w = 0, as claimed. Proposition 3.2 then implies that

V=TV)en(T).
We therefore have a basis

B={T(v1),T(v2),...,T(vk),Vks1,s---,0n},

where T'(v1),T(v2),...,T(vg) are basis vectors for T'(V) and vgi1,...,v, are basis
vectors for n(T). Since T'(T'(v;)) = T'(v;) for 1 <14 < k, we obtain the result. O

DEFINITION 3.16. A subspace W of V is called T-invariant if T7(W) c W. If
W is a T-invariant subspace, then the restriction Ty € L(W) of T to W is simply
defined by

for all w e W.

Let us assume that we can decompose V into a direct sum
V=VieWoe - --aV,

of T-invariant subspaces V;. Let T; = Tj; denote the restriction of T' to V;. If we
choose ordered bases B; for V;, then

B=BiUByU...UB,

is an ordered basis for V (taken in the order of the unions). The matrix A = AZ of
T with respect to B is block diagonal, which is to say that it looks like

Ay 0 -+ 0
A— 0 A

: . .0

0o -~ 0 A,

where the A; = A%' are the corresponding matrices for the restrictions 7; with respect
to the bases B;.

Let mp(z) and cp(z) denote the minimal and the characteristic polynomial of T,
respectively, and let m;(x) and ¢;(z) denote the corresponding polynomials for ;.
The following result relates these polynomials.

LEMMA 3.17. Let
V=WeVe oV
be a decomposition of V into T-invariant subspaces. Then
i. ep(x) = c1(x)ea(z) - - - e ().

it. mp(x) = lem(mq(z), ma(z),...,m.(x)).
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PRrROOF. i. The matrix = - I — A is again block diagonal with blocks = - I — A;
along the diagonal. Since the determinant is multiplicative with respect to these
blocks, we obtain part i.

ii. Let m(z) denote the least common multiple of the polynomials
mi(z),...,my(z).

This means that each m;(z) divides m(x) and that m(z) is the monic polynomial of
smallest degree with this property.

We first show that m(7T") = 0. This is equivalent to showing that m(T)(v) = 0
for every basis vector v € B. But if v € B;, then m;(T)(v) = m;(T;)(v) = 0, and
hence m(T)(v) = 0. This implies that mp(z) | m(xz). Conversely, we clearly have
mp(T;)(v) = 0 for all v € V;, so each m;(x) | mp(x), and therefore m(z) | mp(z).
Since both m(x) and mp(z) are monic, they have to be equal.

U

To obtain T-invariant subspaces, we use the following lemma.

LEMMA 3.18. Assume that T:V — V and S: V — V are linear transformations
that commute, i.e., ST =TS. Then S(V) and n(S) are T-invariant.

PROOF. Assume that v € S(V'). Then v = S(w) for some w € V. Now
T(v) = T(S(w)) = S(T(w)) € S(V),

which shows that S(V') is T-invariant. Similarly, assume that v € n(95), i.e., S(v) = 0.
Then

so n(.S) is T-invariant. O
If f(x) =ap+ a1z +---+a,x™ € Fx] is an arbitrary polynomial, then the linear
transformation S = f(T") commutes with 7" since
TS = T(ao +aT+ -+ anT”)
=aoT +a;T?+ -+ a, 7"
= (ao + a1 T+ -+ a,T")T
= ST,
and therefore Lemma 3.18 implies:

COROLLARY 3.19. For any polynomial f(x) € F[z], the range f(T)(V) and the
nullspace n(f(T)) of f(T) are T-invariant subspaces of V.

We now use this result to produce a decomposition of V into a direct sum of T-
invariant subspaces according to the decomposition of the minimal polynomial mp(x)
into a product of powers of irreducible polynomials.

THEOREM 3.20 (Primary Decomposition). Let T: V' — V be a linear transfor-
mation with minimal polynomial

mp(z) = pi(z)“ pa () - - pr(z)”,
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where p1(x),...,pr(x) are distinct irreducible polynomials. Then
V =n(pi(T)") ® n(p2(T)?) & - - & n(pr(T)).

PRrOOF. We prove the theorem by induction on the number r of powers of distinct
irreducible polynomials in the decomposition of mp(z). If r = 1, then mp(z) = p(x)®©
for some irreducible polynomial p(x). Hence,

n(p(T)) = n(mr(T)) = n(0) = V.

Let us assume now that the result is true for all linear transformations on finite-
dimensional F-vector spaces for which the minimal polynomial factors into r — 1
powers of distinct irreducible polynomials. We can write the given minimal polyno-
mial

mr(z) = p1(z)“p2(2)” - pr(2)”
as
mr(r) = q1(z)g2(v),
where ¢1(x) = p1(2)°* and g2(x) = p2(x)°2 - - p,(x)°". In particular, ¢1(z) and ga(x)
are relatively prime. By Corollary 1.23, we find polynomials a(x) and b(x) for which
1= a(z)q(z) + b(z)ga(),
and hence
1 =a(T)q1(T) + b(T)g2(T).
We want to show that
V =n(q(T)) ® n(g(T)).
Let v € V. From above, we obtain
v=a(T)q(T)(v) + b(T)q2(T) (v).
The vector a(T")q1(T')(v) is in the nullspace of ¢2(T") since
22(T)a(T)q1(T)(v) = a(T)mr(T)(v) = 0,
and similarly the vector b(T")q2(T)(v) is in the nullspace of g1 (T"). Therefore,

V =n(q(T)) + n(g(T)).

To show that the sum is direct, we have to show that n(q1 (7)) Nn(q2(T)) = (0). But
if ven(q(T)) Nn(ge(T)), then

v=a(T)q1(T)(v) + b(T)g2(T)(v) =0+ 0 = 0.

Let Th and T, denote the restrictions of T' to n(q1 (7)) and n(g2(7T)), respectively.
From part ii of Lemma 3.17, we obtain ¢;(z) = mg,(x) for ¢ = 1,2. Our induction
hypothesis implies that

n(q2(T)) = n(p2(T)?) & --- & n(p(T)7),
and hence
V =n(p(T)") @ n(p2(T)*) & -+ & n(pr (1)),
as claimed. 0

This theorem has important consequences:
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THEOREM 3.21. A linear transformation T:V — V is diagonalizable if and only
if the minimal polynomial mp(x) of T has the form
mp(z) = (x —A)(x— X)) -+ (x — \p)
with distinct elements A1, ..., A\ from F.
Proor. We note that T is diagonalizable if and only if V' has a basis consisting

of eigenvectors of T'. Let us assume first that 71" is diagonalizable, and let Ay,..., A\
denote the distinct eigenvalues of 1. Let

m(x) = (z — A)(x—A2) -+ (x — A\p).
We have to show that m(z) = mp(x). For each eigenvector v belonging to an eigen-
value A;, we have (T'— \; - 1)v = 0, and therefore m(7")(v) = 0. Since V has a basis
consisting of eigenvectors of T', we obtain m(7") = 0. Therefore mz(z) | m(z). Let
m(z)
xTr — /\i,
i.e., m;(x) is obtained from m(x) by omitting the factor z—\;. Let v; be an eigenvector
belonging to A;. Then

m;(z) =

m;i(T)(vi) = H(T —Aj - D(vi) = H(Az‘ — Aj)(vi) # 0,
7 i

and therefore m;(T") # 0 for all i = 1,...,r. This implies that mr(x) = m(x).
Conversely, let us assume that

mr(x) = (x — A1) (x — A2) -+ (x — \p).
Theorem 3.20 implies that
V=n(T-X-1)enT—X-1)---dn(T -\ -1).

Hence, V has a basis consisting of linearly independent vectors from n(T — A; - 1) for

i=1,...,r. Since the non-zero vectors in n(7T — \; - 1) are precisely the eigenvectors
of T belonging to the eigenvalue \;, we see that V has a basis of eigenvectors, hence
is diagonalizable. O

Theorem 3.21 shows that there are two possible forms of the minimal polynomial
mp(x) of T which imply that 7" is not diagonalizable. First of all, mp(x) can have ir-
reducible factors that are non-linear. E.g., over R the polynomial 22 +1 is irreducible.
Hence, if 22 + 1 divides the minimal polynomial m(x) for a linear transformation
T:V — V,where V is a real vector space, then T is not diagonalizable. This happens
for example, if T': R? — R? is given by matrix multiplication by the matrix

5ol

In this case, the minimal polynomial is equal to 22 4+ 1. We note that this case cannot
happen if we consider vector spaces over the complex numbers C.

The second form occurs if all irreducible factors of myp(x) are linear, but some
divide mp(z) to a larger power than 1. In this case, the linear transformation can be
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respresented by a matrix in Jordan canonical form, and we discuss this in the next
section.

EXAMPLES 3.22. 1. Let us consider the linear transformation on R® given by
the following matrix
0 -1 0 0 0 0]
1 0 0 0 00
0 0 0 -1 00
A= 0o 01 0 00
0 0 0 0 01
0 0 0 0 1 0]
Then
(-1 0 0 0 0 O]
0 -1 0 0 00
A2 0 0 -1 0 00
0o 0 0 -1 0 0}’
0O 0 0O 0 10
0 0 0 0 01

and therefore

(A2 +1)(A%2—1)=0.
This implies that the minimal polynomial ma(z) € R[z] divides (22 + 1)(2? — 1).
Since A% — 1 # 0, ma(z) has to contain the irreducible factor 22 + 1. Since both
(A2 +1)(A+1) and (A% + 1)(A — 1) are non-zero matrices, the minimal polynomial
is actually equal to (22 + 1)(2? —1) = (22 + 1)(z + 1)(z — 1) :

ma(z) = (2% 4+ 1)(z + 1)(x — 1).

This is the factorization of m4(z) into a product of distinct irreducible polynomials
in R[z]. Theorem 3.20 implies that A is not diagonalizable over R. According to
Theorem 3.20, the primary decomposition of the vector space R® looks like

R =n(A2+1)on(A+1)@n(d-1).

Now, A% + 1 has rank 2. Thus, n(A4% + 1) has dimension 4, and the other two
nullspaces have both dimension 1 and are in fact the eigenspaces belonging to the
eigenvalues —1 and 1, respectively. An eigenvector for —1 is given by e5 — eg, and an
eigenvector for 1 is given by es + eg. The nullspace n(A? + 1) of A% + 1 has a basis
{e1,e2,e3,e4}. The direct sum decomposition of R® then simply corresponds to the
basis {e1, €2, €3, €4, €5 — €6, €5 +eg } of RS, We note that n(A%+1) decomposes further
into a direct sum of A-invariant subspaces

n(A? +1) = S(e1,es) ® S(es, eq),
which is not a consequence of the primary decomposition.
2. Let us look at the linear transformation on R? given by the matrix

0 0 O
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We compute the powers

0 0 0
A2=10 -1 =2
1 2 3
and
0 0 0
Ad=1]-1 -2 -3
2 3 4

and obtain the relation

AP —24%+ A=0.
Therefore, the minimal polynomial m4(z) € R[z] divides 23 — 22% + 2 = z(z — 1)%.
It is easy to verify that A # 0, A—1#0, (A —1)2 #0, and A(A — 1) # 0, so that
the minimal polynomial is equal to x(x — 1)

ma(z) = x(z —1)2
Again, A is not diagonalizable by Theorem 3.20, and the primary decomposition is

R? = n(A) ® n((A—1)%).

The subspace n(A) is 1-dimensional and is simply the eigenspace belonging to the
eigenvalue 0. A basis vector for n(A) is, e.g., given by the eigenvector (1,—2,1). Now
we compute

1 00
(A-1)?2=1{-2 0 0
1 00

The dimension of the nullspace n((A —1)2) is equal to 2, and a basis is given, e.g., by
the basis vectors e and e3. Again, this is not the best choice of a basis for n((A—1)?).
We choose ez = (0,1,0), which is not in the eigenspace n(A — 1) belonging to the
eigenvalue 1 of A. We compute (A — 1)es = (0,—1,1), which is now an eigenvector
for the eigenvalue 1, and take as our basis of R3:

B={(1,-2,1),(0,-1,1),(0,1,0)}.
With respect to this basis, the matrix A is represented by

00 0
01 1/,
00 1

which is in Jordan canonical form. In the next section we will see that this always
works if the minimal polynomial splits into a product of linear factors.

3. The Jordan canonical form

We continue to assume in this section that V' denotes a finite-dimensional F-
vector space and that T: V' — V is a linear transformation. We want to consider the
special case that all irreducible factors of the minimal polynomial mp(z) are linear,
i.e., we assume that

mp(z) = (x — A1) (x— X))+ (z — A\,
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where the \; are distinct elements from F. We note that this is always true if /' = C
is the field of complex numbers.

According to Theorem 3.20, we have the following decomposition of V' as a direct
sum of T-invariant subspaces:

V=n((T-X)")®en(T—X)?)@d---dn((T —\)).

Let T; denote the restriction of T' to the subspace n((T" — A;)¢) of V. From Lemma
3.17, we know that the minimal polynomial of T; is equal to (x — A;)“:

ma, () = (z — A)°.
LEMMA 3.23. The only eigenvalue of T; is A;.

PROOF. Let us first show that A; is in fact an eigenvalue. This follows since
n(T — )\1) C n((T — )\i>€i),

and any non-zero vector in n(7T — );) is an eigenvector for ;.
Conversely, let us assume that v is an eigenvector for the eigenvalue A of T;. Thus

Tiv = M.
This implies that
TFy = My

)

for all £ > 1 and, more generally,
F(To = f()
for all polynomials f(z) € F[z]. Taking f(x) = (x — A\;)®, we obtain
(T; — Xi)%v =0 = (A — \)*v.
Hence, A = \; since v # 0. O
We obtain the following corollary.

COROLLARY 3.24. Assume that
mr(z) = (x — A\)(x— X)) -+ (. — A\)°".
Then the \;, 1 < i < r, are precisely the distinct eigenvalues of T'.

Proor. It follows from Lemma 3.23 that every A; is an eigenvalue of T'. Let us
assume now that X is an eigenvalue of T', and let v be an eigenvector belonging to A.
Then we can write v uniquely as

V=01 +v2+ 0+ U,
where v; € n((T — \;)®) for 1 < i <r. Applying T, we obtain
Tv=Tvi+Tveg+ --+Tv, = Av=Av1 + Avg + -+ + Av,.
Since V is a direct sum of the subspaces n((T — \;)¢), and since these are T-invariant,
we must have
TUZ' = )\Ui

for all i. Now v # 0, and therefore at least one of the v;’s is non-zero, hence an
eigenvector of T; for the eigenvalue A\. Lemma 3.23 implies that A = \;. U
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DEFINITION 3.25. The T-invariant subspaces
By =n((T = \)%)
of V are called generalized eigenspaces of 7.

Because of the Primary Decomposition Theorem, we can concentrate now on the
situation that
mr(x) = (x — N)°.
Then
V =E\=n((T - \°).
The linear transformation N = T — X now has the property that N¢ = 0. Linear
transformations of this kind have a special name:

DEFINITION 3.26. A linear transformation N : V — V is called nilpotent if
N¢ = 0 for some e > 1. The smallest integer m > 1 such that N™ = 0 is called the
index of nilpotency of N.

In our case, N =T — ) is nilpotent of index e.

If B={vy,v,...,v,} is an ordered basis of V', then we get the following relation
between the matrices Aﬁ and A? describing N and T with respect to B:

AR =1, + A%,
We also note that a subspace U of V is T-invariant if and only if U is N-invariant. In
fact, if U is T-invariant, then for all w € U we have Tu € U, so Nu=Tu — Au € U,
and conversely. We wish to find a “nice” basis B of V with Aﬁ is as simple as
possible.

Assume that N is a nilpotent transformation on V' of index e. The smallest N-
invariant subspaces can be constructed as follows. Let v € V' be any non-zero vector.
If U is an N-invariant subspace of V containing v, then U contains v, Nv, N%v, .. ..
Let k be the smallest positive integer so that N*v = 0. Then U contains the span
S(v, Nwv,... ,Nkflv). We claim that this span is already /N-invariant and has basis
v,Nv,..., N1y,

LEMMA 3.27. Let N be a nilpotent transformation and v # 0. Let k be the
smallest integer so that N¥v = 0. Then v, Nv, ..., N*"1v are linearly independent,
and S(v, Nv, ..., N¥"1) is N-invariant.

PROOF. Assume that
agv + ayNv + - -+ a_ N* 1o =0,
and let us assume that 4 is the smallest index so that a; # 0. We apply NF——1,
Then .
aiNk_lv + a¢+1Nkv + - ak,lNz(k_l)_’v =0.
But N*v = 0, hence N™v = 0 for all m > k, and therefore
a; N1y = 0.

Since N*~1v # 0, we obtain a; = 0, a contradiction. Therefore, our assumption that
one of the a;’s is non-zero was wrong, which proves linear independence.
Since N¥v = 0, the span S(v, Nv, ..., N¥~1) is clearly N-invariant. O
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DEFINITION 3.28. The N-invariant subspaces S(v, Nv,..., N¥~1v) are denoted
by (v) and called cyclic subspaces of V. We note that they depend on N and are of
dimension k, where k is the smallest integer for which N*¥v = 0.

If we restrict our attention now to a single cyclic subspace, then we obtain a very
“nice” matrix representation:

LEMMA 3.29. Assume N is a nilpotent transformation on a cyclic space (v) of
dimension k. Then the k X k-matriz Aﬁ representing N with respect to the basis

B = {N*1y N¥2y ... Nu,ov}
has the form

0 1 0 --- 0]
0 0 1
B

AN=10 0 0 0

: - .. o1

o --- 0 0 0]
PRrROOF. The first basis vector is mapped under N to N*¥v = 0, and all the other
ones are mapped to their predecessors, hence the result. O
REMARK 3.30. Of course, one could use the basis {v, Nv,..., N¥"1v} instead.

This gives a matrix with all the 1’s below the diagonal instead of above the diagonal.
The use of the basis B is more consistent with the literature.

Our final task is now to show that, in fact, our vector space V' can be written as
a direct sum of cyclic subspaces. The following approach is constructive and actually
produces generators for the cyclic subspaces. We continue to assume that N : V — V
is nilpotent of index e.

We have a sequence of subspaces

(0) =n(N° c n(N) Cc n(N?) C--- Cn(N¢) =V.
We claim that these inclusions are strict. In fact, let us assume that n(N%) = n(N*T1)
for some i <e—1. Let v € V =n(N€). Then
Néy = Ni—l—lNe—i—lv =0
and hence ' ' '
N1y € (N = n(NY).
Therefore,
NNy =Ny =0
which implies that V' = n(N°"1), and therefore the index of nilpotency for N is e —1.
This is a contradiction, so ' '
n(N') C n(N*)

foralli, 0 <i<e—1. ‘ A

We now choose, for each 1 < i < e, any complement W; of n(N~1) in n(N?), so

n(N%) =n(N"YH @ W;.

Clearly, W; = n(N) since n(N?) = {0}.
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LEMMA 3.31. Fori > 2, we have:
i. N(W;) nn(N=2) = {0}.
1. The restriction of N to W; is one-to-one.

PROOF. i. Let v € N(W;), so that v = Nw for some w € W;. If v € n(N*~2)
as well, then by definition
0=N"2y=N"1y,
and therefore w € n(N*~1). Hence
w e n(NHNW; = {0}.
This implies that v = 0.

ii. Let v € W;, and assume that Nv = 0. Since i > 2, we have n(N) C n(N*™1),
and therefore
v € W;Nn(N)cW; nn(N"1) = {0}.
This shows that N is one-to-one on W;.
O

We are now ready to construct special complements W; for 1 < i < e. For W,
we can take any complement of n(N¢~!) in V:

V =n(N®) =n(N“H @ W,.

If e = 1, we can stop since N = 0 in this case and W; = V. Otherwise, e > 2, and
we can proceed inductively downwards from i = e — 1. That is, take ¢ < e — 1, and
assume we have already defined W;, 1. We know from Lemma 3.31i that

N(Wis1) Nn(N1) = {0},

We then define W; via

Wi = NWit1) @ U;
where U; is chosen so that

n(NY) =n(N" Y@ NWiy1) @ Us.

Note that for ¢ = 1 we simply have

n(N)=N(Wsy) @ Uy.
If we unwind all the successive definitions and put U, = W,, then we can rewrite

W; =N“U) @ N1 U y)®--- @& NUsy1) © U

We observe that

V= (V)
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and therefore

S¥ N(Ue) @ Ue—l
V = ©® NZ(UE) ©® N(Ue—l) ® Ue—2

& NeNU.) ® N 2(Ue1) @ N 3Ueg) @---® N(U2) @ Uy

We can now read the above direct sum decomposition for V' vertically: a typical
summand looks like

U@ NU;) ® N2 (Uy) @ --- & NTYU).
If {wy,ws,...,wy} is a basis of U;, then by Lemma 3.31ii,
{Nkwl, NFw,, ..., Nkwm}
is a basis for N¥(U;) for 1 < k <i — 1. Since N*(U;) = 0 by definition,
(w1) @ (wa2) ® - -+ B (W)
is a decomposition of
Ui NUi) & N*(Up) & -~ & N H(Uy)
into a direct sum of cyclic subspaces. Letting ¢ run from 1 to e, we obtain a decom-
position of V into a direct sum of cyclic subspaces. We have shown the first part of
the following theorem:
THEOREM 3.32. Let N : V — V be a nilpotent transformation. Then:
a. V decomposes into a direct sum of cyclic subspaces (v;):
V ={(v1) ®(v2) ® -+ & (vy).
b. The number t and the dimensions of the cyclic subspaces (v;) are uniquely

determined by N and V.

Proor. We only have to prove part b, which we do using induction on the index
of nilpotency e of N. If e = 1, then N = 0, the (v;) are 1-dimensional, and their
number is equal to the dimension of V.

We assume now that the statement is true for all nilpotent transformations W —
W of index < e¢ — 1 on all finite-dimensional F-vector spaces W, and we consider
N:V —V ofindex e > 1. Let

V= {(v1)® (ve) ® - (vy)

be a decomposition of V into cyclic subspaces with respect to N. Let e; denote the
index of nilpotency of the restriction of N to the cyclic subspace (v;), i.e.,

N¢%uvp; =0, Ne"flvi #0.

Rearranging the order of the cyclic subspaces, if necessary, we may assume that
e1=1,...,es=1,and e; > 1 for ¢ > s. The nullspace of N is equal to

n(N) = (v1) @ - (vs) & (N ogpg) @ - @ (N o).
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We see that the number ¢ of cyclic summands is uniquely determined by the nullity
of N:
t = dimn(N).
Next, observe that the image of N decomposes as
N(V) = <N’U5+1> ©---D <NU7§>.

On W = N(V), the linear transformation N : W — W has index of nilpotency
equal to e — 1. By induction hypothesis, the number ¢ — s of cyclic summands of
W and their dimensions are uniquely determined. This implies that the number s
of one-dimensional cyclic summands in V' is uniquely determined. Furthermore, for
1> s+ 1, we have

dim(v;) = dim(Nwv;) + 1,

so these dimensions are also uniquely determined. ([

Let us go back to our original situation that 7": V' — V is a linear transformation,
and we assume that the minimal polynomial my(z) splits into linear factors:

mp(z) = (£ — A\) (2 — X)) -+ (. — A\)°".

Corollary 3.24 shows that Aj,..., A\, are precisely the distinct eigenvalues of T. On
each generalized eigenspace Ey, = n((T'—\;)%), the linear transformation N; = T'—\;
is nilpotent of index e;. According to Theorem 3.32, each Ej, splits further into a
direct sum of N;-invariant subspaces that are cyclic for N;. These subspaces are
T-invariant, and by Lemma 3.29, T can on each of them be represented by a square
matrix of the form

A 10 - 0]
0o N 1 :
0 0 X\ 0
: . .. .. 1

[0 -+ 0 0 Al

These specific matrices are called Jordan matrices or Jordan blocks. They are
determined by the diagonal entry A; and their size. What we have shown then is
the following result known as Jordan decomposition of 7" or Jordan canonical
form:

THEOREM 3.33 (Jordan canonical form). Let T: V — V be a linear transforma-
tion with minimal polynomial my(x) of the form
mp(z) = (€ — A\)(x— X))+ (. — A\)°".
There exists an ordered basis B of V' such that T is represented with respect to the

basis B by a matriz of the form
A0 - 0
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where each A; is a block matriz with Jordan blocks of the form

A 1 0 --- 07
0o XN 1

0O 0 XN .0
T
L0 --- 0 0 A

along the diagonal.
The number of Jordan blocks and their sizes are uniquely determined by T'.

Obviously, the Jordan matrices are specified by their size and by the diagonal
entry. Therefore the following notation is useful:

A 1 0 - 0]
0 A 1
k=10 0o X . 0
C o
0 0 0 Al

where the matrix is of size k x k.
If A = ); is one of the eigenvalues of T" and A = A; is the matrix block belonging
to the generalized eigenspace Ej,, then A has the form

Jiy (A) 0 0
A 0 Ty (N) :
: . 0
0 e 0 Ji (N
for some positive integers ki,...,k:. It is customary to write the Jordan blocks in

decreasing order, i.e., assume that k; > ko > --- > k.
We can extract the following facts from the proof of Theorem 3.32.

COROLLARY 3.34. Let T: V — V be a linear transformation with minimal poly-

nomial mr(x) of the form
mp(z) = (£ — X)) (2 — X))+ (. — \)°".

For each eigenvalue X;, the following hold:

a. The side length of the largest Jordan block belonging to \; is equal to e;.

b. The number of Jordan blocks belonging to \; is equal to the dimension of the
eigenspace n(T — \;), the geometric multiplicity of \;.

Another consequence of the Jordan decomposition is the following theorem of
Cayley-Hamilton:

THEOREM 3.35 (Cayley-Hamilton). Let T: V — V be a linear transformation
with minimal polynomial my(x) of the form

mp(z) = (x — A\)(x— X))+ (. — A\)°".
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The minimal polynomial mp(x) divides the characteristic polynomial cp(x):

my(z) | er(z),
in particular
CT(T) = 0.
PRrROOF. We know that V' decomposes into a direct sum of cyclic subspaces:
V= (1) ® (v2) & B (vs).
On each subspace (v;), the minimal polynomial and the characteristic polynomial of
the restriction 7T; of T are identical:
mr; ('T) = Cr; (x)
By Lemma 3.17, the minimal polynomial my(x) is the least common multiple of the

mr;(x)’s, whereas the characteristic polynomial ¢(x) is the product of the ez, (z)’s.
Therefore, mp(x) | ep(x). Since mp(T) = 0, the same is true for cp(T). O

Here are some examples:
ExAMPLES 3.36. a. Consider the linear transformation N : R® — R® defined
by
N(.ﬁUl, xr2,T3,T4, x5) = (07 €3 + X4, 07 €3, T1 + .%'4)-
Let us compute the powers:
N2($17 X2,x3,T4, .’E5) = (07 x3, 07 07 $3)7

N3(.%'1, xo, x3,$4,1’5) - (07070707 0)

Therefore, N is nilpotent of index 3.

To find the Jordan decomposition according to the procedure described in Theo-
rem 3.32, we have to find the dimensions and bases of the two subspaces n(N?) and
n(N). We note that the standard basis vectors e, e, €4, e5 form a basis of n(N?),
and the basis vectors eg, e5 form a basis of n(V).

From our basis of n(N?), we know that

R® =n(N?) @ S(es),

so we can take for Us the 1-dimensional subspace spanned by e3. This produces the
first cyclic summand (e3) of R® with basis

N263,N63,63.
Now,
Ne3 =(0,1,0,1,0) = e2 + e4.
Therefore,
n(N?) = n(N)® N(Us) ® Uy = S(ea, e5) @ S(ea + eq) @ Us.

We can take
U2 = S(el)

and obtain the second cyclic summand (e;) of R® with basis

Neq,e;.
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The decomposition of R® is then
R® = (e3) @ (e1),
and the Jordan canonical form of N with respect to the ordered basis
{N?e3, Nes,e3, Ney,e1}

is

O 0 0 : 0 1
0O 0 0 : 0 O

b. In this example, we consider the linear transformation 7': R? — R3 defined by
T(x,y,z) = (bx +4y + 3z, —x — 3z, — 2y + 2).

With respect to the standard basis of R?, the matrix representation of T is given by

5 4 3
A=|-1 0 =3
1 -2 1

The characteristic polynomial of T is

r—5 —4 =3

cr(z) =det(z — A) =det | 1 x 3 | =(x—4)>%x+2),
-1 2 x—1
and therefore we have two eigenvalues \; = 4 and Ay = —2.

Let us look at the eigenspace

1 4 3
Ey,=nA-4)=n||-1 -4 =3|],
1 -2 -3

which is 1-dimensional.
This information is already sufficient to determine the Jordan canonical form.
That is, A is similar to

4 1 0
04 O
00 -2

To obtain a basis B that produces the Jordan canonical form, we need a basis for
E,,, hence a basis of the nullspace of

0 —18 —18
(A-4)%*=10 18 18
0 18 18
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We have
n((A—4)?) =n(A—4) @ Us,
where Uz is 1-dimensional and can be chosen to be spanned by v = (0,1, —1) since
(A—4)v=(1,-1,1) #0.

Finally, it is easy to see that (1,—1,—1) is an eigenvector for Ay = —2. Therefore
{(1,-1,1),(0,1,—1),(1,—1,1)} is a basis for R that produces the Jordan canonical
form.

REMARK 3.37. We restricted our attention in this section to linear transforma-
tions T': V — V, with V a finite-dimensional F-vector space, for which the minimal
polynomial mp(z) splits into a product of linear factors. If F' = C then this is not a
restriction, but in general it is. In the general case, one can still obtain a canonical
form, the rational canonical form, which is more complicated than the Jordan
canonical form but nevertheless determines the linear transformation 7" uniquely up
to permuting blocks in the matrix presentation. It is also true in general that the
minimal polynomial mp(x) divides the characteristic polynomial ep(z), and therefore
the Cayley-Hamilton theorem holds in general:

cer(T) = 0.
For more details, see Appendix A.

The main application of the Jordan canonical form is to solve homogeneous sys-
tems of linear differential equations over the complex numbers. Recall that this means
that we try to find functions y1 (), y2(t), . .., yn(t) such that

y1(t) = a1y (t) + ar2ya(t) + - - + a1nyn(t)
Ya(t) = az1y1(t) + azya(t) + - - + a2nyn(t)

y’;l(t) = an1Y1 (t) + an?y?(t) +-+ a’rmyn(t)
or, in matrix form,
y/(t) - Ay(t)7

where A = (a;5) is a complex n x n-matrix and y(t) = (y1(t), y2(t),...,yn(t)). The
main result on the Jordan canonical form tells us that we can find an invertible matrix
P such that

P'AP=B
is in Jordan form. We obtain
Py (t) = PYAP P~ y(t) = BP Yy(t).
Let z(t) = P~'y(t). Then clearly 2/(t) = P~'y/(t), and the new system reads
2'(t) = Bz(t).

Once we solve this system for z(¢), then we find the solutions y(¢) to the original
system simply as
y(t) = Pz(1).
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Since B is composed of Jordan blocks along the diagonal, we only have to solve the
system for a single Jordan block Jg(a), i.e., to look at an equation

2 (t) = Jp(a)z(t).
This system reads explicitly

21(t) = az(t)+ 22(t)
2(t) = az(t)+ z3(t)
z,’c_.l (t) = azk,l(t). + 2z (t)

zi (1) = az.

The last equation implies

2 (t) = cpe™

for some constant c;. Consider

d _ _
ﬁ(zk,le MY = (2,4 —azp_1)e” " = c.

Since this is a constant, we find
zp—1(t) = (cpt + Ck_l)eat.

We can now proceed by induction. Assume that we have shown that

zi(t):< iy okl 't’”'1+---+ci> e,

(k —1)! (i—k—1)
Then
d —aty _ () —at _ __ Ck  jk—i Ck-1 k—i—1
g(zi,le )= (zj_1 —azi—1)e ¥ = (l{:—z’)!t —}—mt + ot

Hence, integrating both sides, we obtain

Ck k—it1 Ck—1  k—i at
- 1(t) = L — t . .
zi-1(t) ((k:—i+1)! Tt TooTta 1>6

We can summarize:

PROPOSITION 3.38. The solutions z = (z1, 22, . .., zx) to the system of differential
equations

2(t) = Ji(a)z(t)
with a single Jordan block Ji(a) are given by
Ck L k—i Ck—1 k—i—1 at
i(l) = —t . t et
zi(t) <(/~c—)! +(z—k—1)! + —|—c>e

fori=1,...,k, where c1,...,c, are arbitrary constants.

ExXAMPLE 3.39. We consider the system
Y1 =192
Yo = —y1 — 2y,

A= [_01 _12].

Here
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The characteristic polynomial turns out to be
ca(N) = (A +1)%

The transformation A+ 1 is nilpotent of index 2 on C? and {(1, —1), (1,0)} is a Jordan
basis of C? that gives the Jordan canonical form for A:

To(—1) = [‘01 _11] .

The matrix P that transforms A into the Jordan canonical form is given by
1 1
P-4)

P1AP = Jh(—1).
The solutions z(t) = (21(t), 22(t)) of the transformed system

i.e.,

2y =—z21+ 22
2h=— 29
are given by
21(t) =(cot +c1)e”"
29(t) =coe™t.

The solutions to the original system are then obtained via
vy _p(*
Y2 22

y1(t) =(cat + ¢y + c2) e”

ya(t) = — (cat + 1) et

as
t






CHAPTER 4

INNER PRODUCT SPACES

Throughout this section, V' denotes a finite-dimensional vector space over the field
F, where F is either the field R of real numbers or the field C of complex numbers.
If
2=+
is a complex number (z,y € R), then
Z=x—1y
denotes the complex conjugate of z. We note that
z2=zZ<+=z2€R
and that

22 =22 +y* = |2|%

DEFINITION 4.1. An inner product (-, -) is a map that assigns to any two vectors
u,v € V a number (u,v) in F such that

1. (ug + ug,v) = (u1,v) + (ug,v).

2. (au,v) = a({u,v) for all a € Fyu,v € V.

3. (v,u) = (u,v) for all u,v € V.

Note that 3. implies that (v,v) € R, and we want in addition:

4. (v,v) >0 for all v # 0,v € V (positive definiteness).

REMARK 4.2. Properties 1 and 2 show that the inner product is linear in the first
variable, but we have

(u, av) = a(u, v)

in the second variable, so it is not linear in this variable for general complex inner

products. The vector space V', taken together with an inner product on it, is called
an inner product space. Given v € V, we define the length of v by

[oll = v/ (v,v).
Note that
lav]] = la[v]]
for all @ € F,v € V. Furthermore, if v # 0, then HUTH has length 1.

Two vectors u,v € V are orthogonal if (u,v) = 0. A basis B = {vy,...,v,} of
V is an orthonormal basis (ONB) if all v; have length 1 and if
<7)Z', Uj> =0

55



56 4. INNER PRODUCT SPACES

forall i # j. If B = {vy,...,v,} is an ONB of V' and

v =a191 + -+ QnpUn,
then it is easy to compute the coefficients a; for 1 <1i < n:

a; = <U7 vi>7
so that
v = (v,v1)v1 + - + (v, Vp)Vp.

Moreover, if

w=bvy + -+ byuy,
is any other vector from V', then

(v,w) = arby + - - apb, = (v, v1) (W, v1) + -+ (v, V) (W, V).
The Gram-Schmidt process shows how to change any basis of a subspace W of V' into
an ONB for W. In particular, every inner product space has an ONB.
If W is a subspace of V, then the orthogonal complement W of W is defined
as
W ={veV|({wuw) =0 forallwe W}.
Note that (v, w) = 0 <= (w,v) = 0, so we can also write
Wt ={veV|(ww) =0 forallwe W}.
Clearly, W+ is a subspace of V, and it is easy to see that
V=waew
In particular,
dim W + dim W+ = dim V.

Let T: V — V be a linear transformation. The problem we want to consider is
that of giving necessary and sufficient conditions for T" to be represented by a diagonal
matrix with respect to some ONB. Let B = {v1,...,v,} be an arbitrary ONB, and
let A= A% = (a4;) be the matrix representing 7" with respect to B so that

T(Ul):AUZ
fori=1,...,n.

DEFINITION 4.3. Let
A" = (@5)
denote the conjugate transpose of the matrix A. Let T*: V — V be defined by
T*(v;) = A" -
for i = 1,...,n, or in other words, so that At = A%. Then T is called the adjoint
of T.

The following result characterizes the adjoint.

PROPOSITION 4.4. For all u,v € V,
(Tu,v) = (u, T*v).
Moreover, the adjoint T* is uniquely determined by this property.
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PrOOF. It is enough to check this relation for the basis vectors. As before, let
A = (a;j). Then

n

Tvi = agivk,

k=1
and therefore
<TUZ', 'Uj> = ajz-.
On the other hand,

n
v =) @Ko,
k=1

n

<vi7T*vj> = Z@i’ﬁvw = Qji,
k=1

and therefore

as claimed.
If 7" is another transformation satisfying

(Tu,v) = (u, T'v)
for all u,v € V, then

for all u,v € V,s0 T* =T". O

We note the following easy properties:

L(T7)" =

2. (S+T) =85*+T*
3. (aT)* = aT™*.

4. (ST)* = T*S*.

Assume now that V has an ONB B such that the matrix A = A? associated to
T with respect to B is diagonal. Then

A =diag(A1, ..., \n).

The matrix associated to T with respect to B then equals, by definition,
A' = diag(A1, ..., An).

It is clear that

A-At =AY A
and therefore T and its adjoint 7% commute as well:
T-T"=T"-T.

If V' is a real vector space, so that T" has real eigenvalues, then we get a much stronger
condition, namely that A = A?, and therefore in this case

T=T"

We summarize:
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PROPOSITION 4.5. Let T: V — V be a linear transformation on the inner product
space V. If there exists an ONB B of V' such that T is in diagonal form with respect
to B, then T -T* =T*-T. Moreover, if V is real, then T =T*.

DEFINITION 4.6. A linear transformation 7: V — V on an inner product space
V is called normal if TT* = T*T and self-adjoint if T'= T™*. Note that the matrix
of a real self-adjoint linear transformation with respect to an ONB is symmetric.

We want to show that the necessary conditions in Proposition 4.5 are also suf-
ficient for the existence of an ONB that diagonalizes T. We need some facts about
normal transformations, but first we prove a general result:

LEMMA 4.7. Let W be a T-invariant subspace of the inner product space V. Then
the orthogonal complement W+ is T*-invariant.

PROOF. Let v € W+. We have to show that T*v € W, i.e., that (w,T*v) = 0
for all w € W. Now,
(w, T*v) = (T'w,v).
Since W is T-invariant, we have Tw € W, and hence
(Tw,v) =0,
v being in W+, O
We now prove a few properties for normal transformations:

LEMMA 4.8. If T is a normal transformation, then ||Tv| = ||T*v|| for allv e V.

Proor. We have
|Tv||* = (T, Tv) = (v, T*Tv) = (v, TT*v) = (T*v, T*v) = | T*v||*.
]

~ LEmMA 4.9. Assume that T: V — V is normal. If X is an eigenvalue of T', then
A is an eigenvalue of T, and the eigenspaces are the same.

PROOF. We first note that the adjoint of T—\ is equal to T*—\. This immediately
implies that 1" — A is again a normal transformation. Let v be an eigenvector for the
eigenvalue A of T. Applying Lemma 4.8 to the normal transformation T — A we

obtain:
0= (T = Nuv, (T —Nw) = (T = Nw, (T* = \)v).

This implies that (7 — A)v = 0, which was to be shown. O

LEMMA 4.10. Assume that T:V — V is normal. Then eigenvectors belonging to
different eigenvalues are orthogonal to each other.

PRrROOF. Let A\ and A9 be different eigenvalues of T, and let v1 and v9 be eigen-
vectors belonging to A; and g, respectively. We have to show that (vi,ve) = 0.
Now

)\1<U1,U2> = <)\1U1,U2> = <T’L)1,’U2> = <U1,T*U2> = <’U1,)\_2U2> = )\2(’01,’02).
Since A1 # A2, the result follows. O

We can now prove the first main result.
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THEOREM 4.11. Assume that T: V — V is a normal linear transformation, and
assume that the minimal polynomial mp(x) of T splits into linear factors. Then there
exists an ONB B for which the matrix of T with respect to B is diagonal.

Proor. We will prove the theorem by induction on the dimension of V', the result
being clear if V' is 1-dimensional. Since the minimal polynomial mp(x) of T splits, T’
has an eigenvalue A. Let v; be an eigenvector for the eigenvalue A. Since v # 0, we
can assume that ||v1]| = 1. The 1-dimensional subspace (vq) of V' is T-invariant since
v1 is an eigenvector. Hence, Tv; = Av;. By Lemma 4.9, v; is also an eigenvector of
T* for the eigenvalue X of T*. Hence, T*v; = Avy. This shows that the 1-dimensional
cyclic subspace (v1) is also T*-invariant. By Lemma 4.7, the orthogonal complement
(v1)* of (v1) is then T**-invariant, hence T-invariant as 7** = T. We have therefore
obtained a decomposition of V into an orthogonal sum of T-invariant subspaces,

V = (v1) @ (v1)",

which is also a decomposition of V into an orthogonal sum of T*-invariant subspaces.
Let V1 = (v1)*, and let T} denote the restriction of T to Vi. Then T is normal since
the adjoint of T} is equal to the restriction of T to Vi. By induction, V4 has an ONB
By for which the matrix of T} with respect to Bj is diagonal. The basis B = By U{v }
of V' is then an ONB for V, and the matrix A? representing 17" with respect to B is
again diagonal. O

Since the minimal polynomial always splits into linear factors over the field C
of complex numbers, we immediately obtain the following from Proposition 4.5 and
Theorem 4.11.

COROLLARY 4.12. Assume that V is a compler inner product space and that
T:V — V is a linear transformation. Then T is normal if and only if there exists
an ONB B of V' for which T is in diagonal form.

To obtain the analogous result in the real case, we only have to show that the
minimal polynomial of a real self-adjoint linear transformation 7' splits into linear
factors.

LEMMA 4.13. Let V be a real vector space and T:V — V a self-adjoint linear
transformation. Then the minimal polynomial my(x) splits into linear factors.

PrOOF. Let A denote the matrix belonging to T with respect to some ONB of
V. Then A = A'. We can view A as a complex matrix. If \ is a complex eigenvalue
of A with eigenvector v, then

v = Av = Alv = v,
so A is in fact real. This implies that the minimal polynomial splits over R. O
We obtain again from Proposition 4.5 and Theorem 4.11:

COROLLARY 4.14. Assume that V is a real inner product space and that T:V —
V' is a linear transformation. Then T is self-adjoint if and only if there exists an
ONB B of V' for which T is in diagonal form with respect to B.
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A natural question now is to find out which linear transformations U : V — V
map some ONB B = {v1,...,v,} to another ONB B’ = {wy,...,w,}. Assume that
U(v)=w; for i=1,...,n.

The matrix A representing U with respect to the basis B is simply the base change
matrix from B’ to B:

A= (aij) = Ag = AB/,B-
For the coefficients a;; of A, we have

agj = (wj, vi)

n
wj; = Z Cbkj’l)k.
k=1
The inverse matrix of A is simply the base change matrix from B to B’ :
A7l = (by) = Ap

since

and we have

bji = <Ui7wj> = <wjﬂvi> = Qij-
This shows that
A=A,
SO
U l=U" or UU*=1.

DEFINITION 4.15. A linear transformation U: V' — V is called unitary if V is
complex and UU* = 1 and orthogonal if V is real and UU* = 1.

Here are some equivalent characterizations of unitary or orthogonal transforma-
tions:

PROPOSITION 4.16. Let V' be an inner product space and U:V — V a linear
transformation. The following are equivalent:

1. U is unitary or orthogonal.
2. (Uv,Uw) = (v,w) for allv,w e V.
3. U maps ONB’s to ONB'’s.
ProOF. 1. = 2. We have
(Uv,Uw) = (v, U"Uw) = (v,w),
since U*U = 1.
2. = 3. Assume that {v1,...,v,} is an ONB. Then

1 ifi=g
<UUZ‘,UUJ'> = <’U@',Uj> = 1 Z j
0 ife#7.

This shows that {Uv,...,Uv,} is again an ONB.

3. = 1. This direction was shown above as a motivation for the definition.
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As a special case of property 2 above, we note that unitary or orthogonal linear
transformations preserve the length of vectors:

|Uv]| = [lv]]

for all v € V. Conversely, if we assume that a linear transformation preserves the
length of every vector, then it preserves all inner products. This can be seen as
follows. We expand

({Uw+w),U(v+w)) =(v+w,v+w)
and obtain

(Uv,Uw) + (Uw,Uv) = (v,w) + (w,v)
for all v,w € V. If V is a real inner product space, so that

(w,v) = (v, w),
then this immediately implies that
(Uv,Uw) = (v,w).
In the complex case, we argue as follows. Replacing v by iv, we obtain the equality:
i(Uv, Uw) —i(Uw,Uv) = i(v,w) —i{w,v).

Hence, we have

(Uv,Uw) — (Uw,Uv) = (v,w) — (w,v).

The result follows. We can state:

LEMMA 4.17. U is unitary or orthogonal if and only if U preserves the length of
all vectors in V.

We note that a unitary transformation is necessarily normal. The following result
characterizes the normal transformations that are unitary.

PROPOSITION 4.18. A normal transformation T is unitary if and only if all eigen-
values A of T' have absolute value 1: |A| = 1.

PROOF. Let A\ be an eigenvalue of T" with eigenvector v. Then
(Tv, Tv) = (Av, \v) = A\ (v, v).

Hence, (Tv, Tv) = (v,v) if and only if A\ = |A\|? = 1. Since V has an ONB consisting
of eigenvectors by Corollary 4.12, the result follows from Lemma 4.17. (]

Orthogonal transformations are not necessarily self-adjoint. In fact, they may
not have eigenvalues at all. But if A is an eigenvalue, then the same argument as in
Proposition 4.18 shows that A = +1. We note this for future reference:

LEMMA 4.19. The only possible eigenvalues for an orthogonal transformation are
+1.
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THEOREM 4.20. Let U: V — V be an orthogonal transformation. Then there
exists an ONB B such that the matriz A]g representing U with respect to B is of the
form

Dy 0 0 -+ 07
0 D, 0 --- 0
AB=10 0 A4 .
: : S
L0 0 --- 0 Ayl
where Dy = Ig, Dy = —1I; for some s,t > 0 and all A;’s are 2 X 2-matrices of the

form
A — [ cos 0; sin@i]

—sinf; cosb;

PROOF. Let T: V — V denote the linear transformation 7 = U +U* = U+ U1
Clearly, T is self-adjoint, and according to Corollary 4.14 we can decompose V' into
an orthogonal sum of eigenspaces with respect to the eigenvalues \; of T,

V=WheVe -V,

where V; = n(T' — \;) = E,,. Since U commutes with 7', and therefore also with
T — \;, the subspace V; is U-invariant by Lemma 3.18. We can therefore restrict our
attention to one of the subspaces V; and hence assume that T has only one eigenvalue
A and that V = E).

In this case, we have

T-A=U+U"'-x=0.
We multiply by U and obtain
U? = \U+1=0,

and therefore the minimal polynomial m¢ () divides 22 — Az + 1. Lemma 4.18 shows
that the only possible eigenvalues of U are £1, and therefore x + 1 are the only
possible linear factors dividing 22 — Az 4 1. This happens precisely when A = +2.
We obtain the following three possibilities:

A= 2, my(z) =2 —1
A= =2 my(z) =xz+1
A#+2, my(x) = 2% — A\ + 1 irreducible.
We note that in the first two cases the minimal polynomial is of degree 1, since it
splits and therefore U is diagonalizable.
Let us look at the case that my(z) = 22 — Az + 1 is irreducible. Let v be any

non-zero vector in V. Clearly v and Uv are linearly independent, since U has no
eigenvectors. The subspace (v) = S(v,Uv) spanned by v and Uv is U-invariant, since

U?v = \Uv —v € (v),
and it is also U*-invariant, since U* = U~! and

Ulv =X —-Uve @).
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© is again U-invariant. Hence,

Lemma 4.7 implies that the subspace (v)
V= (v) @ (v)*

is an orthogonal decomposition of V' into U-invariant subspaces. This reduces the
problem to the study of a single cyclic subspace (v) of dimension 2. We note that on
a 2-dimensional space the minimal polynomial has the following interpretation.

my(z) = 2% = x4+ 1 =22 — tr(U)z + det(U),

so that
trU =X, detU =1.

The following lemma then finishes the proof. (]
LEMMA 4.21. Let A be an orthogonal 2 X 2-matriz of determinant 1. Then A has

the form
cos@ sinf
A= [— sin 0 COSG] ’

A:[g Z]-

AAY = ATA =1,
which leads to the following equations:
2+ =1, +d*=1ac+bd=0,a>+2=1,0>+d*> =1,ab+ cd = 0.
We obtain

PRrROOF. Let

Since A is orthogonal, we have

a = +d,c = Fb.
If b =c # 0, then d = —a, and therefore
det A = ad — be = —a® — b> = —1,
contradicting the fact that det A = 1. We therefore must have ¢ = —b, which implies

that d = a.
Since a® 4+ b?> = 1, we can write a = cos, b = sin, and therefore

A [ cos sin&]

—sinf cos@

as claimed. O






CHAPTER 5

CODING THEORY

The basic idea behind coding theory is the following. Suppose we want to send a
message that consists of a string of 0’s and 1’s. This message is divided into words of
length k, i.e., we are sending k-tuples one after another. These words are elements of
the vector space F5. During transmission, errors may occur in the original message,
and we want to be able to detect and, if possible, correct these errors. In doing so,
we embed IF’Q“ into a larger vector space [y, i.e., we send n — k control digits, which
hopefully will enable us to detect and correct at least some errors.

DEFINITION 5.1. A (n, k)-code C is a subset of F} with 2¥ elements. Any bijection
Fy —C

is called an encoding. The quotient % is called the information rate of the code

C.

We will consider elements of Fy as row vectors in this section. Let us consider
some examples:

EXaAMPLE 5.2. n =4, k = 2, Repetition Code.
We take C = {(abab) € F3} and encode

(ab) — (abab).

If one error occurs during transmission, then we can detect it, but not correct it. If,
for example, (bbab) is received, then we know that an error must have occurred, but
the original message might have been either (abab) or (bbbb).

ExXAMPLE 5.3. n =3, k = 2, Parity Check Code.
We take C = {(ab a + b) € F3} and encode
(ab)— (aba+b).

Since the sum of the digits in each code word is 0, we can again detect one error but
not correct it. Note that the information rate is % for this code, whereas it was % in

the first example.

ExXAMPLE 5.4. n =6, k = 2, Repetition Code.
We take C = {(ababab) € F§} and encode

(ab) — (ababab).

This time, if only one error occurs, we still have two copies of the original message,
and therefore we can correct 1 error. We can also detect two errors. If, e.g., we
receive (aabbab), then we know that at least two errors must have occurred.

65
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Again, we can find a better code with higher information rate that has the same
properties.

EXAMPLE 5.5. n =5, k= 2.
We take C = {(00000), (01101), (10011), (11110) € F3} and encode

)
(00) +— (00000)
(01) — (01101)
(10) — (10011)
(11) — (11110).
This code has already some interesting features. Any two code words differ in at least
3 positions. Hence, if 1 error occurs, then there is a unique code word that differs

from the received word in 1 position, and if 2 errors occur, then the received word is
not a code word. Therefore, this code will again correct 1 error and detect 2 errors.

We will say that a code C is r-error-detecting (r-error-correcting) if it detects
(resp., corrects) up to r errors. Example 5.5 gives a good code, since the code words
are far apart in the vector space. We want to analyze this more generally.

DEFINITION 5.6. Given z,y € Fj, the Hamming-distance d(z,y) between x
and y is defined as the number of positions in which = and y differ.

LEMMA 5.7. The Hamming-distance has the following properties:
a. d(z,y) >0, and d(z,y) =0 <=z =y.

b. d(z,y) = d(y, z)

c. d(z,2) < d(z,y) +d(y, 2).

PRrROOF. Only part c needs a little thought. If z and z differ in position 4, then
either z and y or y and z differ in position ¢, which proves the triangle inequality. [

Lemma 5.7 tells us that the Hamming-distance defines a metric on F.
DEFINITION 5.8. The closed ball of radius r around z is defined as
Br(z) ={y € Fy [ d(z,y) <7}
In order to measure how far apart code words are, we define:
DEFINITION 5.9. Let C be a (n, k)-code. Then
d =d(C) = min d(x,y)
e
is called the minimum distance of C, and C is then called an (n, k, d)-code.

In our first two examples, the minimum distance is 2. In the last two examples,
it is 3. In order to formulate the first non-trivial result, we recall that, for any real
number z, the Gauss bracket [z] is defined as the largest integer < x.

THEOREM 5.10. An (n,k,d)-code C can detect up to d — 1 errors and correct up

to [452] errors.
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PRrROOF. If up to d — 1 errors occur during transmission, then the original code
word is changed in at most d — 1 positions. Since the minimal distance between code
words is d, the received word is not a code word. Therefore, we know that errors
have occurred.

Let r = [%} Then

=L if d is odd,
"o a2 if d is even
5 .

In any case, 2r + 1 < d. In order to show that C is r-error-correcting, we will show
that the closed balls B, (x) of radius r around code words z are disjoint. The received
message, which has < r errors, will then lie in exactly one ball, and we recover the
original word as the center of that ball.

Let z, z be different code words. Then, for any y € [}, we have by Lemma 5.3
that

2r+1<d<d(z,z) <d(z,y) + d(y, 2),

hence either d(x,y) > r+1 or d(y, z) > r + 1, which means that y cannot lie in both
B, (x) and B,(z). O

With r = [451] as above, we know that the balls B,(z) around different code
words x are disjoint. Let us determine when these balls cover [y completely.

LEMMA 5.11. The ball B,(x) contains
(M) e+ ("
0 1 r

Proor. If d(x,y) = i, then x and y differ in exactly i positions. There are (?)

n

possibilities for choosing ¢ positions out of n. Hence, there are exactly (Z) elements

at distance ¢ from x. Summing over ¢ = 0,1, ...,r gives the result. U

elements.

Since we have 2% distinct code words, the union of the disjoint balls B,.(x) cover
n n n
ok o
((6) () ()
elements in F3. Since [F% contains 2" vectors, we obtain:

PROPOSITION 5.12. For an (n,k,d)-code C, let r = [451]. Then

(o) () e () e

DEFINITION 5.13. An (n, k, d)-code C is called optimal if equality holds in Propo-
sition 5.12, i.e., if the balls B,(z) around the code words cover the whole vector space
F3.

Let us take for example d(C) = 3, in which case » = 1. Then

(5)+ ()=
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and the condition for an optimal code reads
1+n=2"""
If we define t = n — k, then the condition is
n=2"-1k=n—t.

We will see below that, for each t > 2, there exists an optimal (2! —1,2¢—1—¢, 3)-code.
Note that in Example 5.5 we have a (5,2, 3)-code, but

6=1+5<2=8,

hence this code is not optimal. Optimal codes with d(C) = 3 have the information

rate ;
=97
which is very good for large ¢.
We now turn to linear codes:

DEFINITION 5.14. An (n, k)-code C is linear if C is a linear subspace of Fy. If G
is an k X n-matrix G with rows that form a basis of C, then G is called a generator
matrix for C.

If G is a generator matrix for C, then encoding is very simple. The linear map
x — 2G

from F& to FY is one-to-one.
Let us find generator matrices in Examples 5.2-5.5. We can take

1 0 10

G = 010 1}
1 0 1

G = 01 1]
1010 1 0

G= 01010 1]
100 1 1

G = 0110 1]

respectively. Note that we have arranged the basis vectors so that G has the form

G =[I | A].

This is called the standard form of GG, which we will assume from now on. It has
the advantage that the first k£ digits of the encoded word are the original ones. Since
G has rank k, the nullspace n(G) of G has dimension n — k. Let {b1,ba,...,b,—1} be
a basis of n(G). Then Gbt =0 fori=1,2,...,n—k. Let H be the (n— k) x n-matrix
with rows by, ba,...,b,_r. We obtain

GH! =0.

DEFINITION 5.15. The matrix H is called a parity check matrix for C.
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The reason for this name is the following. We have

(xGYH' =0
for all vectors = € F%, and therefore
cH'=0
for all vectors ¢ € C. Equivalently,
Hc =0

for all code words ¢. Since H has rank n — k and since C has dimension k, this shows
that C = n(H). We therefore have:

PROPOSITION 5.16. Let C be a linear (n,k)-code with generator matriz G and
parity check matrix H. Then

C={zG|zecF}={ceF}|H =0}
REMARK 5.17. Since we assume G = [, | A] to be in standard form, we can take
H = [A"| L]
To see this, note that
GH' =1, -A+A-I, ,=2A=0

since the entries of A are in the field Fs. In Example 5.5, we have

01100
H=[1 001 0
11001

We have seen above that for general codes the error-detecting and correcting prop-
erties are reflected by the minimal distance. For linear codes, the minimal distance
is easy to calculate from the parity check matrix. We start with a definition.

DEFINITION 5.18. Given x € F, we define its weight w(x) to be the number of
non-zero digits in . In other words,

w(z) = d(z,0).
LEMMA 5.19. Let C be a linear code. Then

d(C) = mi :
©) gggw(w)
zeC
PrOOF. We have w(z) = d(z,0) and d(z,y) = w(x — y). Since C is linear, it
contains x — y for every z,y € C. O

‘We now have:

PROPOSITION 5.20. Let C be a linear (n,k,d)-code with parity check matriz H.
The minimal distance d = d(C) is the mazimal number d for which no d — 1 columns
of H are linearly dependent but some d columns are.
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PROOF. Let cy,c2,...,c, denote the columns of H. Then for any xz € Fy, x =
(x122 ... x,), we have that the column vector Hz! is

T1C1 + XToCy + -+ + TpCp,

and
Hat =0« z €.

This shows that linear dependence relations between the columns arise only from
code words. By Lemma 5.19, at least d digits in each code word are non-zero and
exactly d digits are non-zero in some code word. Hence, the smallest dependence
relation has to involve exactly d columns. ([

COROLLARY 5.21. We have d(C) = 3 if and only if no two columns of H are the
same but some three columns are dependent.

COROLLARY 5.22. We haved —1 <n — k.

PROOF. Since no d — 1 columns of H are linearly dependent, the matrix H must
have rank > d — 1. On the other hand, we know that H has rank n — k. O

As promised, we can now construct optimal linear codes of minimal distance 3.
Let t > 2 be given. Let n = 2! — 1 and k = n — t. The parity check matrix of such
a linear code will be a t X n-matrix, no 2 columns of which are the same. So we can
take for the columns of H all the non-zero vectors in Fy. This gives the desired code,
called a Hamming-code.

EXAMPLES 5.23. a.t=2,son=3k=1.
We have i
1 10
H—_1 0 1 , G=[111].
b.t=3,son="7k=4.
We have )
1110100
H=1]1 101 010
101 1001
and
100 01 11
a— 0100110
001 01 01
0001011

We note that optimal codes are very easy to decode. Every vector in F% lies in
exactly one ball of radius r around a code word, and we decode the vector by taking
the center of the ball. Assume that we are in the situation of Example 5.23b, so
r =1, and that we receive a word

=(0110001).

We can calculate
Hz' = (010)%.
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On the other hand, the vector (010)! is the sixth column of H and therefore equal
to Hel, where eg is the sixth standard basis vector of F5. Therefore H(z — eg)! = 0,

SO
z—es=(0110011)

is a code word. Since z — eg is within radius 1 of 2, we decode z into (0110011).






APPENDIX A

THE RATIONAL CANONICAL FORM

Throughout, V' denotes a finite-dimensional F-vector space and T: V — V is a
linear transformation. The goal in this section is to show that there is a refinement
of the decomposition of V' into a direct sum of T-invariant subspaces discussed in
Section 2. We first look at the “smallest” possible non-zero T-invariant subspaces.
Let v € V,v # 0. Any T-invariant subspace containing v has to contain all vectors
T™v for m = 1,2,.... On the other hand, the subspace (v) of V' generated by v and
all vectors T™v, m = 1,2,... is already T-invariant and therefore contained in any
other T-invariant subspace containing v.

DEFINITION A.1. Given v # 0 € V, the T-invariant subspace (v) of V' is called the
cyclic subspace generated by v. Note that (v) depends on the given transformation
T. If we want to emphazise this dependence, we call (v) T-cyclic or cyclic relative
to T

Since V is finite-dimensional, there exists k£ > 1 for which the vectors
v, Tv, T?v, ..., T 1
are linearly independent, but T%v is dependent on v, T, ...,T"* v, so
TFy = agv + a1 Tv + - + ap_1TF 1o

for some ay,...,ap—1 € F. The dimension of (v) is clearly equal to k and the set
B, = {v,Tv,...,T* '} is an ordered basis for (v).
We can rewrite the relation for T%v as
(Tk — ak_lTk_l — - —a1T — ap)v = 0.

If we define

my(z) = oF —ap_12F N — o — a1z — ay,

then we obtain m,(T")(v) = 0, and clearly m,(z) is the monic polynomial of smallest
degree with this property. We refer to m,(z) as the order of v or the T-annihilator
of v. If g(x) is any polynomial in F[z]| such that g(T)v = 0, then we can use the
Fuclidean algorithm and write

9(z) = Q@)m(x) + R(z)
with R(xz) = 0 or deg R(x) < degm,(z). We obtain:
0=g(T)v=Q(T)m,(T)v+ R(T)v = R(T)v,
and therefore R(z) = 0, because of the minimality of m,(x). This shows:
LEMMA A.2. If g(x) € Flx] satisfies g(T')v = 0, then my(z) | g(x).
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We obtain the following important result.

COROLLARY A.3. For every non-zero vector v, the order my,(x) divides the min-
imal polynomial mp(x) of T':
my(x) | mr(z)

PROOF. The minimal polynomial has the property that mp(7T) = 0, so that in
particular mp(T)v = 0 for all vectors v € V. The result follows from Lemma A.2. O

Let us consider the special case that the degree of m,(z) is equal to 1. This is
equivalent to the fact that Tv = Av for some A € F', and m,(x) = = — A. In other
words, the 1-dimensional cyclic subspaces (v) are precisely the subspaces generated
by eigenvectors v of T":

LEMMA A.4. The cyclic subspace (v) is 1-dimensional if and only if v is an
eigenvector for T.

In particular, we see that V' has a basis of eigenvectors if and only if V' can be
decomposed into a direct sum of 1-dimensional cyclic subspaces.

Let T, denote the restriction of T to the T-invariant cyclic subspace (v). The
matrix Agl; describing T, with respect to the basis B, = {v, T, ..., T* 1w} of (v) is
called the companion matrix of 7;. It is easy to calculate:

LEMMA A.5. The companion matriz of T, is equal to

00 --- 0 ap
10 -+ 0 a1
01 -+ 0 ao
00 --- 1 ap

Proor. For 1 <i < k — 1, the ith basis vector in B, is mapped under T to the
(i + 1)th basis vector. The last basis vector T*~1v is mapped under T to

Tky = apv + -+ ak_lTk_lv,
which gives the result. O

There are three polynomials attached to T, and the cyclic subspace (v): the order
my (), the mimimal polynomial my, (x), and the characteristic polynomial cp, (z) of
T,. They are related to each other as follows:

PROPOSITION A.6. Let (v) be a cyclic subspace of V', and let T, denote the re-
striction of T to (v). Then we have

my(X) = mr,(z) = cr, ().

PRrOOF. From Corollary A.3, we obtain m,(x) | mr,(x). By definition, m,(T)(v) =
0. Since m,(T") commutes with any power of 7', we have

my(T)(T") = T'm(T)v = 0.

Hence, m,(T") = 0 on (v), which implies that mx, (z) | my(x). Since both polynomials
are monic, they are equal.
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As before, let

my(x) = 2F — 12" — o — iz — ag,

and let A = Ag’; denote the companion matrix. We have to calculate the determinant
of

-SC 0 0 —ag i
e T A= |0 “1 - 0 —ay
00 - -1 z—ap1]

and show that it equals 2¥ — ap_12% 1 — -+ — a1z — ag. We do this by induction on

k. If K = 1, then the result is clear. Let us expand the matrix - I — A along the first
row. Then

x 0 -+ 0 —a1

1z - 0 —ay
det(x- I —A)=(x) x| . . . . ) — ap.

0O 0 -+ =1 x—ag_1

By induction, the determinant of the (k — 1) x (k — 1)-matrix

z 0 -+ 0 —ay
-1 x -+ 0 —ag
0O 0 -+ =1 x—ap_1
is equal to
B S B,
Hence,
er,(z) =det(z - T — A) = 2(z* 1t —ap_12" 2 — - —ay) —ag
=z - ak,lxk_l — - — a1z — ao,
as claimed. O

In order to obtain the refined decomposition of V into a direct sum of cyclic
subspaces, we can first use primary decomposition, Theorem 3.20, to reduce to the
case that mp(x) = p(x)€ for some irreducible polynomial p(z). Since the order m,(z)
divides my(x) for each non-zero v € V', we have

my(x) = p(x)®

for some e, < e. Hence, the only possible orders are p(z),p(z)?,...,p(x)¢. Let
d = deg p(z). Then the dimension of (v) is equal to
dim (v) = d - ey,

and therefore the only possible dimensions for a cyclic subspace (v), and therefore
for the smallest T-invariant subspaces are d, 2d,...,ed. We want to use a slightly
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different basis for (v) than before. Let us rewrite the usual ordered basis as

v, Tv, oo, Ty,
T, T+1y oL, Ty,
ety 141, | pde=y,
Define bo, bl, Ce bd—l by
p(z) = 24— by 1z — by — by,

For each i with 1 < i < e, — 1, we can replace the power T%v in the basis by p(T)% v
In this way, we obtain a new ordered basis B, of the following form:

v, T, e T4 1y
, p(Tyw,  p(M)Tv ..., p(TT
Bq_} - . . . .
p(T) v p(T) v ... p(T)> T4 1y

Let us denote by C, the subspace of (v) with basis {v, Tv,..., T 'v}. We note that
Cy is not T-invariant if e, > 1. The basis B, immediately produces a decomposition
of (v) of the form

(v) = Cp ®p(T)C, @ -+ @ p(T)** 1 C,.

LEMMA A.7. Assume that m,(x) = p(x)¢ for some irreducible polynomial p(x).
Then, for 1 <1i < e,, we have

() N (p(T)") = p(T)* " (v).
PrOOF. We have p(T)'p(T)*~*(v) = p(T)® (v) = 0 , and therefore
p(T)* ™) € (v) N n(p(T)").
)

Assume now that w € (v) N n(p(T)"). Then we can write w in terms of the direct
sum decomposition

(v) = C,®p(T)Cy @ --- ®p(T)* ' C,
uniquely as
w =y +p(T)vy + -+ p(T) e, 1,

where the v; are vectors from C,. Applying p(T')* and using the fact that p(T)'w = 0
we obtain

0=p(T)vo+ -+ p(T) T ve, -1 = p(T) v+ -+ p(T)* e, i1,
since p(17)* = 0 on the subspace (v). Now
p(T)vo+ -+ p(T) e, —i—1 € p(T)'Cy @ -+ & p(T) ' Cy,
and therefore each individual vector p(T)*7v; has to be zero. This shows that
w = p(T)*" ZUev it t p(T)ev_lveufl = p(T)ev_i(Ueqﬁi +o +p(T)i_1Ueqﬁl)a

as claimed. O
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COROLLARY A.8. Let my,(x) = p(x), let w € (v), and let my(z) = p(z).
Then

Proor. We have
w € (v) Nn(p(T)),
so w € p(T)* ¢ (v) by Lemma A.7. Since p(T")*~°»(v) is T-invariant, it contains
with w also the cyclic subspace (w):
(w) Cp(T)* " (v).

Both these subspaces of (v) have the same dimension d - e,,, d = degp(z). Hence,
they are equal. O

The following result is crucial for the decomposition of a vector space into a direct
sum of cyclic subspaces.

PROPOSITION A.9. Assume that the minimal polynomial mp(z) for T:V — V
equals p(x)¢. Let W be a T-invariant subspace of V. For each vector v € n(p(T))
with v € W, we have

W N (v) = (0).

PROOF. Let w € W N (v), and assume that w # 0. Since both W and (v) are
T-invariant, so is their intersection. Thus,

(w) C W N (v).

In particular, (w) C (v). Now, we have m,(x) = p(x) since v € n(p(T)). Hence,
my(z) = p(z) as well, since we are assuming that w # 0. Corollary A.8 implies now
that (w) = (v). Hence, (v) C W N (v). In particular, v € W, contradicting our
assumption that v € W. Therefore, w = 0. ([

Here are some consequences.

COROLLARY A.10. Assume that mp(z) = p(x)¢, and assume that W is a T-
invariant subspace of V' such that n(p(T)) ¢ W. Then there exist vy, ...,vs € n(p(T"))
such that

W4 n(p(T)) =W @ (v1) © (v2) @ -+~ © (vs).

PRroOF. Since n(p(T)) ¢ W, we find a non-zero vector vy € n(p(T)),v1 & W.
Proposition A.9 implies that W + (v1) = W & (v1). f W & (v1) = W +n(p(T)), then
we are done. Otherwise we find vy € n(p(T)), va € W & (v1), and again Proposition
A.9 shows that W & (v1) + (v2) = W @ (v1) @ (v2). We can proceed in this way until

W (v1) ® (v2) @ -+ - B (vs)
contains n(p(7')), which means that

W +n(p(T)) =W (v1) © (v2) @ - -+ D (vs).

We can now prove the first main result of this section:
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THEOREM A.11. Assume that the minimal polynomial mp(x) of T: V — V has
the form mp(x) = p(x)€ for some irreducible polynomial p(x) € F[x]. Then there
exist vectors vy, v, ...,v. € V with

V= (v1) ® (v2) &+ ® (vy).

The number r and the set of orders {my,(x) = p(x)%} attached to vy,va,...,v, are
uniquely determined by T

Proor. We proceed by induction on the power e in the minimal polynomial
mr(x) = p(x)¢. If e =1, then V = n(p(T)), and taking W = (0) in Corollary A.10,
we obtain that

V=n(T)) = (v1)® (v2) ®--- D (vy).
Each cyclic subspace (v;) has order m,,(z) = p(x) and is of dimension d = degp(z).
Therefore
dimV = rd,
which determines r and the set of orders simply consists of r copies of p(z).

Assume now that e > 2 and that the theorem is true for all linear transformations
on finite-dimensional F-vector spaces for which the minimal polynomial has the form
p(x)*~ 1. We consider the linear map

p(T):V —V.
Let V denote the range of p(T),
V=p)V,

which is a T-invariant subspace of V. The restriction of 7' to V has minimal polyno-
mial p(x)¢~!. The induction hypothesis implies that

V= (wi) ® (wa) @ ® (wy)

and that s and the set of orders m,,(z) are uniquely determined. We now choose
vectors vy,...,vs in V such that

p(T)v; =w; for i=1,...,s.
Then clearly the order m,, () = p(x)¢ of v; is equal to
My, () = p(x) M, ().

In particular, all e; > 2. Every basis vector p(T)?T*v; of (v;) is mapped under p(7T)
to p(T)?T*w;, which implies that

p(T)(v;) = (w;) for i=1,...,s.
We now claim that, in fact, the sum of the cyclic subspaces (v;) is again a direct
sum:
(1) + (v2) -+ 4 (vs) = (v1) & (v2) B -+ B (vs).
To see this, let us assume that
O0=wuy+ -+ us
for some u; € (v;). Applying p(T), we obtain

0=p(T)us + -+ p(T)us.
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But p(T)u; € (w;), and the sum of the (w;) is direct. Therefore,
p(T)u; =0 for i=1,...,s.
We obtain
u; € (vi) N(p(T)) = p(T)Hwi),

where we used Corollary A.8. We now note that e; > 2, so

p(T)Hvs) C (wi).
This shows that, for 1 < i < s, the vector u; is in fact in (w;). But the sum of the
(w;)’s is direct, so u; = 0 for all 1.

Let us define

W= (v1) @ @ (vs).
This is a T-invariant subspace of V. If n(p(T')) ¢ W, then we can use Corollary A.10
to find additional cyclic subspaces (vsy1),..., (vy) € n(p(T)) such that

W +n(p(T)) = (v1) © (v2) D --- D (vy).
We finally have to show that
V=W +n(p(T)).
This is an easy application of the dimension formula. First note that
dim(W +n(p(T))) = dim W + dimn(p(T")) — dim(W Nn(p(T))).
Now dim W = dim V + dim(W Nn(p(T))), and therefore
dim(W + n(p(T))) = dim V + dim n(p(T)) = dim V,

as claimed.
Let us assume that we have another decomposition of V' into cyclic subspaces,

V= (v]) ® (vg) ®--- D (v).

Let us assume that the first ¢ vectors v} have orders p(x)% with ¢, > 2 and the
remaining ones are in the nullspace of p(T'), and let

W' = (v1) @ (vh) & -  (vy).
Applying p(T'), we obtain
V = p(T)(v}) & p(T){v3) & - - @ p(T){v}).

The induction hypothesis implies that ¢ = s and that the set orders of the vectors
p(T)v; is the same as the set of orders of the w;. Hence, the set of orders for the v is
the same as that of the v;’s. But this shows that dim W’ = dim W and hence ¢ = r,
which finishes the proof. O

Here is a list of important consequences of Theorem A.11:

COROLLARY A.12. Let T: V — V be a linear transformation with minimal poly-
nomial mp(x) = p(x)¢ and characteristic polynomial cp(x). Let d = degp(x).

a. mp(x) | ep(z).
b. ep(T) =0 (Cayley-Hamilton Theorem,).
c. er(x) =p(x)" withn-d=dimV.
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d. If V.={v1) ® (v2) &--- ® (v,) and m,, = p(x)% fori=1,...,r, then
e = max{ej,ea,...,e}.

e. The number r of cyclic subspaces is related to the dimension of the nullspace

of p(T) by
d-r=dimn(p(T)).
PRrROOF. Let
Vi=(v1) @ (v2) & & (vy)

be a decomposition of V into a direct sum of cyclic subspaces, and let T; denote the
restriction of T" to (v;). By Lemma 3.17,

cr(z) =cpn (x) - e ().
Moreover, by Proposition A.6,
cr () = mr,(x) = my, ().
Since my, () is equal to p(x)®, we obtain a, b, and c. Since
my(x) = p(z)* = lem(mr, (2),. .., my, (x)) = p(a)m>ierezoh,

there has to be at least one vector v; for which m,, (z) = p(x)¢, which proves part d.
We have, by Lemma A.7,

n(p(T)) = n(p(T)) N (v1) & --- & n(p(T)) N (vr) =
=p(T) o) @ -+ @& p(T)~Huy).
Now degp(z) = d. Hence, each summand on the right-hand side has dimension d.
Therefore,
dimn(p(T)) =d -,
which proves e. O

Because of primary decomposition, Theorem 3.20, we immediately obtain from
Theorem A.11 the following general result which works for arbitrary linear transfor-
mations on finite-dimensional F-vector spaces.

THEOREM A.13 (Divisor Theorem). Let T: V. — V be a linear transformation
on a finite-dimensional F-vector space. Assume that the minimal polynomial mp(x)
factors as

my(z) = pi(z)pa(z)* -+ p(z)”
with distinct monic irreducible polynomials p1(x),...,p.(x). Then there exist vectors
v1,...Um €V such that
Vi=(01) @ & (vm),
and for each i the order my,(x) of v; is equal to the power of some irreducible polyno-
mial pj(x) dividing mp(x). The number m of cyclic subspaces and the set of orders
{my, (x),...,my, ()} are uniquely determined by T

DEFINITION A.14. The set of orders {my,(z),...,my,, (z)} is called the set of
elementary divisors of 7. The elementary divisors are uniquely determined by T,
they are all powers of an irreducible polynomial, and they may well occur more than
once.
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Corollary A.12 generalizes to:

COROLLARY A.15. LetT: V — V be a linear transformation on a finite-dimensional

F-vector space. Then
a. my(x) | er(z). In particular, cp(T) = 0 (Cayley-Hamilton).

b. my(x) and cp(x) have the same prime divisors.

The decomposition of V' into cyclic subspaces yields a nice matrix representation
for T', provided we choose a suitable basis for a cyclic subspace (v). At the beginning
of this chapter, we chose a basis B, of (v). In order to obtain an upper triangular
matrix in case that the order m, () is linear, we rearrange the basis vectors in B) in
the following way, and we denote the new basis by B,. Note that m,(z) = p(z)¢ and
degp(x) = d.

p(T)* v p(T)Tv ... p(T) 1Ty
p(T)* 20 p(T)*2Tv ... p(T)* 2Ty
p(T)v, p(MTv ..., p(T)T%
v, T, e T 1y

The calculation of the matrix representing 7" on (v) with respect to this basis is easy
once we know how to express

p(T) T = T(p(T) T 0)
in terms of the basis vectors. We write
p(T) =T = by T — - — by T — by,
SO
T4 = p(T) + bgy T + -+ byT + by.
We obtain
p(T)'T% = p(T) 0 + bg1p(T)' T 0 + -+ byp(T) T + bop(T)'v.

If we define the following d x d-matrices,

(0 0 -~ 0 b
10 -+ 0 b
A=10 1 -+ 0 by
0 0 -+ 1 bgq
and ) )
0 0 0 1
0 0 00
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then the d - e x d - e-matrix representing T’ with respect to the basis B, is of the form

‘A B 0 07

0 A B

0 0 A . 0
5

0 0 0 A

If we take these bases on each cyclic direct summand in a decomposition of V', then
the associated matrix is called rational canonical form.

EXAMPLE A.16. Assume that the elementary divisors of a linear transformation
T:V — V, where V is a real vector space, are given by

{z—1,(z—1)% 2"+ 1,(a* +1)°}.
Then we know that
V = (v1) ® (v2) ® (v3) ® (va),

where

my, () = x—1,
my,(x) = (x—1)%
My, (z) = 22 +1,
my,(z) = (22 +1)3

Hence, the dimensions of the cyclic subspaces (v;) are given respectively by 1,2,2,6,
and V is 11-dimensional. The characteristic polynomial of 7" is equal to the product
of the elementary divisors, so

fr(z) = (z = 1)@ + 1)".

The minimal polynomial of T" is the lem of the elementary divisors, so
mp(z) = (z — 1)%(z? + 1)3.

With respect to the ordered basis

{Ul7 (T - 1)0277}277}37TU3) (T2 + 1)7}47 (T2 + 1)T’U477}47TU4}



A. THE RATIONAL CANONICAL FORM 83

the rational canonical form of T is equal to

0 0 0 0 O 0 -1 0 1 0 O
0 0 0 0 O 1 0 0 0 0 O
0 0 0 0 O 0 0 0 -1 0 1
0 0 0 0 O 0 01 0 0 O
0 0 0 0 O 0 0 0 0 0 -1
0 0 0 0 O 0 0 0 0 1 O

The general problem is to find the elementary divisors and generators for the
corresponding cyclic subspaces. We illustrate this in the following examples.

EXAMPLES A.17. a. Let T: R® — R be given by the matrix
-1 2 -2 2 0

-11 -1 2 0
A=10 0 -1 2 0
0 0 -1 11
0 0 0 01

The characteristic polynomial ep(z) is equal to
cr(z) = (z = 1)(2® + 1),

so we know that mr(z) = (x — 1)(22 4+ 1) or mp(z) = (z — 1)(z? + 1)%
The matrix representing 72 + 1 is equal to

0 0

A4 1=

OO OO
o O OO
SO O OO
SO O OO
NN NN

which has rank 1. Thus,

dimn(T? +1)=4=2-2.
This shows that

mp(z) = (z — 1)(2? +1).
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Without calculating a basis, we know already that
R® = (1) @ (v2) ® (v3),

where v is an eigenvector for the eigenvalue 1 and ve and wvs are in the nullspace of
T? + 1. The cyclic subspace (v1) is 1-dimensional, and the cyclic subspaces vs and
vg are each two-dimensional with bases v9, T'v9 and ws, T'vs, respectively. Then the
canonical form for 7" with respect to the ordered basis {v1,ve, Tva, v3, Tv3} equals

10 0 0 O
00 -10 O
01 0 0 O
00 0 0 -1
00 0 1 O

How do we find the basis vectors v;?7 We know that
RS =n(T — 1) ®n(T? +1).

The nullspace of T'—1 is 1-dimensional generated by v; = (1,1, 1,1, 1). The calculation
above for A% + 1 shows that n(T? + 1) has basis e1, ez, €3, e4. Let us take

vy =e1 = (1,0,0,0,0).
Then
T(vy) = Avg = (—1,-1,0,0,0).
The cyclic subspace (ve) does not contain es (or e4), so we can take vg = es. Then
Tes = (-2,-1,—-1,—-1,0),
and we are done.

b. Let us consider a slightly different example. This time we take A to be

0 1 -2 20
0 0 -1 2 0
A=1]1 -1 -1 2 0
1 -1 -1 11
0 0 0 01

Again, the characteristic polynomial is equal to
cr(z) = (z — 1) (2 + 1)

We calculate

10 -1 0 2
10 -1 0 2
A2+ T=110 -1 0 2
01 -1 0 2
00 0 0 2

The rank of this matrix is equal to 3 and therefore
dimn(T? +1) = 2,

which implies that
mp(z) = (z — 1)(2® 4+ 1)?
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and that
R® = (v1) ® (v2),

where v; is an eigenvector for the eigenvalue 1 and (v2) is a cyclic subspace of dimen-
sion 4 with ordered basis

{(T2 + 1)’[)2, (T2 + 1)T’U2, V2, T’Uz}.
With respect to the ordered basis
{1)1, (T2 + 1)1)2, (T2 + 1)T’l)2, V2, T’Ug},

we obtain the rational canonical form

10 0 0 O
00 -1 0 1
01 0 0 O
00 0 0 -1
00 0 1 O

Again, the eigenspace for the eigenvalue 1 is 1-dimensional, generated by vy =
(1,1,1,1,1). For vy, we can take any non-zero vector in the nullspace of (T2 + 1)2
that is not in the nullspace of 72 + 1. Since

0

(A% +1)? =

coc oo
cocoococo
cocoocoo
cocoococo
NNV

we see that eq, es, €3, eq is a basis for n((7? 4 1)?). We can take vy = e;. Then
Tey = Ae; = (0,0,1,1,0),
(T? + 1)e; = (1,1,1,0,0),
(T? +1)°Te; = (1,-1,—1,-1,0)
so that the ordered basis for R® is equal to
{(1,1,1,1,1),(1,1,1,0,0),(1,-1,-1,-1,0),(1,0,0,0,0),(0,0,1,1,0)}.

It may happen that all the irreducible polynomials dividing mp(x) (or er(x)) are
linear: e.g., if V' is a vector space over the field C of complex numbers. In this case,

my(z) = (2 — A1) (. — A)? - (2 = Ap),

where the \; are the distinct eigenvalues of 1. The rational canonical form is then
called Jordan canonical form or Jordan normal form. It takes a very simple form.
Let (v) be a cyclic subspace with order m,(z) = (x — A\)¢. The basis B, looks like

By = {(T = N o, (T — N 20,...,(T — v, v},
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and the matrix is given by a Jordan block of size e X e:

A1 0 - 00
0 A1 - 00
000 -+ A1
000 -~ 0 A

For examples of the Jordan canonical form, see Section 3.



