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1 INTRODUCTION

Abstract

Berstel and Reutenauer stated the iteration theorem for recognizable formal
power series on trees over fields and vector spaces [BR80]. The key idea of its
proof is the existence of pseudo-regular matrices in matrix-products [Jac80].
This theorem is generalized to integral domains and modules over integral
domains in this thesis. It only requires the reader to have basic knowledge
in linear algebra. Concepts from the advanced linear algebra and abstract
algebra are introduced in the preliminary chapter.

1 Introduction

Trees over an alphabet appear as natural generalization of common words over an
alphabet. Indeed, many concepts known from formal languages on words can be
transferred to tree languages. Formal power series are a well-known concept in the
field of study of formal languages. A formal power series is a function that maps
every element of the freely generated monoid over an alphabet to an element taken
from a field [SS78]. Hence, the name word function would also be suitable to denote
formal power series. As somebody could guess, there is a generalization to trees,
namely, formal power series on trees or tree functions that is a function mapping
each tree to an element taken from a field. Tree functions can be used to do calcu-
lations on trees, e.g. we could calculate the height of a tree or evaluate arithmetic
expressions [BR80]. There is a classification of formal power series depending on
how easily function values of this tree function can be computed. If we are able
to calculate function values by multilinear functions over a vector space, that is,
the formal power series is easy to compute, we call it recognizable. Moreover, an
arbitrary formal power series can generate a language over trees, namely, the set
containing all trees that are not mapped to zero, which is called the support of the
formal power series.

There is an iteration theorem for word functions. It states that we can take any
word w in the support of a recognizable word function and then there is a part v
in the word w = wvw such that wv*w is an element of the support for infinitely
many k. Gérard Jacob proved this over finite alphabets first [Jac80]. Reutenauer
made Jacob’s proof shorter and additionally presented a proof that generalizes the
iteration theorem to infinite alphabets [Reu80]. This iteration theorem also holds
for formal power series on trees. It again states that we can take any tree ¢ in the
support of a recognizable tree function and repeat a specific part of a long-enough
walk in the tree such that an infinite number of such iterations lies in the support.
The proof is based on the same idea as on words. Indeed, Berstel and Reutenauer
proved it by using the statements about pseudo-regular matrices [BR80].

The aim of this thesis is to generalize Berstel’s and Reutenauer’s iteration theorem
from fields to integral domains. Indeed a formal power series now maps the trees
to elements taken from an integral domain. Also the notion recognizable is now
defined by modules over integral domains instead of vector spaces. Therefore we
have a weaker underlying weight-structure on our tree functions, but the iteration
theorem still holds. For instance, we could define a formal power series that maps
to the integers Z, which is an integral domain, and we can still apply the iteration
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theorem. By generalizing the result to integral domains, we also obtain the asser-
tion over integrally closed domains, GCD domains, unique factorization domains,
principal ideal domains, euclidean domains and of course over fields. The reason for
this is the following inclusion chain:

commutative rings

)\
integral domains
V)
integrally closed domains
Ut
GCD domains
Ut
unique factorization domains
¥\
principal ideal domains

Ut

euclidean domains
Ut

fields.

Given a formal power series on trees over an integral domain, which is recogniz-
able by a given module, the main idea of the generalization is to construct the field
of fractions of the integral domain and apply the iteration theorem over fields on it.
By showing that important statements about pseudo-regular matrices still hold for
a matrix if the corresponding matrix over the field of fractions is pseudo-regular, we
obtain the desired generalization.

A theoretical application of the iteration theorem is that we can use it to prove
that some formal power series are not recognizable. For instance, arithmetic ex-
pressions with division included are not recognizable. Note that if we exclude the
division it is recognizable [BR80]. There are also practical implications if we apply
the iteration theorem on some specific formal power series: So if an arithmetic ex-
pression (that does not contain division) is long enough and is unequal to zero, we
know that we can repeat a part in it such that it is still unequal to zero.

We begin this thesis with some preliminaries. These are interesting if the reader
is not familiar with the basic and some advanced concepts of (linear) algebra. At
first we introduce some fundamental algebraic structures that will be needed in
this thesis. In particular, we discuss integral domains and modules over them. A
main statement is that every free module can be assigned a well-defined dimension
as known from vector spaces. Secondly, we introduce the field of fractions of an
integral domain, which is the key aspect of the iteration theorem’s generalization.
The last preliminary section is about fundamental notions and statements about
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matrices and homomorphisms: We present the concept of transformation matrices
and minimal polynomials. Both will be necessary to define pseudo-regular matrices.

The next chapter will consider long products of matrices. After we define pseudo-
regular matrices over fields, we show that every matrix-product that is long enough
contains a pseudo-regular factor. This is not easy to prove since we need the ten-
sor product and the exterior product, which indeed will be also introduced in this
chapter. At the end of the chapter, we generalize this theorem to arbitrary inte-
gral domains. Also we prove a lemma, which states that a specific concatenation of
pseudo-regular endomorphisms is unequal to zero if some conditions are satisfied.
Indeed this is proved in the general case, that is, over endomorphisms on modules
over integral domains. This lemma will be used to prove the generalized iteration
theorem. In particular it helps to verify that the formal power series applied on the
iterated tree is still unequal to zero for infinitely many iterations, hence these trees
lie in the support of the formal power series.

After that, we are going to introduce formal power series on trees. Hence, Chap-
ter 4 contains many definitions of basic notions and examples concerning tree func-
tions.

Chapter 5 is the main chapter, which contains the generalized iteration theorem
for recognizable formal power series on trees. Indeed, we prove this directly in the
generalized version, that is, over integral domains and modules over them. We also
consider an example.

The final chapter’s aim is to summarize this thesis and to give ideas concerning
future work on this field of study.
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2 Preliminaries

We denote the set of natural numbers {0, 1,2, ...} by N, whereby the zero is included.
If we want to consider the natural numbers without zero we write down N, :=

{1,2,3,...}.

Let S be a finite set. We mean by #S the number of elements contained in S and
call it the cardinality of S. If S is an infinite set we write down #S5 = oco. There is
only one set that has cardinality zero, namely, the empty set, which we denote by
(). We use the subset-symbols C and C in the following way: S C S’ means that
every element in S is also member of the set S’. S C S’ means S C S’ and S # 5.
P(M):={A| AC M} denotes the powerset of M.

Let n € N and Sy, ..., S, be non-empty sets. Then S; X ... x S, :={(s1, ..., 8n) | 51 €
S, ..y Sy € Sy} defines the Cartesian product of Sy, ..., S,. The members of this set
are called tuples. If S := 5, = ... =5, we also denote the Cartesian product by S™.
If A and B are two arbitrary non-empty sets, every R C A x B is called a (binary)
relation on A and B. So if a € A and b € B are contained in the relation, that is,
(a,b) € R, we also use the infix notation and write down aRb.

Let S be an arbitrary set and < be a binary relation on S%. Then we call (S, <)
partially ordered if < is reflexive, anti-symmetric and transitive. If < is additionally
connex, then we say that (5, <) is totally ordered. A subset C' C S is called chain if
(C, <) is totally ordered. Indeed, we are able to compare each two elements taken
from a chain. Moreover we call (M, <) inductively ordered if every chain C' C S has
an upper bound, and that means there exists b € S such that ¢ < b for all ¢ € C.

Given an arbitrary set M, we denote by Id,, the identity mapping on M, that is,
M>z—zxe M.

We require Zermelo-Fraenkel set theory with the axiom of choice included (ZFC).
There are many equivalent formulations of the axiom of choice, one is Zorn’s lemma.
It states that every non-empty inductively ordered set has a maximal element. We
will leave out the proof that verifies the equivalence and just assume that Zorn’s
lemma holds.

2.1 Algebraic structures

The following introduction to algebraic structures is taken from Bosch’s algebra
book [Bos13] and the algebra book of Karpfinger and Meyberg [KM17]. The def-
initions for monoids and groups are written down for the sake of completeness.
Fundamental statements about them, like the uniqueness of the identity element
and of the inverse elements, are left out and should be known.

This section’s main goal is to introduce integral domains and modules over them.
Moreover, we want to prove basic statements, which we will need for the generaliza-
tion of the iteration theorem for recognizable formal power series on trees to integral
domains.
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2.1.1 Monoids and groups

A monoid is a set together with an associative binary operation. The set is closed
under this operation and contains an identity element.

Definition 2.1 (monoid). We call (X, *) a monoid, whereby X is a set and * :
X x X — X a mapping, if

e x is associative, that is;, a x (b ¢) = (a* b) x ¢ for all a,b,c € X and

e there exists a so-called identity element e € X such that x xe =exx =z for
all z € X.

So a monoid does not include any properties about the existence of inverse ele-
ments. This motivates the definition of groups.

Definition 2.2 (group). We call (X, %) a group if (X, *) is a monoid and every
element has an inverse element, that is,

Vee Xdre X :xxT =e,

whereby e is the identity element of the monoid. If the multiplication commutes,
we call the group abelian.

Sometimes we just want to write GG instead of (G, ). Then the operation symbol
should be clear from the context. It can also happen that we use no symbol to denote
the operation. Two notations of groups will be most important in the following,
namely, the additive notation and the multiplicative notation. If we write a group
in additive notation, the operation is denoted by +, the identity element by 0 and
the inverse element of a by —a. Then we also write down a — b instead of a + (—b).
This notation should be already known and therefore we leave out basic rules for it.
In multiplicative notation we denote the operation by -, the identity element by 1
and the inverse element of @ by a™!.

Remark. Actually it would be enough to postulate the existence of an element e that
satisfies either a x e = a or e x a = a in the definition of groups. The corresponding
other equation is an implication, even if we do not require the group to be abelian.
But we want to keep it simple and just define groups with slightly stronger axioms.

Now we want to consider factor groups. We will need them in this chapter later
on. The idea is to take a subgroup and to divide the group by this subgroup. What
division exactly means in the case of groups will be clear by the next definitions.

We take the formal approach via equivalence classes to introduce factor groups.
This has the advantage that we can use well-known results about equivalence rela-
tions. Indeed let G be a group and H be a subgroup, then we define R C G x G such
that aRb if and only if a—b € H. This relation is symmetric sincex € H = —x € H,
is reflexive since a subgroup contains the group’s zero and transitive since a Rb and
bRc implies a — ¢ = (a — b) + (b — ¢) € H. We use the common notation [a]r to
denote the equivalence class of a that is the set containing all elements of G that
are in R-relation with a.
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Definition 2.3 (factor group). Let G be a group and H be a subgroup of G. Then
the factor group G/H is defined as

G/H ={lalr | a € G}.

Obviously we could also write a+ H := {a+ h | h € H} instead of [a]g since the
sets are equal. Indeed every element b taken from a + H satisfies aRb. Vice versa
every element ¢ taken from [a]g satisfies cRa, so ¢ —a € H, which means that there
exists h € H such that ¢ = a + h.

A well-known result for equivalence classes is that if b € [a]g, then [a|gr = [b]&.
In fact this means, for our relation R, that it is enough to show a — b € H to prove
a+ H = b+ H. This also leads to the assertion that two equivalence classes are
either equal or disjoint.

It is still not clear that the factor group actually forms a group. But indeed this
is the case.

Lemma 2.1. Let G be a group and H be a subgroup of G. Then (G/H,®) is a
group, whereby
(a+H)® (b+H):=(a+b)+ H.

If G is abelian, the factor group is also abelian.

Proof. @ is well-defined because a + H = o' + H and b+ H = V' + H implies
(a+b)—(d+V)=(a—d)+ (b—1V) € H which means (a+b)+ H = (' +')+ H.
That G/ H is closed under & is clear. Moreover, the associativity is transferred from
G. Any element a + H € G/H has the inverse element (—a) + H since 0+ H = H
is the identity element of G/H.

If G is abelian, the commutativity is directly transferred to the factor group,
hence it is also abelian. O

We used the notation & for the addition on the factor group to avoid coincidence
with the addition 4+ over the group G. The difference should be clear now and we
will also use the symbol + instead of @& from now on. But always remember the
fact that these operations are still different. Let us consider two examples that will
make the concept of the factor group clear.

Example. We know that (Z,+) is an abelian group and 27 = {2z | z € Z} is a
subgroup of it. Then

)22 ={z+2Z|z€Z} ={22,2Z + 1} = {{0,2,—-2,4,...},{1,—-1,3, ...} }.
The neutral element is 27. Both elements of the set are self-inverse.

Example. The rational numbers with addition are an abelian group with the integers
as a subgroup. If we consider the set q + 7Z for all ¢ € Q, we notice that two such
sets ¢+ 7 and ¢ +7Z are equal if the digits after the point of ¢ and ¢’ are the same.
Hence

Q/Z={q+Z]qe[0,1)NQ}.

The last definition concerning groups are structure preserving mappings over
groups, the so-called (group-)homomorphisms.

6
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Definition 2.4. Let (G, xg), (H, *y) be groups and ¢ : G — H be a function such
that

¢(x *g 2') = p(x) xn P(2')

for all x,2" € G. Then we call ¢ (group-)homomorphism. In this case:

e If ¢ is bijective, we also call ¢ (group-)isomorphism and G and H are called
1somorphic.

o If G = H, we also call ¢ (group-)endomorphism. If the function is additionally
bijective, we say (group-)automorphism to ¢.

e If ¢ is injective, we also call ¢ (group-)monomorphism.
e If ¢ is surjective, we also call ¢ (group-)epimorphism.

We define the kernel Ker ¢ of such a group-homomorphism ¢ by Ker ¢ := {x €
G | ¢(x) = ey}, whereby ey is the identity element of H.

2.1.2 Commutative rings and integral domains

If we want to define more than one operation over a set, the concept of rings gets
important.

Definition 2.5 (commutative ring). We call (R, +,+) a commutative ring if

e (R,+) is an abelian group,

(R,-) is a monoid,

0#1,

the multiplication commutes and

multiplication distributes over addition, that is, a- (b+c¢) = (a-b) + (a - ¢) for
all a,b,c € R.

We call + and - addition and multiplication. The identity elements are denoted
by 0 and 1, the additive inverse element by —a and if the multiplicative inverse
element exists, it is denoted by a~!. Sometimes rings that are defined like we did,
are called unitary rings or rings with 1, but we just call them commutative rings.
Moreover, we sometimes want to leave out the word commutative for the sake of
brevity. So if we talk about a ring, we mean a commutative ring. Non-commutative
rings are not considered in this thesis. Sometimes we also just want to write down R
instead of (R,+,-). Then the addition and multiplication symbol is assumed to be
+ and -. Sometimes we denote the multiplication also by no symbol. Which symbol
we use will be clear from the context.

At first we need some important basic properties that hold in commutative rings.

Lemma 2.2. Let R be a commutative ring, then for all r € R holds

r-0=0-r=0.
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Proof. For all » € R holds
r-0=r-(040)=(r-0)4+(r-0),

which means

r-0=0
O
Lemma 2.3. Let R be a commutative ring, then for all a,b € R holds
a-(=b)=—(a-b).
Proof.
(a-b)+(a-(=b)=a-(b+(=b)=a-0=0
by the previous lemma. O

As in the case of groups, we want to define structure preserving types of functions
over rings.

Definition 2.6 (ring-homomorphism). Let (R, +g, r) and (S, +g,-s) be commu-
tative rings. Then we call a function ¢ : R — S a (ring-)homomorphism if ¢ is a
group homomorphism over the additive groups (R, +g) and (S, +s),

¢(x pa') = o(x) -5 ¢(z')

for all x,2’ € R and
¢(1r) = 1s,

whereby 1z and 1g are the multiplicative identity elements of R and S, respectively.

In an analogous way we define (ring-)endomorphisms, -isomorphisms, -mono-
morphisms and -epimorphisms. Again, we define the kernel Ker ¢ of such a ring-
homomorphism ¢ as Ker¢ := {z € R | ¢(z) = 0}. Note that 0 is the additive
identity element of S.

We cannot divide in rings because there is no multiplicative inverse in general.
That is the reason why there is another algebraic structure, the so-called fields.
They are a special form of commutative rings which make assumptions concerning
the existence of multiplicative inverses.

Definition 2.7 (field). Let K be a commutative ring. K is called a field if (K'\{0},-)
is an abelian group.

Example. The integers with common addition and multiplication form a commu-
tative ring, but they are not a field. We just take the integer 2 which has no multi-
plicative inverse.

The real numbers, even the rational numbers, with common addition and multi-
plication are a commutative ring and also a field since every element has a multi-
plicative inverse.
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We know that every element taken from a field has a unique multiplicative in-
verse. But in some cases we do not need such a strong form of divisibility. Hence,
there exist many algebraic structures that approximate divisibility and lie between
the ring and the field in the inclusion chain presented in the introduction. The most
general form are integral domains, which we will consider in the following. This
needs the notion zero divisor.

Definition 2.8. Let R be a commutative ring. An element a € R is called zero
divisor if there exists b € R\ {0} such that

a-b=0.
We take a look at zero divisors in fields first.

Example. Let K be a field. Then only 0 is a zero diwvisor because 0 -a = 0 for
all a € K. FEvery other element x € K \ {0} is not a zero divisor because it is
well-known that

z-yYy=0=2=0Vy=0.

This does not hold in arbitrary rings. Indeed there are rings that have non-trivial
zero divisors.

Example. The commutative ring 7/47Z has 2 as zero divisor because 2 -2 = 0. By
the numbers we mean the modulo equivalence classes of them.

Commutative rings like Z /47 that have non-trivial zero divisors do not allow one
to apply the cancellation law. Indeed, 2-2 = 0-2 holds in Z/4Z, but 2 # 0. Therefore,
we want to separately define commutative rings that allow the cancellation law. At
this point integral domains become important.

Definition 2.9 (integral domain). Let R be a commutative ring. R is called an
integral domain if only 0 is a zero divisor of R.

We already know that every field is an integral domain. But there are integral
domains that are not a field. We just need to consider the following example.

Example. The integers Z together with the common addition and multiplication are
an integral domain because

a-b=0=a=0VvV0b=0.
But the integers are not a field because 2 has no multiplicative inverse.

It still needs to be shown that the cancellation law actually holds in integral
domains.

Lemma 2.4 (cancellation law). Let R be an integral domain. Then for alla,b,c € R
a-b=a-c,a#0=0b=c.
Proof. We use Lemma 2.3 and know that
a-(b+(=c)) =(a-0)+(a-(=c))=(a-b)+(=(a-c)) =0

which implies b — ¢ = 0 because a is not zero and hence no zero divisor. Therefore
b=c. O
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2.1.3 Modules

The concept of modules is analogous to vector spaces. We can say informally that
modules are just vector spaces defined over commutative rings. The reason why this
has an extra name is that many notions known from vector spaces are no longer
well-defined over arbitrary rings. Later on we will see an example of this.

Definition 2.10 (modules). Let R be a commutative ring. We call (M, ®,®)
together with & : M x M — M and ® : R x M — M a module if (M,®) is an
abelian group and for all r,s € R, x,y € M

e ro(xdy)=(ror)d(roy),
e (r+s)0r=(ror)e(sor),
o (r-s)®z=r0O(s©®r)and

e 1Oz =u.

@ is called vector addition (or just addition) and ® scalar multiplication. Again,
we just want to write down M instead of (M, @, ®) sometimes.

We denoted the vector addition by & to distinguish it from the addition in the
commutative ring. Because the difference should be clear now, we denote the vector
addition by +. We also denote ® by - in the following. Most often we leave out
the symbol of the scalar multiplication and just use no symbol. Indeed, we write rz
instead of r - x.

If R is a field in the above definition, then we call a module also a vector space
over R or a R-vector space. It is well-known that every vector space has a basis,
whether a finite one or an infinite one. This is not true about modules in general.
Indeed there are modules that do not have a linearly independent system of vectors
that are generating the whole module. An example will be presented after the next
few definitions.

Definition 2.11 (linear independence). Let M be a R-module and S C M. S is
called linearly independent if for all sq,...,s, € S and Ay, ..., \, € R with n € N the
implication

Z)\jsj:()j)\lz---:)\nzo

Jj=1

applies. Otherwise we call S linearly dependent.

If S is a finite set, we can easily verify that it is enough to show the implication
for all elements of S with n = #S.

Definition 2.12 (generator). Let M be a R-module and S C M. S is called a
generator of M if for every m € M there exist A1, ..., A\, € R and sy, ..., s, € S with

n € N such that .
m = Z /\ij.
j=1

10
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By putting these two notions together, we obtain a basis.

Definition 2.13 (basis). Let M be a R-module and S C M. S is called a basis of
M if S is linearly independent and a generator of M.

In an analogous way we want to define the notions linearly independent, linearly
dependent, generator and basis for a family (s;);cr of elements taken from a module
M. The reason why we are defining the notions over sets and families is that one
option is sometimes more comfortable to use than the other option depending on
the situation.

Example. We said that not every module has a basis. Indeed this is true for the
Z-module Q. (Q, +), whereby + is the common addition on the rational numbers, is
an abelian group and the scalar multiplication defined as the common multiplication
on the rational numbers also satisfies the required module-axioms such that Q is a
Z-module.

Now assume that there exists a basis. FEvery subset of Q with two elements
q1,92 s linearly dependent because qi = ¢ and go = § for some a,b,c,d € Z and
(c-b)- ¢+ (—a-d)-5=0. But a set consisting of one element cannot generate
every rational number because the coefficient is taken from the integers. Hence a
basis cannot exist.

In this case it is not possible to define transformation matrices of endomor-
phisms over those modules that do not have a basis. Transformation matrices will
be discussed in Section 2.3.1. To prepare for this we separately define modules that
actually have a basis.

Definition 2.14 (free modules). Let M be a R-module. M is called free if M has
a basis.

We also want to consider linear mappings defined on modules as they are known
on vector spaces. The most relevant mappings will be those that map elements taken
from a module into the module itself. We will call them module-endomorphisms.

Moreover, Section 2.3.1 will state that every module-homomorphism on free
finite-dimensional modules can be expressed by a transformation matrix. This makes
it possible to prove many of the subsequent assertions over matrices, which is some-
times much easier.

Definition 2.15 (module-homomorphism). Let M and N be R-modules, whereby
the addition is denoted by +,; and +p, the scalar multiplication by -, and -y, and
¢ : M — N be a linear function, that is,

(1) ¢(m +ym') = ¢(m) +n ¢(m') (additive) and
(17) ¢(A -y m) = A-n ¢(m) (homogeneous)
for all m,m’ € M and X\ € R. Then we call ¢ (module-)homomorphism.

e If ¢ is bijective, we also call ¢ (module- Jisomorphism and M and N are called
1somorphic. Then we write down M = N.

11
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e If M = N, wealso call ¢ (module-)endomorphism. If the function is additionally
bijective, we say (module-)automorphism to ¢.

e If ¢ is injective, we also call ¢ (module-)monomorphism.
e If ¢ is surjective, we also call ¢ (module-)epimorphism.

The kernel Ker ¢ of such a module-homomorphism is defined as Ker ¢ := {z €
M | ¢(x) = 0}. Note that 0 denotes the additive identity element of N.

An example concerning module-isomorphisms is contained in the Section 2.3.1
about transformation matrices, where the coordinate mapping is presented. Also
note that = is an equivalence relation because every module is isomorphic to itself
by the identity mapping, every isomorphism has an isomorphism as inverse mapping
and because the composition of isomorphisms is an isomorphism itself.

We know from vector spaces that there is a well-defined dimension. This still
holds for free modules over commutative rings.

The dimension of a free module We are able to assign a well-defined dimension
to every free module. Therefore, we show that every basis of such a free module
has the same cardinality. We need to consider ideals, the existence of a maximum
ideal by using the axiom of choice and after that we use this ideal to construct a
factor ring that is a field [KM17; Paul8]. This helps us to apply the well-definedness
of the dimension of vector spaces and generalize this to modules over commutative
rings [Baz10].

We begin with the definition of ideals. Usually, left and right ideals are considered
separately. But in the case of commutative rings the notions left ideal and right ideal
are the same.

Definition 2.16 (ring ideal). Let R be a commutative ring. Then we call I C R
an ideal of R if

e 0el,
e Vabel:a—bel and
eVaclreR:r-acl.

The first and second criterion are the well-known subgroup properties. That
means, if these are satisfied, we know that (I,+) is a subgroup of the additive
abelian group (R, +). If we would have defined rings without the requirement to
have the multiplicative identity element 1 € R, we could state that every ideal is a
subring of R. But in our case we cannot because 1 is no member of I in general.
Indeed, consider the following example.

Example. 27 together with the common addition and multiplication on the integers
is an ideal of 7. since

e 0=2.0€2Z,

© 220 —2-20=2-(21—2) €27 foralla=2-2,,b=2- 2z € 27Z and

12
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er-2.2=2.-r-z€2% forallr € Z,a=2-z¢€ 2.
But 1 ¢ 27, therefore this ideal is no subring.

If we interpret R as a R-module, every ideal of it forms a submodule. Indeed
we call a subset S C M of a module (M, +,-) a submodule of M if (S,+,-) is a
module by itself.

Next we want to state a fact about the existence of a maximal ideal. It is not
obvious that this is true. Indeed an important condition that this holds is that the
ring has to contain the multiplicative identity element. In our case this is satisfied
anyway since we defined commutative rings like that.

From now on we will call an ideal M # R of a commutative ring R maximal if
only M itself and R are ideals containing M.

Lemma 2.5 (W. Krull). Let R be a commutative ring. Then for every ideal I C R
there exists a maximal ideal M of R that contains I, that is, I C M.

Proof. We consider a set X of all ideals of R that contain I and are unequal to R,
namely, X := {Y C R |Y D I, Y ideal of R}. (X,C) is a partially ordered set.
Now we take an arbitrary chain C of X, that is, a set C' C X such that we have
ACBorBCAforall A, B e C.

By defining D := (J 4. A, we obtain an ideal with I C D. We verify this by the
following three steps.

e 0 is contained in all ideals taken from X, hence 0 certainly is a member of the
union of all these ideals.

e Let a,b € D, then we know that there exist A, B € C' such that a € A,b € B.
Because the chain C is totally ordered, we have A C B or B C A. Without
loss of generality we assume the first case. Then a,b € B and because B is an
ideal, we conclude a —b € B C D.

e Forallr € Rand a € D holds a € A for some A € C and therefore r - a €
ACD.

Moreover, we know that every ideal A in X does not contain 1. Otherwise we could
conclude that -1 € A for all r € R, hence A = R. But this is a contradiction to
the definition of X. So this implies that also D does not contain 1, which means
that D # R, which in turn means D € X.

D is an upper bound of C', which implies that (X, C) is inductively ordered.
Hence, Zorn’s lemma states the existence of a maximal ideal M of R with I C M. [

We can define a multiplication on the factor group in such a way that it becomes
a ring. Moreover, there exists a canonial ring-epimorphism.

Lemma 2.6. Let A be an ideal of a commutative ring R.

(i) The factor group (R/A,+) together with the multiplication
(a+A)-(b+A):=ab+ A

forms a commutative ring.

13
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(it) m:a— a+ A,a € R is a ring-epimorphism from R to R/A with A as kernel.
Proof. The multiplication is well-defined because

a+A=d +Ab+A=b+A
=dr,ycA:d=a+z,b=b+y
=dr,ycA:db —ab=ay+azb+ayc A
=ab+A=ab+ A

applies for all a,d’,b,b’ € R. The ring axioms can be easily verified by using the the
ring properties of R. This implies (7).

Now we consider assertion (7). = is obviously surjective. Moreover, it is a
homomorphism which follows from

ma+b)=(a+b)+A=(a+A)+ (b+A) =n(a)+7(b)

and
m(ab) = ab+ A = (a+ A) - (b+ A) = n(a) - 7(b)

for all a,b € R. Moreover we know for all a € A that m(a) = a + A = A, which
means a € Ker7 since A is the identity element of the factor group R/A. If we
have k € Ker 7w, we know that kK + A = A and due to the fact that A is an ideal, we
conclude k € A. Hence, the kernel of 7 is A and (i7) is proved. O

There is a characterization when such a factor ring is a field. The next lemma
formalizes this, whereby we take its proof from the lecture notes on Paulin’s course
Introduction to Abstract Algebra at the University of California, Berkeley [Paul8|.

Lemma 2.7. Let R be a commutative ring. An ideal M # R is maximal if and only
if R/M ‘s a field.

Proof. We first prove the implication direction “=". Indeed suppose M to be max-
imal. Now let b € R with b ¢ M. The set B:={br+a|r € R,a € M} is an ideal
of R that contains M. Hence B = R (since B # M) and therefore there exist ¢ € R
and d € M such that 1 = bc+ d. This implies 1 + M = (bc +d) + M = bc+ M =
(b+ M)(c+ M). Hence R/M is a field. Note that the case b € M is not important
since this would imply b+ M = M, which is the additive identity element.

To prove the inverse direction assume R/M to be a field and B an ideal that
contains M with M # B. Let b € B with b ¢ M. b+ M is not the additive identity
element M and since R/M is a field there exists a multiplicative inverse ¢+ M with
c€ Rsuchthat 1+ M = (b+ M)(c+ M) = bc+ M. This implies 1 —bc € M C B.
(B,+) is a group, hence 1 = (1 —bc)+bc € B. r=r1 € Bforallr € Rsince 1 € B
and B is an ideal. We obtain B = R and therefore the maximality of M. m

Now we have reached the point at which we are able to prove that every basis of
a free module has the same cardinality. We say that two bases of a module have the
same cardinality if they are both finite and have the same number of elements or if
they are both infinite sets. Note that we do not distinguish between countable and
uncountable infinity. The proof of the following theorem is taken from the lecture
notes on Badzioch’s abstract algebra course at Buffalo University [Baz10].

14
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Theorem 1. Let R be a commutative ring and M a free R-module. Then each two
bases of M have the same cardinality.

Proof. Krull’s Theorem 2.5 states that there exists a maximal ideal I of R and
therefore R/I is a field by the previous lemma. We denote by IM the submodule
of M consisting of all finite sums Y r;a; with r; € I and a; € M. It can be easily
verified that this is actually a module. It is a subgroup since 0 € IM and the
difference of two such sums is again such a sum. Furthermore, the set is closed
under scalar multiplication with scalars taken from R since [ is an ideal. The factor
group M/IM is a R/I-module by defining the scalar multiplication as

(r+1)-(x+IM):=rc+IM

for all r+ 1 € R/I and o + IM € M/IM. We actually well-defined the scalar
multiplication because for all r,' € R and z,2’ € M with r + 1 = r' + I and
x+ IM =2’ + IM holds

re —r't' = —rx+r'(x—2)elM,

which implies
re+IM =1r'2' + IM.

The other module axioms are verified quickly just by applying definitions. Hence
M/IM is a vector space over the field R/I.

Now assume that M has an infinite basis B. In this case we have to show that
any other basis of M is also infinite. Indeed we want to conclude by contradiction
and assume that there exists a finite basis B’ = {V, ..., b),} of M. We can represent
each element of B’ as a linear combination of elements taken from B. Let us say we
need the finite set {by,...,b,} C B to represent every element of B’. Now we take
an element b € B\ {by, ..., b,}. This is possible since B is infinite. We know that we
can represent b as a linear combination with elements from B’ hence also as a linear
combination with elements from {by, ..., b, }. But this is a contradiction to the linear
independence of B. Hence B’ has to be an infinite set.

Now assume that there exists a finite basis S = {b1,...,b,} of M. Then

{by+ IM, ....b, + IM}

is a basis of the vector space M/IM over R/I. Indeed these vectors are linearly

independent since
n

S (N +I) - (bj+IM) =0,

=1

implies
n

> (A +IM) = (Z Ajbj) +IM=0+1M,
j=1

Jj=1

which means Z?Zl Ajb; € I M. Since every element of M is a unique linear combina-
tion of basis vectors, we know that A\; € I hence \;+1 =0+ for all j € {1,...,n}.
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This set of vectors is also a generator of M/IM because for an arbitrary m + I M
we obtain m = 37 | A\;b; for some A; € R. This means

m+IM = <Z Ajbj) +IM =Y (N +1)- (b + IM).
j=1

J=1

We already know that if one basis of M is finite, every other basis of M has to be
finite. Indeed let S” := {¥}, ..., b, } be a finite basis of M. Then we know that also
{b) +IM,...b, + 1M} is a basis of M/IM. But M/IM is a vector space, which
implies m = n. [

This allows us to well-define the dimension of a module.

Definition 2.17 (dimension of a free module). Let R be a commutative ring and
M a free R-module with basis B. If B is a finite set, we define the dimension of M
as

dimR M = #B

and say that M is a finite-dimensional module. If B is an infinite set, we define the
dimension of M as
dimp M = o0

and say that M is an infinite-dimensional module. If the underlying commutative
ring R is clear, we just write dim M instead of dimg M sometimes.

2.2 Field of fractions of an integral domain

We cannot transfer all notions known from vector spaces to modules. For example,
the rank of a matrix over a commutative ring is no longer well-defined, even if
we define it over integral domains. To sustain many of these notions, we need to
naturally extend an integral domain to a field, the so-called field of fractions.

Before we define it, we first remember a well-known example, which demonstrates
the concept of the field of fractions.

Example. We take a look at how the rational numbers are constructed out of the
integers. We know that

Q:={(a,b) | a,be Z,b> 0}/ ~
with the equivalence relation
(a,b) ~ (¢,d) = ad = bc.
7 1s embedded into Q by the injective mapping
¢:Z—=Q, ¢(2) = (2 1)]~,

that is, we can identify z € Z with [(z,1)]~ € Q and can informally write down
Z C Q. The natural operations + and - on Q are defined for (a,b), (c,d) € Q as

[(a,b)]~ + [(¢,d)]~ := [(ad + bc, bd)]~

16
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and
[(aa b)]N ’ [(07 d)]N = [(CLC, bd)]N
Hence, we constructed the field Q out of the integral domain Z.

Now we are going to extend this construction to arbitrary integral domains.
Bosch [Bos13| presents a straightforward approach to do this.

Definition 2.18 (field of fractions). Let R be an integral domain. Then we define
the field of fractions Frac(R) of R by

Frac(R) := S/ ~,
with S :={(a,b) |a € R,be R\ {0}} and ~ C S x S with
(a,b) ~ (¢,d) = ad = bc.
Moreover, we define the addition @& and multiplication ® on Frac(R) by
[(a,0)]~ @ [(¢,d)]~ = [(ad + b, bd)]

and
[(a,0)]~ @ [(c,d)]~ := [(ac, bd)]..

In the following we will denote the equivalence class [(a,b)]. by the fraction
symbol ¢. Then the definition of the addition and multiplication over the field of

fractions look like

g@gzad—i—bc and g@g_ac

b d bd b~ d bd
Because ¢ and ® act like the common addition and multiplication of fractions, we
will use the symbols + and - from now on.

It remains to verify that this definition actually makes sense. It is not clear that
~ is an equivalence relation, @ and ® are well-defined and Frac(R) is a field that
embeds the integral domain R. Moreover, we need to clarify the neutral element
and the inverse of an arbitrary member of the field of fractions.

Lemma 2.8. ~ is an equivalence relation on R.

Proof. We conclude by verifying symmetry, reflexivity and transitivity. Indeed, let

(a,b),(c,d), (e, f) €S.

e From (a,b) ~ (c,d) follows by definition ad = be. Therefore cb = da and again
by definition (¢, d) ~ (a,b).

e From ab = ba follows immediately (a,b) ~ (a,b).

e Assume (a,b) ~ (¢,d) and (¢,d) ~ (e, f). Then ad = bc and ¢f = de. We can
multiply the first equation by f from the right side, and the second equation
by b from the left side. We obtain adf = bef and bef = bde. Thus, adf = bde,
which is equivalent to afd = bed. Since the cancellation law holds in integral
domains, we get the equation af = be, which means (a, b) ~ (e, f).

17
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Therefore, the lemma applies. n

Lemma 2.9. Let R be an integral domain. Then the field of fractions Frac(R) of R
is a field together with addition + and multiplication - defined as above. Moreover,
E: R — Frac(R) defined as E(r) := § is a ring-monomorphism. That is, we obtain
an injective embedding of R in Frac(R) such that E(0),E(1) are the identity elements
in Frac(R), E(—r) is the additive inverse, E(r~') is the multiplicative inverse of E(r)
and E satisfies E(r + ') = E(r) + E(r") and E(rr’) = E(r) - E(r').

Proof. At first we show that the addition 4+ and the multiplication - are well-defined
over the field of fractions. We need to show that the value of each operation does
not depend on the representatives of the equivalence classes. Therefore, assume

(a,b), (a', V), (c,d), (¢,d) € S with ¢ =% and £ = < (x). We have

o

B ad+bc_a’d’+b’c’ o d c

_|_

- va v @

QIO

a
b

because (ad+bc)b'd = adb'd'+beb'd = ab'dd'+cd' bl © b’ dd' +deby = bd(a'd'+b'c).
We also obtain
c _ac ad d ¢

a ac
b d bd Vd Y d
by (ac)(b/d’) = (ab’)(cd’) © (ba')(dc') = (bd)(a'd).
We proceed by showing that the field of fractions is actually a field. (Frac(R), +)
is an abelian group because

e Forall ¢, ¢ € Frac(R) holds %t € Frac(R) since ad+bc € R and bd € R\{0}.

e Arbitrary € Frac(R) fulfill

a c e
b d f

a ¢ e (ad+bc)f+ (bd)e a(df)+blcf+de) a c e
Gra) 5 =y - W ( )

and
a ¢ ad+be cb—i—da_c a

b T dT  bd b d v

because R is a commutative ring, which means that addition and multiplication
are associative and commutative.

e U is the identity element of Frac(R). Indeed, for all ¢ € Frac(R)

al—i—bO_g
b1 b

a+0_
b 1

e Let ¢ € Frac(R). The additive inverse of this element is 5* because

a —a ab+b(—a) ab+(—a)b ab+(—ab) 0 0

b T M b w1

whereby the rightmost equality follows from 0-1 = 0 = (b0)0. Hence —¢ = 3%,

18
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Also (Frac(R) \ {0},-) is an abelian group. (Note that 0 is the additive identity
element % now.) This is verified as follows:
e Forall ¢, ¢ € Frac(R)\ {0} holds 2 # 0 (= 9) because a, b # 0 implies ab # 0
since an integral domain has no zero divisors. Together with ab,cd € R\ {0}
follows % € Frac(R) \ {0}.

e Arbitrary §, g, § € Frac(R) fulfill

(2.5)- 5= (ac)e _ alce) _a (c e
b d) T d)f s v \df)
whereby we used the associativity that holds in the integral domain R. Also

the commutativity directly transfers from the commutativity in the integral
domain. Indeed, we have

C ac ca C

a.c c.¢
b d bd db d b
e The identity element is % because for all § € Frac(R) holds

a 1 al a
b 1 bl b
e The inverse of ¢ € Frac(R) \ {0} is 2 because

ab_ab_l

ba ab 1

b
a

Moreover the multiplication is distributive over the addition since

a (c e) _ a(cf +de) alcf)+a(de) bla(cf)+ a(de))
b

dTF)T A T ey b))
_ (ac)(bf) + (bd)(ae) _ <g , g) N (g _ g)
(bd)(b]) b ) T\b T
for arbitrary ¢, 5, 7 € Frac(R). Therefore (Frac(R),+,-) is a field. It still needs to

be shown that E is a ring-monomorphism. Indeed E is additive and multiplicative,
which follows from

/ 1 1 / /
Er+r)="TL - T L R +E()
1 1 1 1
and ) )
rr’or
E / = —_— = = ¢ — = . E /
() =" = T T = () E()
for all r,7" € R. E maps the multiplicative identity element 1 of R to the mul-
tiplicative identity element 1 of Frac(R). Moreover from I = TT/ follows r = r’

by the definition of the equivalence relation ~ and therefore E is injective. The
other properties stated in the lemma are trivial since they hold for arbitrary ring-
homomorphisms. But we prove them anyway to get a better understanding: The
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identity elements 0 and 1 in R are exactly mapped to the identity elements in
Frac(R). Moreover, if r has the additive inverse —r, then £+ =" =9 Alsoif r € R

has the multiplicative inverse r~!, we know that r~—! = 1, hence %% = % Because
Frac(R) is a field, we know that the inverse elements are unique. Thus, 5* = —%
and 7 =1 = (5) -

In the following, we will call E the embedding of R in Frac(R).

2.3 Basics of matrices and homomorphisms

This section is made to give an introduction to basic concepts concerning matrices.
For instance, we will get to know what transformation matrices and minimal poly-
nomials are. Meanwhile, we also prove the famous Cayley-Hamilton theorem. These
notions and statements are fundamental and necessary for the subsequent content.

We denote by I, the n xn identity matrix having the entries on the main diagonal
equal to 1 and the other entries equal to 0. By O,,«, we mean the m X n matrix
having all entries zero.

Let R be a commutative ring and A € R™*". Then we define the kernel
Ker A of A by KerA := {# € R" | Axr = 0}. The image Im A of A is defined
by ImA = {y € R™ | 3x € R" : Az = y}. If R is a field, the rank of a
matrix is well-defined and we denote it by rank A. Also remember the well-known
inequality about the rank: Let K be a field, A € K™" and B € K™ k. Then
rank(AB) < min{rank A, rank B}.

Now let K be a field and A = (a; j)1<ij<n € K™*". We define the characteristic
polynomial P4 of A by P4(t) := det(A — tL,) € K[t]. Moreover we define

a1 ai j—1 0 a1 j+1 a1n
Qi—11 * Qi—1,5-1 0 Ai—15+1 *°° Ai—1n
Air11  Gip1-1 0 QGiyij41 0 Gigin

Qp,1 e Qp,j—1 0 Qp j+1 e Qpon

and
CLZ? = det A]Z

Then the complementary matrix A% of A is defined by
A# = (G/Z;:)lgl,jgn c K’I’LXn'

We will need the following result [Fis13] in the proof of the Cayley-Hamilton theorem:
Let A € K™ and A% the complementary matriz of A. Then

A*A = AA* = (det A)L,.
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Proof. Let 1,5 € {1,...,n}. Then we have

n n
# _
g aikakj—g ay; det Ay,
k=1 k=1
n
= E agjdet (a1, ..., a;_1, €, Qit1, ..., Qp)
k=1

n
:det(al,...,ai,l,g Apoj€hy Qit1s oy O
k=1

= det (al, vy Ai—1, Ay Ajg 1y -ey an)

= 61']‘ det A,

whereby 6;; is the Kronecker delta (equals 1 if i = j and equals 0 if ¢ # j). Hence

A*A = (Z af,iakj> = (05 det A)1<ij<n = (det A)L,.
1<i,j<n

k=1

AA# = (det A)I, is proved in an analogous way. m
We need one last definition before we consider transformation matrices.

Definition 2.19 (similar matrices). Let R be a commutative ring and A, B € R™*™.
A and B are called similar if there exists an invertible matrix I' € R™*" such that
A=T"'BT.

At the first glance, it may seem unclear, why the matrices should be “similar” if
such an invertible matrix exists. But it will turn out that we can consider a matrix to
be a linear mapping over modules and vice versa. Then similarity of matrices means
that the matrices belong to the same linear mapping with respect to a different
basis.

2.3.1 Transformation matrices

As we have already said, we want to translate endomorphisms over modules into
matrices such that we can determine function values by matrix multiplication. We
want to do this for arbitrary free finite-dimensional modules over a commutative
ring. The problem is that the underlying free R-module of the endomorphism can
have an arbitrary structure. Therefore, we need an isomorphic projection to the
module R¥"™M_ Then we are able to define a so-called transformation matriz that
acts on this isomorphic module.

To find such an isomorphism to RY¥™M for every module M we need the coor-
dinate mapping. We proceed like Lang [Lan04], whereby we also use some proofs
from [Fis13] and generalize them to commutative rings. In the following, R denotes
a commutative ring.
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Definition 2.20. Let M be a free finite-dimensional R-module with n := dim M
and B = (by,...,b,) be a basis of M. Then we define the coordinate mapping Qp :
M — R"™ of M with basis B for all x € M by

(€51

Qp(x)=| : :<:>:L':Zajbj.
j=1

Qn

That is, {2 maps every element z to its coordinates with respect to the basis B.
We can imagine the basis vectors to be coordinate axes and now every element x is
assigned a position in that coordinate system. The module has the same structure
as this coordinate system. Indeed, the following lemma formalizes this.

Lemma 2.10. The coordinate mapping Qg is an isomorphism. In particular, M
and RY™M qre isomorphic modules.

Proof. We have to show that Qp is a homomorphism (%) and bijective (#). Let
z,y € M and N\, o, ..., an, Br, ., B € R with @ = 377 ajby and y = D77 B;b;.
Then

n

T + )\y = Zozjbj + )\Zﬁjb] = Z(O&j + )\ﬁj)bj,
j=1 j=1

j=1
hence
a1 + A5y o1 Bi
Qplr+ \y) = : = [ +A] | =)+ 22(>1),
an + Aﬁn an Bn

which implies (x). Now we show that the coordinate mapping is injective by verifying

Ker Qp = {0}. Indeed, Q5(0) =0 =0 € Ker Qp and

UGKerQBéQB(U):O:>U:ZO~bj:0.

=1

The surjectivity is obtained as follows: For arbitrary y = (yi,...,y,)’ € R", we
know that x := Y77, y;b; € M and Qg(x) = y. Hence (#) follows. So Qp is an
isomorphism on M and R¥™M and these two modules are isomorphic. O

Note that we can use the inverse mapping Q5" from now on.

Definition 2.21 (transformation matrix). Let M, N be free finite-dimensional R-
modules of dimension m and n. Further, let B = (by,...,b,) be a basis of M, C =
(¢1,...,¢n) be abasis of N and ¢ : M — N be a homomorphism. The transformation
matriz Mp (@) of ¢ is defined by

Mp o(0) = (Qc(d(b1)), -, Qe (D(bm)))-

We can use this transformation matrix in the following way:.
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Lemma 2.11. Let M, N be free finite-dimensional R-modules of dimension m and
n. Further, let B = (by,...,by) be a basis of M, C = (¢4, ..., ¢,) be a basis of N and
¢: M — N be a homomorphism. Then

¢x) = Q5" (Mp,c(6)Q5())
for arbitrary x € M .

Proof. Assume x = 7" a;b;. Then

o(r) = ¢ (Z %"%‘)

— f: a;o(b;) — ¢ linear

j=1
- 3 w9 ettt

=
—oi (3 ajﬂc(Qﬁ(bj))) — Q2! lincar

j=1

— Q7 i;%MB C(gﬁ)ejm)) — Qc(¢(by)) j-th column of Mg ()
= Qal Mp.c(¢) i": ozje]m)>

— OZ! (M, (6)2a(2)).

At this point we want to consider two examples.

Example. Let K be a field and A = (aq, ...,a,) € K™". If we define ¢ : K" — K"
by ¢(x) := Az, we immediately know that ¢ is linear. We determine the trans-

formation matrix with respect to the canonial basis B = {e§"), o 67(1”)}. Indeed we
have

Mp.5(¢) = (o)), .., (o))
= (a1, ..., an)

= A.

The next example is more concrete.

Example. We define ¢ : R? — R by ¢ (<;)> = 3z + 2y. Indeed this mapping is

linear since
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. ¢((‘§) + (Z:)) - qb((zij)) =3z +2) + 2y +y) = 3z +2y) +
()10
)

- ()\ (gy“")) 3(Az) 4+ 2(\y) = M3z + 2y) = A

/
for all (;7) , (;j’) € R? and A € R. We take B := {(;) ( )} as basis of R?
and {2} as the basis of R. Then

o= (95 (¢((2))) -2 (+((0))))

= (Q2(7), 2(9))
= (3.5, 4.5).

So let us check if the transformation matriz works as we want. For example,

¢ ((Z)) =648 = 14. Now we calculate the value by our transformation matriz:

s (2) =2 (2) 0+ (2), e
()5 (s ()
o (49 )

=0 (7)
— 14,

So our transformation matriz seems to be correct.

We are also able to translate a concatenation of homomorphisms into multipli-
cation of the corresponding transformation matrices.

Lemma 2.12. Let M, N, P be free finite-dimensional R-modules of dimension m,
n and p. Further, let A = (ay, ..., ay,) be a basis of M, B = (b, ..., b,) be a basis of
N, C = (c1,...,¢p) be a basis of P and ¢ : M — N, 1 : N — P homomorphisms.
Then

Mac(pod) = Mpc(¥)  Map(¢).

Proof. The assertion follows from

Mpc(¥) - Ma p(¢)

= Mpc() - (2p(o(ar)), ... Ae(d(am))) — by Definition 2.21
= (Mp,c(¥)Qp(¢(a1)), ..., Mpo(¥)Qp(d(am)))

= (Qc(W(¢(ar))), ... Qe (d(an)))) — by Lemma 2.11
= (Qc((¥ 0 d)(a1)), ..., Qc((¥ 0 ¢)(an)))

= Mac(o o). — by Definition 2.21
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Now we consider the special case of endomorphisms. Then the transformation
matrices are square matrices. The following lemma claims that bijectivity on en-
domorphisms transfers to invertibility on matrices. That means, we translate auto-
morphisms to invertible matrices.

Lemma 2.13. Let M be a free finite-dimensional R-module with bases B = (by, ..., by,)
and B" = (b}, ..., b)) and let ¢ : M — M be an automorphism. Then Mg p/(¢) is an
invertible matriz and Mp p(¢)™" = Mp g(¢™).

Proof. We have

Mp p(¢) - Mp p(¢~")

= (Mp.p/($)Q25(0~ (1)), ..., Mp p (0)Qp(d 1 (V)))) — by Definition 2.21
= Q6 B)), o (671 (BL)))) by Lemma 2.11

= Qs (), ..., s (0;,))

= (65”), el — by Definition 2.20
=1

n

and in an analogous way MBI,B(¢_1) - Mg p/(¢) =1, hence

Mpp/(¢)~' = Mp p(6™").
Il

The next lemma states why the definition of similarity actually makes sense.

Lemma 2.14. Let M be a free finite-dimensional R-module with bases B = (b, ..., by,)
and B" = (b},...,0),) and let ¢ : M — M be an endomorphism. Then Mp g(¢) and
Mp p(¢) are similar matrices.

Proof. We have to prove that there exists an invertible I' € R"*" such that Mp g(¢) =
FilMBCBI(Qﬁ)F. Define
L= Qp(b),....,25(b)),

that is, I' is the transformation matrix Mp g (Idss). Because Id,, is bijective, hence
an automorphism, we can apply Lemma 2.13, which states that I is invertible. Thus,
I'~! exists. It remains to show that I' satisfies the desired equation. Indeed,

I Mpr p/(¢)T = Mp p(Idp) " Mpr pr(¢) Mp p(Iday)

= Mp 5(1dy) ) Mp 5 () Mp 5 (Idar) — by Lemma 2.13
= Mp p(Idy)Mp 5/(¢) Mp 5 (1dar)

= Mp p(Idy o poldy) — by Lemma 2.12
= Mp ().
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2.3.2 Minimal polynomials

The minimal polynomial only exists for matrices with entries taken from a field. If
the entries are taken from a commutative ring, and even from an integral domain,
we can no longer state the existence and uniqueness of the minimal polynomial.
Indeed, the reason for this is that the set of polynomials with coefficients taken from
an integral domain is not a principal ideal domain in general. Hence, the ideal that
we will define in Definition 2.22 maybe has no generator. But for us it is enough
to consider the following for matrices over fields. Indeed we take the approach of
Fischer’s linear algebra book [Fis13]. Let K be a field throughout the whole section.

We denote by K[t] the set of all polynomials with coefficients in K. Now we
need polynomials that act on matrices. This is done by taking a polynomial P €
K[t] of degree m with P(t) = a,,t™ + ...apt° for ag,...,a,, € K. Then we define
P: K™ — K™ with P(M) == apm M™ + ...agM°, whereby M° :=1T,,. Because P
does the same with the only difference that it acts on matrices, we identify P with
P and use the same symbol P for both functions.

As we already said, the minimal polynomial is the generator of an ideal, in fact
of the following set.

Definition 2.22. Let M € K™*". Then
Iy :={P e KJ[t] | P(M) =0}
defines the set of all polynomials that map M to zero.

It is clear that this set is actually an ideal. Indeed, the constant zero mapping
is a member of this ideal and if we have P, P" € Iy, then (P — P')(M) = 0, hence
P — P € M. So I, is an additive subgroup of the group of all polynomials with
coefficients in K. Also, if we take any @ € K[t], then we know that (Q - P)(M) =
Q(M) - P(M) = Q(M) -0 = 0.

That the generator of this ideal actually exists is verified by the subsequent
lemma.

Lemma 2.15. Let M € K™". There exists a unique P € Iy, such that
(i) P is monic, that is, P(\) = A" + ..., and
(1i) for every Q € Iy exists R € K[t] with Q = R - P.

Before we are able to prove this, we need two preliminary statements: a fun-
damental statement about the division of polynomials and the well-known Cayley-
Hamilton theorem. We denote the degree of a polynomial f by deg(f).

Proposition 2.1. Let f,g € K[t] with g # 0. Then there exist unique q,r € K|[t]
such that

f =q-g+r,
whereby deg(r) < deg(g).

We do not want to prove this in detail. The assertion should be intuitively clear.
A detailed proof can be found in Fischer’s linear algebra book [Fis13].
Also the proof of the following proposition is taken from this book.

26



2.3 Basics of matrices and homomorphisms 2 PRELIMINARIES

Proposition 2.2 (Cayley-Hamilton theorem). Let A € K™*™ and P4 € K]|t] be the
characteristic polynomial of A. Then

Pi(A) = Opxn.
Proof. At first we define
B(t) := (A —1tL,)" € K[t]™*"

which is a matrix with entries that are polynomials with coefficients in K. More pre-
cise, the entries on the main diagonal are polynomials, all other entries are elements
of K. It is the case that

det B(t) = Pa(t) € Kt]

by the definition of the characteristic polynomial. Now we apply the polynomials
that are the entries of B(t) on the matrix A. That means

a L, — A an I, te an1l,
a2, axpl, —A --- anolly,
BA)=| = ’ e K[A™™,
alnﬂn a2n1[n T ann]ln - A

We are able to multiply B(A) by n x 1 matrices with entries that are matrices having
n rows. Therefore we can multiply B(A) by (e;){<;<,. Indeed we obtain

€1 ai1e; — A61 + ag1€9 + ... + Ap1€n 0
BA | | = : =

€n A1n€1 + Aon€2 + ... + apnen — Ae, 0
We take the complementary matrix B#(t) of B(t) and know that
B#(t)B(t) = det B(t)I,, = Pa(t)L,.
Therefore

Pa(A) 0 el Py(A)ey 0

0 PA(A> €n PA<A)€n 0

So P4(A)e; = 0 for all j € {1,...,n}, which means that all columns of P4(A) are
zero columns. Hence P4(A) = Q,xr. O

Proof of Lemma 2.15. Let d := min{r € N | 3P € Iy : P # 0,deg(P) = r}.
This minimum exists because the set is bounded below and is not empty since the
Cayley-Hamilton theorem holds. Now we choose a monic P € I, with deg(P) = d.
It exists because we can choose P € Iy with deg(P) = d by the definition of
d and divide it by its leading coefficient. Moreover there exist R,T € K|[t] with
deg(T") < deg(P) = d by Proposition 2.1 such that

Q=R-P+T
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for arbitrary Q) € Iy;. If T'= 0, we are done. Otherwise

implies T" € I, which is a contradiction to the minimality of d. Thus, it is always
T =0.

Only the uniqueness of P remains to show. So assume another P’ € I); with
P’ # P satisfying (i) and (ii) of Lemma 2.15. We know that deg(P’) > d = deg(P).
If deg(P) < deg(P’) we get a contradiction to (7i) because there exist unique R, T €
K|[t] with deg(T) < deg(P’), such that P = R- P ' + T, and P = 0- P' + P.
Hence, there cannot exist R € K|[t] such that P = R- P’ 4+ 0. In the other case
deg(P’) = deg(P), we know that the leading terms of P and P’ are equal because
they are monic polynomials. Hence 1 < deg(P — P') <d—1and (P—P')(M) =0,
which is a contradiction to the minimality of d. O

Definition 2.23 (minimal polynomial). The P in Lemma 2.15 is called the minimal
polynomial of M.

It is easy to see that the minimal polynomial of a matrix is the polynomial with
minimal degree such that it maps the matrix to zero. Indeed, this is a result of
Lemma 2.15’s proof, where d is chosen as the minimum. Moreover, the minimal
polynomial is unique.

There is a useful result based on the form of the minimal polynomial depending
on the invertibility of the underlying matrix [Stil8].

Lemma 2.16. Let M € K™" and P(\) = A™ + @, 1 N1+ ...+ ap\Y the minimal
polynomial of M. Then
M invertible < ag # 0.

Proof. We prove both directions.

“=" Let M be invertible. Then the assumption
M™+ ..+ alM - @an

leads to
MY M™ 4+ ...+ aM) =OQpupp =M™+ .+ ail,,

whereby the degree of the rightmost polynomial is m — 1. This is a contradic-
tion to the minimal degree of P. Therefore we know that

M:=M"+ .. +aM # Opxn.

Because 5
P(M) =M + aol,, = ©n><n>
ap cannot be zero.

“<” Now assume ag # 0. By defining

1 _ Qyy—1 _
M = ——pMmt - gy - 2,
Qo Qg Qg
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we obtain
1
MM = M(——Mm"' — .~ D)
Qo Qag
_ Ly _ay
ao ao
1
=(——)(M™+ ... +a M)
ao

hence M~ = M'.
L]

If two matrices are transformation matrices of the same homomorphism, that is,
the matrices are similar, they have the same minimal polynomial [Sti18].

Lemma 2.17. Let A, B € K™ be similar matrices. Then A and B have the same
manimal polynomial.

Proof. Let P(A\) = a, A" +...4+aol,, be the minimal polynomial of A and I' € GL,,(K)
such that B = TATl'"!. Then

P(B) = P(TAT™1)
= a,(TAT ™" + ... + qql,
=a, DA T + ... +aol,
=T(anA™ + ... + aol,)T*
=TPAI
= Opxn-

The degree of P is minimal because if there would be P’ with P'(B) = O, «, having
degree less than n, P'(A) would be also the zero matrix, hence this leads to a
contradiction. ]

Therefore, we would be also able to define the minimal polynomial of an endo-
morphism on vector spaces. But this is not necessary in our case.
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3 Long products of matrices

At the end of this chapter, we will prove that there exists a subproduct in every
long-enough product of matrices, which is pseudo-regular. This requires a lot of
preliminary work like statements about pseudo-regular matrices, the tensor product
and the exterior product. Reutenauer [Reu80] already proved this for matrices over
fields. We want to generalize this result to integral domains. At first glance this
may seem not trivial because we cannot keep the definition of pseudo-regularity from
[Reu80]. The reason for this is that many notions, occurring in this definition, are not
well-defined for matrices with entries taken from an integral domain anymore. For
example, the minimal polynomial maybe does not exist or is not unique. Moreover
the rank of a matrix is not well-defined anymore.

Therefore, we take another approach and first state the result over fields. After
that we use this in combination with the field of fractions to generalize the result to
integral domains. This is done in the last section of this chapter. But first we begin
with considerations over fields. So let K be a field in the following.

3.1 Pseudo-regular matrices

For the moment we define pseudo-regular matrices like Reutenauer [Reu80] did.
Before that we prove the equivalence of five statements. Then we are able to define
a pseudo-regular matrix by any of these statements.

Proposition 3.1. Let A € K™*". The following statements are equivalent.

(i) A belongs to a subgroup contained in the multiplicative monoid of K™™.
(i) There exist B,C € K™ with rank(B) = rank(BCB) such that A = CB.
(11i) The kernel and the range of A are complementary subspaces of K"*".
(iv) \? does not divide the minimal polynomial P(\) of A.

(v) A is the null-matriz, an invertible matriz or similar to a matriz of the form
A .0
: . | with A" € GLy(K) and 0 < n’ < n.
0 --- 0

Proof. The following implications prove the thesis.

“(i) = (i1)”: Because A belongs to a subgroup contained in K™*", there exists an
inverse A~! of A such that AA~! =1,,. By defining C' :=1,, and B := A, we obtain

A=1,A=CB.

Moreover we can state

" (#) (#)
rank(B) © rank (AL, AA™") < rank(Al,A) = rank(BCB) < rank(B)
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Indeed, (*) follows from A = AI,AA™! and (#) from the well-known inequality
rank(XY) < min{rank X, rank Y'}. Thus,

rank(B) = rank(BCB).

“(ii) = (4i1)”: Let B,C € K™™ such that A = C'B and rank(B) = rank(BCB).
We apply the Rank-nullity theorem and know that dim Ker B = dim Ker(BCB).
Together with Ker B C Ker(BCB) follows the equality of the kernels, namely,
Ker B = Ker(BCB). Furthermore,

Ker(B) C Ker(CB) = Ker(A) C Ker(BA) = Ker(BCB) C Ker(B)

applies, hence all these kernels are equal. Now we want to show that Ker(A) N
Im(A) = {Opx1}. So let x € Ker(A) NIm(A). Since z is a member of the image of
A, there exists y € K" such that Ay = x. Then we also have BAy = Bx = O,
since x is a member of Ker(A) = Ker(B). Hence we obtain y € Ker(BA) = Ker A,
which means x = Ay = O,,«;. Thus, we conclude that A’s image and kernel only
contain the zero vector hence are complementary subspaces.

“(iit) = (v)": If Ker(A) = {Oynx1}, A is invertible. In case Im(A) = {Oyx1},
A equals @,,,. Otherwise we define an endomorphism ® : Im(A) — Im(A) with
®(v) := Av. Further, let B := (by,bs,...,by) be a basis of Im(A), whereby n/ :=
dim(Im(A)) and 0 < n’ < n. A, defined as the transformation matrix MRB(&)), is

an invertible matrix because

Ker(®) = Ker(A) NTm(A) = {O,x1 }

implies that d is an automorphism and we can apply Lemma 2.13.

Now let ® be an endomorphism on K™ defined by ®(v) := Av. Further, let
(b1, b, ..., by) abasis of Ker(A) with m := dim Ker(A). Because Im(A) and Ker(A)
are complementary subspaces, m = n —n’ and we can construct a basis B :=

(b1, ..., by, by, ... by) for K™. We obtain the transformation matrix

Mpp(®) = (2p(2(0)), ., 2p(®(bn)), 2p(D(01)), - .., Lp(® (b))

_ ((Q%()@(El)))? L (Qgg(gn/))), @nxm)
_ <Mé,ég)l @n’xm> .
Omxn Omxm

A ®n’Xm A
B (@mxn’ (O)mxm) =4

From the definition of ® follows that also A is a transformation matrix of ¢ (with
the canonial basis). Hence, we can apply Lemma 2.14, which states the similarity

of Aand A.

“(v) = ()" (v) allows the following case distinction: If A = Q,,x,,, the minimal
polynomial of A is P(A) = X\. A\? does not divide it. If A is invertible, the minimal
polynomial P of A satisfies P(0) # 0 by Lemma 2.16. Therefore, when we divide
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P()\) by A2, we do not get a polynomial. In the remaining case, let A’ € GL,/(K) be

. .. A A Oy
a matrix such that A is similar to A := nxm
@mxn’ @mxm

m :=n —n', and @ be the minimal polynomial of A". Then P(A) := AQ(A) is the
minimal polynomial of A. We can verify this as follows:

) for 0 < n’ < n, whereby

e P is a polynomial with degree ¢ + 1, whereby ¢ is the degree of Q).

/ / 1\ , ,
A @n’xm) (Q(A) @n/xm> @ );(D)n " Opxn with

mxn/ @mxm @mxn’ aOHm

PU) = dQi) = (
Q(0) = ag # 0.

e The degree of P is minimal. To verify this, assume the opposite: There exists
a monic polynomial S such that the degree of S is smaller than the degree

of P and S(A) = Q.. If the degree of S is also less than the degree of @,
we get a contradiction to the minimality of the degree of () because S (A) =
Opxrn implies S(A") = Oy Otherwise the degree of S equals the degree
of (). Therefore S must be the same polynomial as ) because the minimal
polynomial is unique by Lemma 2.15. This is a contradiction because from

Q(0) # 0 follows that () cannot be the minimal polynomial of a singular matrix
like A.

Lemma 2.17 states that similar matrices have the same minimal polynomial. Hence
P is also the minimal polynomial of A. With ay,...,a, € K and Q(\) = Y7 a;\*
we can state

q
P(N) =) a;N!
=0

q q
= AP =D a XN T =AY
=0 =1

So A% does not divide the minimal polynomial of A due to g # 0.

“(iv) = (v)”: Let P be the minimal polynomial of A satisfying (iv). Let us first
consider the trivial cases. If P is the identity, A is the null matrix. In the other case
P(0) # 0, we know by Lemma 2.16 that A is invertible.

Now we look at the non-trivial case: From P(0) = 0 follows that there exists a
polynomial @ of the form Q(\) = Y 7" oy A" with P(A) = AQ(A) and Q(0) # 0
(otherwise A? would divide P())). We can state

K" = Ker(A) & Ker(Q(A)).

This is a result of:
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o Ker(A) NKer(Q(A)) = {Oyx1} because

v € Ker(A) NKer(Q(A))
= Av = 0,1 A Q(A)v = Oy

:©n><1
—
m m
= (Z aﬁl‘) v = apll,,v + Z o, A'v = 0,51
i=0 i=1

= apll,v = agv = 0,1

ozg()v = @nxl-

e The linear independence of the basis vectors of Ker(A) and Ker(Q(A)) is an
implication of this. Thus, we only need to prove that

dim Ker(Q(A)) = dimIm(A)

since the Rank-nullity theorem holds. Indeed the inequality dim Ker(Q(A)) <
dimIm(A) is trivial because the dimension of two complementary subspaces
cannot be greater than n. The inverse inequality dim Im(A) < dim Ker(Q(A))
follows from Im(A) C Ker(Q(A)), which in turn is a result of

v e Im(A)

= Jwe K": Aw =

= Q(A)v = Q(A)Aw = P(A)w = Opxpw = Oy

= v € Ker(Q(A)).

Finally, by change of basis (like we did in (4i7) = (v)), we obtain the similarity of

A .0
A and a matrix of the form | : oo
0 --- 0
“(v) = (i)": If A is the null matrix, we know that
A€ {Onxn},

whereby (Q,,xn, ) is a group. @, is self-inverse and is the neutral element.
In case A is invertible, we can state

AeGL,(K),

which is a group.
In the remaining case let m :=n —n’ and A is a member of the group

Al ©n’ Xm

@m xn' @m Xm
]In’ @n’ Xm
@m xn/ @m Xm

A, @n’xm . (A/)_l @n’xm
<©m><n’ ©m><m> ® <@m><n’ ©m><m) -
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Definition 3.1 (Pseudo-regular matrix). A matrix A € K"*" is called pseudo-
reqular if A satisfies one condition of Proposition 3.1.

Condition (v) explains well why the term ’pseudo-regular’ actually makes sense
and is an approximation of invertibility. Indeed we want to take a look at a matrix
that is pseudo-regular.

We can see that we would

w O ot

1 0
Example. We consider the matriz A := [0 0
20

obtain a matriz having all entries zero in the last row and column if we would
exchange the second and third row and after that the second and third column or vice

1 00
versa. We know that this can be done by multiplying the matriz by I' .= [0 0 1
010
from the left and from the right. Luckily I" is self-inverse, therefore
1 50
rart=1{2 3 o| =D,
000

which means that A is pseudo-reqular by condition (v). Also the other conditions
are satisfied: (i) is clear by the proof of Proposition 3.1. (it) is true by choosing
C=T"1=T and B = DT because A = CB and rank(BCB) = rank(DI'TDT") =
rank(DDI') = 2 = rank(DI') = rank B. Condition (iii) holds: Let z,y,z € R, then

1 0 5 x 0
0 00 Yyl =10 2x+52=0 AN 22+4+32=0,
2 0 3 z 0

which is satisfied if and only if t =0 =z and y € R. Hence

0
Ker A = yllyelR
0
Moreover
1 0 5 T T+ 5z
000 y | = 0 ,
2 0 3 z 2x + 3z
hence
1 5
ImA=<2-|0]+y-|0]|z,yeR
2 3

So the only vector that is a member of the image and the kernel of A is the zero
vector. Hence the kernel and the image of A are complementary subspaces. (iv) is
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also true: We first determine the characteristic polynomial of A, namely,

A—1 0 )
det(Al3 — A) = det 0O X 0
2 0 A=-3

— M(A=1)(A—3) — 10)
= A\ — 2+ VI1))(A - (2 - V11)).

We know that the minimal polynomial must be a factor of this polynomial. The
factor of smallest degree that maps A to zero is

P(M) = (M — I3)(M — 31I3) — 10Is = M* —4M — 7TM°,

whereby the polynomial now acts on matrices. P is the minimal polynomial and does
obviously not divide M?. Hence A satisfies all conditions in Proposition 3.1.

Another interesting fact is that every symmetric n x n matrix is pseudo-regular
since it has n real eigenvalues and can be diagonalized with these eigenvalues on the
diagonal.

3.2 Factors of a matrix-product

We need to specify, what a factor of a matrix-product is. For the sake of simplicity,
we think of a matrix-product as a family of matrices.

Definition 3.2 (Factor of a matrix-family). Let n, N € N, Ay, ..., Ay € K™ and
P := (Ar)i<k<n. Then F is called a factor of P if there exists j € {1,..., N}
such that F' = (By)i<k<; and for all 1 < k < j there exists b, € {1,..., N} and
bj+1 S {2, ,N + 1} such that by < by < ... < bj+1 and B, = Abk"‘Akarl*l‘

We can already state a thesis about the existence of a factor of a matrix-product,
satisfying a specific condition about the rank. The proof is based on the idea of
Reutenauer [Reu80], who showed the result in a more general way. Reutenauer
considered words contained in the freely generated monoid over an alphabet and a
mapping r of these words to numbers that satisfies r(uvw) < r(v). But we prove
the result directly over matrices together with the rank that is a function satisfying
the required condition rank(UVW) < rank(V).

Lemma 3.1. Let kg, ky, ..., k, € N. For each family P = (A, As, ..., Apn) of square-
matrices A; € K™, 1 < i < m with m > koky...ky, there exists | € {0,...,n} such
that P has a factor (B, ..., By,) satisfying

Vi,je{l,..., k} :rank(B;...B;) = L.
Proof. At first we define r; := [[}_; k;.

(¥) We show that for all [ € {O:, -.,n} and every matrix-family P = (Ay, ..., Ap)
(A; € K™ 1 <i < m)withrank(A4;...4,,) = land m > r;, there exist [ € {0, ...,n}
and a factor (By, ..., By.) of P that satisfies

Vi,j € {1,...,k;} : rank(B;...B;) = . (1)

We prove this by induction.
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e First we show (x) forl = n. Solet P = (A, As, ..., A,) with rank(A4; Ay.. . A,,) =
n and m > r,. Then for all 7,5 € {1,...,m} with i < j

n =rank(A;Ay...A;,) < rank(A;..A4;) <n
= rank(A4;...4;) = n.

So we can choose (A1, As, ..., Ax, ) as the factor satisfying (1).

e Now let 0 < [ < n and suppose that () is true for I + 1,1 + 2,...,n. Let
P =(Ay,..., A,) with rank(A; As...A,,) =l and m > r; = k. Hence P has

a factor
B = (Bl, ceny BTZ+17 Bm+1+17 ceuy B2Tl+17 ceny eoey B(kl_l)”'l+1+17 ceey Blel+1).
- ~~ > \A -~ > \A - 7
BlizBl...BTl+1 BQ:BT‘Z+1+1"'BQTH—1 Bkl :B(kl_l)rl+1+1“'Bklrl+1

~

If there exists i € {1,...,k} such that rank(B;) > [ +1 > [, we can conclude

by induction. Otherwise, if rank(B;) <[ for all i € {1,..., k;}, we can state for
all i,7 € {1,...,k} with i < j

| = rank(A; Ay...A,,,) < rank(B;...B;) < rank(B;) <
= rank(B;...B;) = I.

Hence we can choose (By, By, ..., By,) as the factor satisfying (1).

Thus, for every matrix-family P = (A;, A, ..., Ap) with A; € K™ 1 <i <m,
with m > koky...k,, we can find [ € {0,...,n} that satisfies the required conditions

of the assertion.
]

3.3 Tensor product

The main idea of the tensor product is to transform the Cartesian product of vector
spaces into one single vector space, the so-called tensor product of these vector
spaces. This is done in such a way that every multilinear function with the Cartesian
product as domain can be transferred into a linear function with the tensor product
as domain, which does the same. We will state in Theorem 2 what this exactly
means.

The following introduction to this topic is taken from Fischer’s linear algebra
book [Fis13].

Definition 3.3 (multilinear functions). Let V;, V5, ..., Vi, W be vector spaces over
K. A function
EVixVox .o xVy—=W

is called multilinear (or k-fold linear) if for all ¢ € {1,...,k} and fixed v; € V;
(7e{l,..,i—1,i+1,...,k}) the function

§i o Vi = W, &(v) = &(v1, 0, Vim1, 0, Vigts ooy Vi)

is linear.
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Example. K|t|; denotes the K-vector space of all polynomials of degree less than
or equal to d. Suppose the following function

€ Ktlg x K[tlg x ... x K[t]g = K[tlka, £(p1, D2,y Pk) := D1D2---Dk-

[

~
k times

€ is k-fold linear. Indeed, let i € {1,...,k} and choose arbitrary p; € K|t|4 for all
jed{l,...,i—1,i+1,..k}, then

Eilap +q) = &1 -, Dic1, AP+ €, i1, s D)
= p1--pi-1(ap + Q)pis1---px
= p1--Pi—1(QP)Pit1---Pn + Pr---Di-1qDiy1---Pi
= a(p1---Pi1PPit1---Pn) + P1--Di-1qDiy1---Ph
= adi(p) + &i(q)

foralla € K and p,q € K|[t]g.

It is enough to determine the image of all combinations of the basis vectors of
Vi, ..., Vi to define a multilinear function. This is stated by the next lemma.

Lemma 3.2. Let Vi, ..., Vi be K-vector spaces with bases (U(j))iejj of V; for j €

)

{1,...,k}. Further, let also W be a K -vector space, then for an arbitrary family

(wil,...,ik)(il,...,ik)eh><...ka
in W there exists exactly one multilinear function
Vi x ... x Vi, = W with 5(@511), ...,v(k)) = Wiy, iy (2)
for all (i1, ...,i) € Iy X ... X Ij.

Remark. We want to prove the lemma also for infinite-dimensional vector spaces.
Let (v;);er be the basis of a vector space V. In the following, the notion

V= ZI )\jUj
J
means for the sake of simplicity that there exist m € N, ¢y, ....4,,, € [ and Ay, ..., \,, €
K such that
m
v = Z /\jvi]- .
j=1

That means v is a linear combination of finitely many basis vectors. Note that if [
is finite, that is, V' is finite-dimensional, >_" and Y are the same.

Proof. We conclude in two steps. First we show the uniqueness of this multilinear
function. After that we prove that such a function actually exists.
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e Let £ be a multilinear function that satisfies (2).

S(Ul,..., (Z )\17,1 11 7" Z )\klk i) >
Z Z /\111 /\klk Ui, ""’vgll:))
= Z Z >\1,i1--->\k,ikwi1,m7ik
i1 ik

applies for all (vy,...,v) € Vi X ... x V}, with v; = Z;J )\jﬂ-jvg), je{l,.., k}.
Hence there cannot exist any other multilinear function than &.

e Now we have to show that £ defined as
g V1, ...,V Z Z >\1 L )\klszl, Sl

actually is a multilinear function. We do this by choosing arbitrary and fixed
U1y ooy Uj—1, Ujp1, .o, Uy for any j € {1, ..., k}.

é.j : ‘/; — VV? gj(v) = g(vla vy Vi1, U, Ujga, ...7Uk;>

is a linear function. Indeed, for arbitrary v = Zij )\S’)vg ) and w = Z;J )\E;U)’U(] )
taken from Vj, there is

w9 ") ()
Eilow +w) =¢; aZ)\ +Z)\ijv
i

/ .
¢ zm;mggw
i
— A @A XN A Wiy
IRFRE j 1451 ij i YRR SIS R kyipWiq,... ik
—Oéz Z Ay Aj—1i,_ 1)\':))\j+1,ij+1---)\k,ikwil,...,ik+

E : § :)‘1%1 J—1,i5— 1)‘1 )‘]+12g+1 )\klkwlla ik

= af(vl, ey Uj—1,0,Vj41, ...,Uk) + 5(?}1, ey Vj—1, W, V41, ...,’Uk)

= ag;(v) +¢;(w).

Now we have the tools to prove the existence of the tensor product.
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Theorem 2. Let Vi,..., Vi be K-vector spaces. Then there exist a vector space
Vi ®...® Vi and a multilinear function

N:VixX. .. xVi=>WV®&.Vnv,., v =0 Q.. v,

which have the following universal property: For all K-vector spaces W together with
a multilinear function
EVix .o x Ve — W,

there exists exactly one linear function
(o VI®..0V, > W
such that € = g om. If for alli € {1,...,k} V; is finite-dimensional with basis

(Ugi)v 7U7(":))7
then " "
1 k
(Uil & ... Qv )Vje{1,...,k}:1gijgrj

1s a basis of Vi @ ... ® Vi. In particular,
dim(Vi ® ... ®@ Vi) =dim Vj - ... - dim V.

Proof. The idea of this proof comes from [SG16]. Let (UZ-(j)>iE[j be the basis of V; for
j€{l,....k}. We define V] ® ... ® V}, by

{r e g} (G, i) # 0 for only finitely many (iy, ...,ix) € Iy X ... X I }.

It is easy to see that this is a vector space. But the definition itself may seem very
abstract. To get a notion of V] ®...®V}, we can think of the set containing all linear
combinations of formal expressions that have the form vz(ll) ®...® vz(f).

So we define

. 1 if (4, i) = (i1, ..., i
vgll)@...@vl-(f)(zl,...,zk) = (i o) = (i )
0 else.
vfll) ® ... ® vg:) is the function that is 1 for (iy, ..., i) and 0 for all other arguments.
We can form a basis of V; ® ... ® V,, with (vfll) ®...® UE:))(il,...,ik)eh><...ka because:
e Forany 7 € V; ® ... ® V}, we obtain
T = Z T(il,...,ik)(vg)®...®vi(f)).
(il,...,ik)ellx...xlk

(k)

("

(1)

Hence (v;,” ® ... ® V3, ) (i1,....ip)el x...x I, 1S & generator of V1 ® ... ® Vj.

e Now the linear independence of these functions still needs to be shown.

Z ()zih__.ﬂ‘k (U(l) ® ® ?J(k)) = 0

i1 i
(il,...,ik)efl XX Ip

= V(il, ,Zk) el x...x1Ij: Oy g, = 0,

because the constant O-function maps every argument to 0 and all alone «;,
sets the function value of the argument (i1, ..., ).

----- ik
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Now we define n by

1 k 1 k
n( 1(1),. .,vi(k)) = "Ui(l) ® ... ®vi(k).

There exists exactly one such 1 by Lemma 3.2.
The universal property of n remains to prove. Let W be a K-vector space and
&V x ... x Vi = W a multilinear function with

k
w’Ll ’Lk = 5( 11 7' 7U’L(k))

Because £ = &g o1 should apply, it has to be
f@( ® - ® U(k)) = Wiy, -

Again we know by Lemma 3.2 that there exists exactly one such linear function &g,
So we take this £ and check if it satisfies the required conditions. For an arbitrary

V® .. @U EVI® .0V with v; =7 )\”J i ) je {1,...,k}, there is

o(v1 ® ... ®v) = &g Y M (0 @ @ ul)

(il,...,’ik)efl XX Ip

!/
= >, M- Ao () ® . @ 0f)))

(’il,...,ik)ell X... X1y

/
= E )\l,z’l--->\k,ikwi1,..ik

(i1,...,ik)611 X... XTIy

/ 1 k
- Z >\1,i1"'>\k,ik£(v'§1)7"‘7/U7,(k))

(’i1,...,ik)611 X...xIy

= ZI 5(/\121 Vi, 7“ /\klk )

(41,0 )€1 X ... X T,

Z Z 5 )‘111 i1 7'“7 Zkvz‘(;l:))
_f (Z >\1,1 Uy, ,.. Z )‘klk i )

= 5(7)1, ...,Uk).

Thus, for every K-vector space W and every multilinear function &£ : V; x ... x
Vi = W there exists a linear function &g : Vi ® ... ® Vi, — W such that & = £z on.
Finally we assume that Vi, ..., V} are finite-dimensional. Then

dm(Vy ® ... ® Vi) = #1y - ... - #I, = dim V; - ... - dim V.
0

After the introduction to the tensor product by the universal property, we may
not have a concrete notion of what a tensor product can be. Note that the tensor
product of vector spaces is unique up to isomorphism. So if we give an example of
a tensor product here, this does not mean that the tensor product of these vector
spaces must have this structure. We could also take an isomorphic vector space as
tensor product.
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Example. We consider the vector spaces R™ and R™. We define
Rm ® Rn - Ran
together with the multilinear function
0:R™ x R" = R™" f(x,y) :=x-y’.
Given any vector space W and an arbitrary multilinear function £ : R™ x R* — W
with (e;,€5) — w;; for alli € {1,...,m} and j € {1,...,n}, we define a linear function
o : R™™ — W by
Eij = Wjj5
for alli € {1,....,m} and j € {1,...,n}, whereby E;; € R™™ denotes the matric

whose entries are all zero except the entry at position (i,7), which is equal to 1.
Indeed we have

Co(z-y") =& E zy; Eij
1<i<m,
1<j<n

= ) wyts (EBy)
1<i<m,
1<j<n

= E LilYjWij

1<i<m,
1<j<n

= Z Zﬁ(ﬂfieu yi€;)

i=1 j=1

=¢ (Z Tiei, » yj€j>
i=1 =1

So we actually defined a tensor product for the vector spaces R" and R™.

3.4 Exterior product

After we have shown the existence of the tensor product, we will use it to prove that
there is another product, the so-called exterior product. It becomes important if we
want to consider multilinear functions that are additionally alternating. First we
get to know the concept of quotient spaces and some statement about them. Again,
this section’s content is taken from Fischer’s book [Fis13].

Definition 3.4 (quotient space). Let V be a K-vector space and U C V' a subspace
of V.. The quotient space V /U is defined as the factor group V/U of the group (V, +)
and its subgroup (U, +).

We cannot only define an addition on the quotient space. We are also able to
define a scalar multiplication on it such that the quotient space becomes a vector
space by itself.
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Lemma 3.3. Let V' be a K-vector space and U CV a subspace of V. Then we can
assign a structure of a K-vector space to V/U such that the canonial function

p:V=V/U, p(v) :=v]., =v+U
15 linear. Furthermore, the following applies:
(i) p is surjective.
(i) Kerp="U.
(111) dimV/U = dimV — dim U if dimV < co.
(iv) V/U has the following universal property: For every K-vector space W and

linear function F':' V. — W with U C Ker F, there exists a linear function
F:V/U— W such that F' = F o p. Moreover Ker F = (Ker F')/U.

Proof. First we try to assign a vector space structure to V/U. To do this, we need
to find two operations: a vector addition + and a scalar multiplication -. In the
following, the old vector addition on V' is denoted by + and the scalar multiplication
by no symbol. We want p to be linear. So we can already conclude that + and -
have to fulfill

(v+U)+Hw+U) = plv)t+plw) = pv+w) = (v+w) + U
and
A (v+U) =X p(v) =pAv) =v+U.

Hence, there is only one way to define 4+ and -, namely,
W+ )+ (w+U):=@v+w)+U

and

A(v+U):= v+ U.

We already know by Lemma 2.1 that + is well-defined. The scalar multiplication is
also well-defined. To verify this, assume arbitrary v,v" € V and A € K such that
v+ U = v+ U. This means we have v —v' € U, so AM(v —v') = dv — X € U.
Therefore \v + U = A" + U, hence

A(w+U)= +U=XN+U=X-(+0).

The vector space axioms hold for (V/U, +, ). Indeed we already know by Lemma 2.1
that (V,+) is an abelian group. The remaining axioms follow directly by applying
the vector space properties of V' together with the definitions of + and -. Note
that we replace + and - by the common symbols for vector addition and scalar
multiplication from now on.

We prove (i), (i4), (77i) and (iv) now.

(1) For an arbitrary set S € V/U, there exists v € V such that S = v+ U = p(v).
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(i1) For w € U there is p(u) = uw+ U = U. Vice versa, if we have p(v) = U, we
know that v + U = U, so v must be a vector in U.

(27i) It is well-known by the Rank-nullity theorem that dim V' = dim Im p+dim Ker p.
From (i), we conclude that Imp = V/U and from (ii) that Kerp = U. So
dimV/U = dimIm p =dimV — dimKer p = dimV — dim U.

(iv) Let F' 1V — W be a linear function with U C Ker F. We want to define
F:V/U — W in such a way that F' = F o p. Hence for v € V" holds

F(v) = Flp(v) = F(v + V).

By defining F like this, that is, F(v + U) := F(v), we actually well-define
F because: If v+ U = v+ U then v —v € U C KerF. So F(v—1') =
F(v) — F(v") =0, which means F(v) = F(v'). From

FO(w+U)+ (w+U))=F(AW+w)+U)=FM+w)=\F(v) + F(w)
=AF(v+U)+ F(w+U)
follows the linearity of F'. We prove the equation Ker F' = (Ker F)/U by

v+U€eKerF & Flo+U)=0& Flv)=0sv+U € (Ker F)/U.

O

There are special linear functions, the so-called alternating functions. In the
following, V* denotes the k-fold Cartesian product V x ... x V of V.

Definition 3.5 (alternating functions). Let V, W be K-vector spaces and & : V* —
W a multilinear function. £ is called alternating if for all vy, ...,v, € V

E(vy, ) =0
applies if v; = v; for a pair (7, 7) with @ # j.

We could give the determinant function defined on the n-fold Cartesian product
K" x ... x K™ instead of K™ as an example. It is well-known that this function is
multilinear and alternating. Why such functions are actually called alternating will
be clear by the next lemma.

Let o : {1,....k} — {1,...,k} be a permutation, then we define the number of
inversions N(o) of o as the cardinality of the set

{(1,5) € {1, ...k} x {1, ...k} | i < j,o(i) > o(j)}-
Moreover, the signum sign(o) of ¢ is defined as (—1)V(?),

Lemma 3.4. Let £ : VF — W be an alternating function, vq,....,v, € V and o :
{1,..,k} = {1, ...k} a permutation. Then

(1, e vi) = sign(0) (Vo (1), s Voh))-
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Proof. Let i,5 € {1,....,k},i < j. Then

0=¢&V1,.00y ViV ey Vi+V; ., Ug)
—— ——
i-th position j-th position
= &(V1, oy Viy ooy V), ooy V) —|—§(v1, ooy Uy eeey Uiy ey vk)/
VvV

+ (U1, ey Uy ey Uy ey U) FE (V1,5 ooy Uy oy Uiy ooy V)

(.

v~

hence
E(V1, o Viy ooy U, oy 0) = (= 1)E(V1, ooy V), oy Uiy e, U).

Let N(o) be the number of transpositions of o. Then (vy(1), ..., Uo(x)) is obtained by
applying N (o) transpositions on (vy, ..., v;). Therefore we get

f(’l}l, ...,Uk) = \(—1) e (—1)/5(1}0(1), ...,Uo(k))

N(a??imes
= (= 1D)NE(vy1), ooy Vo))

)
= Sign(a)f(vg(l), ey Ua(k))-

]

So whenever we exchange two arguments of our function, the sign of the function
value will change. That is, the function alternates when we exchange arguments.

If we have a vector space V over K and a subset S of V', then we define the
linear span span S as the intersection of all subspaces of V' that contain S. It is
well-known that

span S = {z”: AiU;

=1

nEN,)\iEK,UiESforalllgign}.
If the field K is clear from the context, we just want to write span.S instead of
spang S.

Definition 3.6. Let ®"V := V ®...® V be the k-fold tensor product of V. Then
we define

77777

The reason why we are defining this is that we want to divide the tensor product
by this subspace to obtain the exterior product later on.

Lemma 3.5. For arbitrary multilinear € : V¥ — W
¢ alternating < A*(V) C Ker &g,

Proof. We just need to prove both implications.
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“=” Assume that ¢ is alternating and let v € A*(V). Then there exist n € N,

-----

n
v = E )\jwj.
=1

We know that every wy, t € {1,...,n}, has the form vgt) Q.. ® U}(:) for

v@, ceey v,(f) € V with v§t) = vﬁt) for some i # j. We obtain

{o(v) =&o (Z )\jwj> = Z A€o (wy) = Z Ajf@(vij) Q.. ® Uz(gj))
j=1 j=1 j=1
=Y ne?, o) =Y M0 =0
j=1 j=1

“«<" This direction is trivial since
o1 ® ... @ vg) = &(v1, ..., V).

]

Finally, we can state the theorem which verifies the existence of the exterior
product.

Theorem 3. Let V' be a K-vector space. Then there exist a K-vector space /\k V
and an alternating function

k
A:VE S /\ V, A(V1, ooy U) == 01 A e A g

that have the following universal property: For all K-vector spaces W together with
an alternating function
E:VE =W,

there exists exactly one linear function
k
G \ VoW
such that &€ = {x o A, If (vy, ..., v,) s a basis of V', we obtain a basis of /\kV by

(Viy Ao AN ) 1<y << <n-
In particular,
k n
di V=
im /\ (k>
for1<k<n=dimV.

Remark. We set A’V := K and A"V := {0} for k > n.
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Proof. We define
k k
N V=@ v/akV).

Let p: "V — ®" V/A¥(V) be the canonial linear function. Then we define

N = pon,
whereby 7 is taken from Theorem 2. For vy, ...,vp € V', we obtain

VI A AU = A (01, 0g) = p((vg, s v)) = p(v1 @ . @ vg).

7 is multilinear and p is linear. Hence A is multilinear as composition of this two
functions. Because
Ker p = A¥(V),

which follows from Lemma 3.3, we know by Lemma 3.5 that A is alternating. (To
unterstand this, we could informally write down “p = Ag”.)

The universal property remains to be proven. So let £ : V¥ — W be an
alternating function. We know by Theorem 2 that there exists a unique linear
éo ®]C V — W with £ = £ on. Because ¢ is alternating, we know that

A*(V) C Keré&g

and therefore, due to the universal property of the quotient space, we obtain the
unique existence of a linear function

& @ VAWV - W

=A\FV

with g = &, o p. This implies £g 0o =&, 0 pon, in fact

E=8opon=EroN.

At last we show the statements about the dimension of the exterior product: Let
(v, ..., v,) be a basis of V. We know that (v;, ® ... ® v, )1<i,...i,<n 1S a basis of the
k-fold tensor product ®k V of V. A is a multilinear function, hence we know that

Il’Il/\ = Span{/\(vil, ceuy Uik)}lgil,..‘,ikgn = span{vil A LA Uik}lﬁil,m,ikﬁn’
In fact, G := (vi, \... AV, )1<iy....ip <n 1S & generator of /\k V. Because A is alternating,
(3s,te{l,...,n} v, =v;,) = v, N... ANy, =0.

Therefore we can delete those vectors from G and it is still a generator. Moreover
we know by Lemma 3.4 that exchanging the arguments of A only changes the sign of
the image. So for wy, ..., w, € V we know that (we(1) A ... AWe(k)) o permutation of 1,...,k 1S
a linearly dependent family of vectors. That is why it is enough to keep only vectors
v, A ... A, in G with sorted indices 7; < ... < ¢. Summarized we can state that

(Viy A e AU ) 1<iy <. <in<n
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is a generator for /\k V' containing (Z) vectors. The linear independence of those
vectors remains to be shown. We do this by creating an isomorphism to K, whereby
N = (Z) Let (€, i, )1<ii<..<i<n e the canonial basis of K, wy,...,w, € V with

Vi € {1, ,k} LW; = Z)\Z’j?}j
j=1

and A := (\;j)i=1,..kj=1,.n. Further, let a; , be the minor of A belonging to the
columns 71, ..., 7. That is,

Wiy iy = det(Nij) izt kit

Now we define

EVF o KN Clwy, we) = > ai i€,

01,...,0 With

1<i1 <...<ip<n
¢ is alternating. To verify this, let wy = w; for some s # t. Then w, and w; are built
by the same linear combination of the basis vectors vy, ..., v;. So two rows in A are
equal. Thus, every a;, ;, is zero since the determinant function is alternating. We
obtain &(wy, ..., wy,) = 0. Now we know that there exists £, : A*V — KV because
of the universal property with

O
En(viy Ao ANvy) = E(vi, o) = Z @iy i €iy.iy = Ciy.igys
i1 0y, With
1<i1<..<ip<n
whereby 1 < iy < ... <1, < n. Tounterstand the rightmost equality, we have to look
at the corresponding matrix A. We know that v;, = Z?:l d;v; for all 1 € {1, ..., k}.
Therefore,

A= (6ij)1=1, . j=1,..n-

That is, the [-th row has a one-entry in column position 7;. Because all 7; are different,
we have exactly k columns that have an entry unequal zero, namely, the i;-th, 75-th,

. and 4g-th column. So only a;, ;, = 1 # 0 because all the minors belonging to
other combinations of columns of A are the determinant of a matrix containing a
zero-column. Finally, from & (v, A ... Awv;,) = e, 4, and the linear independence
of (e, i, )1<iy<..<ip<n follows the linear independence of (v, A ... Av; )1<i<. <ip<n-

Hence, this family is a basis of A"V and dim A"V = (1) O

Remark. Note that /\k V and KV are isomorphic vector spaces.

To make this notion clear, we discuss a straightforward example.

Example. We want to prove that the cross product of two three-dimensional vectors
defines an exterior product. So we define A : R3 x R3 = R3 AR? :=R? by

aq b1 (lzbg — a3b2
a9 A b2 = CL3b1 — a1b3
as bs arby — azby

47



3.4 Exterior product 3 LONG PRODUCTS OF MATRICES

We can obviously see that this function is multilinear and even alternating. Every
alternating function & : R® x R3 — W, whereby W is any wvector space, can be
translated uniquely into a linear function &5 : R3S — W by defining
Enler) = E(ea, e3), Enlen) == —E(e1, e3), Eales) == E(er, e2).
Indeed, we obtain for all a = (ay, as,az)?,b = (by, by, bs)’ € R?
Enla Ab) = (ashs — azbs)€n(er) + (asbr — arbz)éa(ez) + (arba — azbi)éa(es)
= (a253 - a3b2)§(€2, e3) + (Clsbl - G1b3)(—5(61, 63)) + (Cllb2 - @251)5(61, e2)
= arbx§(e1, e2) + arbs€(er, e3) — asbi§(e1, e2) + azbsé(ez, €3)
— azbi(e1, e3) — azbaf(e, €3)
= a1ba§(e1, €2) + arbz(er, e3) + azbi€(e2, e1) + azbsé(e, €3)
+ azbi€(es, e1) + azbaé(es, e2)
= arbi€(e1, e1) + arbf(er, €2) + arbs€(er, e3) + ashi€(eq, €1) + azbaf(es, €2)
+ agbs€(ea, e3) + azbi§(es, e1) + azbag(es, ea) + asbsé(es, e3)
= {(are + ageq 4 ages, biey + byey + baes)
=¢(a,b).
Hence, the cross product is an exterior product. Also we want to verify the dimension
of the exterior product. Indeed we have n = 3 and k = 2, whereby n and k are the
notations from the above theorem. Hence, (g) = 3, which is equal to the dimension
of R® AR3 = R3.
There are some helpful properties of the exterior product [Reu80].
Lemma 3.6. Let v,w € V. Then
vAw=—(wAv).
Proof. A is alternating, so we can apply Lemma 3.4. ]
Lemma 3.7. Let vq,...,vx € V. Then

V1, ..., U linearly dependent < vy A ... A v, = 0.

Proof. We conclude in two steps.

“=" If vy, ..., v}, are linearly dependent, we know that there exist ¢ € {1,...,k} and
)\1, ey /\i—la )‘H—l? ceey )\k € K such that

V; = Z )\jvj.

JE{l b\ {1}

Then
VLA AN A =0 A A S | A Ay
Je{l,...k}\{i}
i-th position
= D ANALA T AL A
JE{L -k P\{i} =0

=0.
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“<" Let vy,...,vp € V be linearly independent. We can extend these vectors to a
basis (v;)ier of V with 1,...,k € I. Further, let wy,...,w, € V with

Vi € {1, ,]f} Wi = Z)\ijvj.
Jjel

This leads to the definition of

which is an alternating function. So there exists a linear £, with £ = £, o A.
We can state

En(vr A o A o) = E(vr, .0y v) = det(l) = 1 #0.
Hence, vy A ... A v # 0.
O

Definition 3.7. Let V be a K-vector space, U C V' a subspace of V and (by, ..., b,)
a basis of U. Then we define

U:=0bN...N\b,.

In case U = {0}, we set U := 1.

Remark. U is not well-defined. But the following lemma states that we can still use
the definition if a constant factor does not matter.

Lemma 3.8. Let (by,...,b,) and (b}, ...,0),) be bases of U. Then there exists ¢ €
K, c# 0 such that
ByA A, =c-(by Ao Aby).

That is, U is unique except for constants.

Proof. There exist \;; € K,i,j € {1,...,n} such that

Dy A A, = <Z Aljbj> A A (Z Anjbj>
j=1 j=1

= D A A, (b A ADy)
n=1 Jn=
Lemlia34 Z . Z Al]l)\n]n sign(jl, a]n) . (bl AL A bn)
Ji=1 Jn=1

=1 jp=1

J/

N~
=c

¢ # 0 because c is the determinant of the transformation matrix of the identity
function with bases (b1, ...,b,) and (b}, ..., b)), which is bijective. O
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Lemma 3.9. Let E, F CV be subspaces of V. Then
ENF={0}< EANF#0.
Proof. Again we prove both directions.

“=" For arbitrary bases (ey, ..., e;) of E'and (f1, ..., fi) of F, we know due to the fact
that £/ and F are disjoint that (é1,..., ek, f1, .-, [i) is a linearly independent
family of vectors. Hence, E A F # 0.

“«<"” The assumption implies that every basis of E combined with an arbitrary basis
of F results in a linearly independent system of vectors. Therefore £ and F
must be disjoint subspaces.

O
At last note that

U c /\dim(U) v

3.5 The existence of a pseudo-regular subproduct

The following theorem claims that we can find a pseudo-regular matrix in every
matrix-product which is long enough.

Theorem 4 (Reutenauer [Reu80]). Let n € N. There exists N € N such that for

pseudo-reqular matrix.

Proof. At first we define kg := 1,k, := 1 and k; := (?) +1forallie{l,..,n—1}.

square matrices. We know by Lemma 3.1 that there exists [ € {0,...,n} and a factor
of the form (By, ..., By,) with

We conclude by considering three cases.

If | =0, rank(B;) = 0, that means B is the zero matrix hence pseudo-regular.
Because B = A;...A; for some 1 <1¢ < j < N, we are done.

If [ = n, rank(B;) = n. Therefore B; is invertible hence pseudo-regular. Again,
we are done.

The remaining case is 1 <1 < n — 1. We define

E; :=1Im(B,), F; := Ker(B,)
for every 1 <i < k;. Furthermore, we know for all j € {1, ...,k — 1} that

rank(B;Bj;1) = rank(Bj41).
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From that and Ker(B;;1) C Ker(B;Bj;1) follows the equality of the kernels. Let
v € Im(Bj41) NKer(B;), then Bjv = 0 and it exists w € K"*! such that B; . w = v.
By substitution, we obtain B; B i+1w = 0, which implies Bjjw = 0 = v. Hence
Im(B; 1) NKer(B;) ={0} = E;., . NF;={0} = E;, . ANF; £0.
%,_/
(%)
But we can also state for all 1 <i < j < k; that
rank(B,...B;) = rank(B;) = rank(B;),
Im(B;...B;j) C Im(B;) and
Ker(Bj) Q KGT(BZ'...BJ'),
hence

We try to conclude by contradiction. Therefore assume that B;...B; is not pseudo-
regular for all 1 <14 < 7 < k;. Then we know by the definition of pseudo-regularity
that

E;NF; =Im(B;...B;) NKer(B,...B;) # {0}

and therefore B B
E;NF;=0. (3)

We know for arbitrary ¢ € {1, ..., k;} that
dim F; = dim Im(B;) = rank(B;) = [,
which implies that
_ !
E; € /\ Kn,

whereby the dimension of this vector space is (7) = k; — 1. Therefore there exists
g €{1,...,k; — 1} such that F;;; is a linear combination of E, ..., E;, that is,

J
=Y \E,
=1

for some Ay, ...,A\; € K. To verify this, first assume the worst case: All E, 1<i<
k; — 1, are linearly independent. But then they form a basis due to the dimension of
the exterior product and Ej, can be written as a linear combination. In the other
case we get the desired linear combination anyway. Now we can state that

Ej ANFy = (X}E)AF }:AEAF =0,

—Oby()

which is a contradiction to (x). So our assumption is false and we can conclude the
existence of a pseudo-regular factor. m
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N

1
3

16

175

4,356

263,424

40,144,896
15,714,084,159
15,953,234,222,500
42,223,789,335,548,788

© 00 I O Ui W N =B

—
S

Table 1: Product length depending on the dimension

We want to calculate some of these N’s manually. Increasing the dimension
of the matrices requires the product to be significantly longer. The above proof
presented a way to calculate N depending on the matrix dimension n:

N(n) := ﬁ <(TZ) + 1) .

How the product length increases can be seen in Table 1.

Example. We verify the result for 2 x 2 matrices by hand. Therefore, consider the

following product:
1 =1\ (/1 =1\ /1 -1
1 —-1)\1 —-1)\1 —-1)°

All three matrices are not pseudo-reqular. We can explain this by showing that the

kernel and the image of A = G

1 -1 r\ (r—y
1 -1)\y) \z—y
for all (;) € R?, hence ImA = Ker A = {(i) eER?*|x e R}, which means that

these two subspaces are not complementary.

But we know there has to exist a pseudo-reqular subproduct because our product
has a length greater or equal to three. Indeed this is actually true because AAA and
even AA are pseudo-reqular since

AA:AAA:(O 0).

-1
_1> are not complementary subspaces. We have

0 0

3.6 Generalization to matrices over integral domains

We want to generalize the previous theorem to matrices with entries taken from
an integral domain now. Therefore we first need a definition for pseudo-regular
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matrices over integral domains that makes sense with respect to the final theorem
of this thesis, which will be presented in the next chapter. Let R be an integral
domain in the following.

Let E be the embedding 7 +— { of R in Frac(R). Then we want to let E act on

a matrix A = (aij)1§i§m7 € R™*" like
1<j<n

E(A) == (E(aij))1<i<m,,

1<j<n
that is, we translate each entry of A, which is an element of R, into an entry taken
from the field of fractions of R. We know that [E is multiplicative and additive
on matrices. Indeed, let A = (a;;)1<i<i, € R>Xm B = (bij) 1<i<i, € R™™ and

1<j<m 1Zj<m
C = (Cij)1§i§m, € R™", then
<j<n

E(A+ B)=E <(a¢j + bi;) 1§i§l,)

1<j<m

= (E(ai; + b)) 1<i<i,

1<j<m

(
= (E(aij) + E(bij)) 1<i<i,
(

1<j<m

(E(aiy)) 1<i<t, + (E(biy)) 1<i<,

1<j<m 1<j<m

and

Il
—

E(aij)) 1<i<i, - (E(cij))1<i<m,

1<j<m 1<j<n
= E(4) - E(C),
because E is additive and multiplicative on R.

Definition 3.8 (pseudo-regular matrix over an integral domain). Let A € R™"
and E the embedding of R in Frac(R). Then A is called pseudo-regular if E(A) is
pseudo-regular by Definition 3.1, whereby we have K = Frac(R).
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Remark. Note that E(A) € Frac(R)"*", that is, E(A) is a matrix with entries taken
from a field. Also note that if R is a field, this definition is equivalent to Def-
inition 3.1. Hence, we extended the definition for pseudo-regularity in a natural
way.

The next lemma is already proved over fields by Reutenauer [Reu80]. We want
to state it over integral domains and make use of the fact that the embedding of R in
its field of fractions only maps the zero matrix to the zero matrix. This means that
the kernel of the embedding, which is a ring homomorphism, is trivial. Note that
this lemma is not needed to generalize the previous theorem. Rather, it is really
important for the next chapter, in which we will prove the generalized iteration
theorem for recognizable formal power series on trees.

Lemma 3.10. Let A € R™™ X € R™" ~v € R™! and (pr)ren @ sequence defined by
pr 1= MNAFy . If A is pseudo-regular and py # 0, the set {k € N | pp # 0} is infinite.

Proof. Let P be the minimal polynomial of E(A) with P(M) = Y7 cpm—iM" ot
M™ 4+ oM™+ o, M+ a,M° meNand o; € Frac(R) for all 0 <i < m.
Because A is pseudo-regular, we know from Proposition 3.1 that «,, # 0 or
Q1 # 0. Otherwise M? would divide P(M).
Since E(A*)P(E(A)) = E(A)*P(E(A)) = O, x, for all k € N by the multiplica-
tivity of E and the property of the minimal polynomial, we define

Pr = E(pr) = E(AA*y)
and obtain

E(N)E(A)"P(E(A))E(7)

EN)(EA)™ + g B(A) ™ + L+ a1 E(A) + a,E(A))E(7)
ENE(A)™E(Y) + a E(NE(A)E(y) + ...
i
E

0

1 E(ANE(A)E(y) + amE(A)E(A) E(y)
(AAF™) 4+ aq EAA™ ) 4+ e  EQAR ) + o, E(AARY)

Dhktm + Q1 Dktm—1 + oo + O 1Pk1 + QP

Let ¢ € Ny such that p; # 0. Now we prove that there exists j > ¢ with p; # 0.
pi # 0 implies p; - 1 # 1-0 and therefore p; = E(p;) = & # % = 0. We need to
consider two cases now.

o If o, # 0, we know from equation (4) that
Pitm + W1Ditm—1 + .. + Am-1Dit1 + amp; = 0.
Because a,,p; # 0, there exists j € {¢ + 1, ...,7 +m} such that p; # 0.
o If a,;, =0, then a,,,—1 # 0, and we know again from equation (4) that
Pitm—1+ 1Pitm—2 + .. + Q1P = 0.

Because a,,—1p; # 0, there exists j € {i +1,...,4 4+ m — 1} such that p; # 0.
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So we know that there exists j > i such that p; = E(p;) # 0. This directly implies
p; # 0. Now let us assume that {k € N | p; # 0} is finite. Hence a maximum m
of this set exists. As we showed above, there exists j > m such that p; # 0, which
implies j € {k € N | p; # 0}. But then the maximum of this set is smaller than j,
which is a contradiction. Thus, the lemma applies. O

Now we transfer the notion pseudo-regularity to endomorphisms.

Definition 3.9. Let M be a free finite-dimensional R-module with basis B =
(b1,....,b,) and ¥ : M — M be an endomorphism. Then ¢ is called pseudo-reqular
if the transformation matrix Mp (1) is pseudo-regular.

This definition is independent of the chosen basis B. Indeed let B and B’ be two
bases of M. If Mp g(1) is pseudo-regular, we know that the minimal polynomial
P(\) of the matrix E(Mgp p(v)) does not divide A2 Since Mps p() is similar to
Mg (1), we also know that E(Mp 5(¢)) is similar to E(Mp 5(1)) and has the same
minimal polynomial (Lemma 2.17), which satisfies the required pseudo-regularity
condition.

Now we are able to state the above lemma again, but this time over endomor-
phisms instead of matrices.

Lemma 3.11. Let M be a free finite-dimensional R-module and ¢ an endomorphism
on M. Further, let A\ : M — R be a linear form and v € M. We define the sequence
(Pr)ren by pr == (Ao @¥) (7). If ¢ is pseudo-regular and p; # 0, then the set
{k € N | px # 0} is infinite.

Proof. Let B = (b, ...,b,) be an arbitrary basis of M. We take (1) as basis of the
free R-module R. Assume that ¢ is pseudo-regular and p; # 0. Then Mg g(¢) is
pseudo-regular and

Mp,1)(A) - Mp,p(¢) - Qp(7) = (Ao @) () =p1 # 0.

Hence, we know by Lemma 3.10 that

Mg 1)(A) - Mp p(¢)* - Qp(v) # 0

for infinitely many & since Mp 1y € R, Mpp € R™" and Qp(y) € R™'. This
directly implies

(Ao ™) (7) #0
for infinitely many k. O

The generalization of the previous theorem is done in a straightforward way by
using the multiplicativity of the embedding function over matrices.

Theorem 5. Let n € N. There exists N € N such that for all (A;)i<i<y €

matriz.
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Proof. We already know by Theorem 4 that there exist 1 < ¢ < j < N such that
E(A;)..E(A,) is a pseudo-regular matrix (with respect to Definition 3.1). E|an is
a multiplicative function. Hence

which implies that E(A;...A;) is pseudo-regular (by Definition 3.1). Therefore we
obtain the pseudo-regularity of A;...A; (with respect to the definition over integral
domains). ]

Note that our approach of generalization does not work for arbitrary commuta-
tive rings. We need commutative rings in which the cancellation law holds, that is,
integral domains, in order to embed the commutative ring in a field. That means
we can only embed integral domains in a field, namely, the field of fractions.
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4 FORMAL POWER SERIES ON TREES

4 Formal power series on trees

In this chapter, we consider fundamental definitions for formal power series on

trees. We also determine when such a formal power series is called recognizable. We

generalize the definitions from Berstel and Reutenauer [BR80] to integral domains

and modules over them. Therefore, let R be an integral domain in the following.
We use the notation

F=FUFU..

for the set of function symbols. The sets F;,7 > 1, are disjoint. Therefore, we are
able to define the arity of a function symbol f € F by

arity(f) =p = f € F.

Moreover, we assume that F is a finite set in the following.
Now we need to clarify what trees are. We define them over the set of function
symbols F inductively.

Definition 4.1 (tree). Let 7 (F) be the smallest set with
e fo € T(F) for arbitrary fy € Fy and
e p>1.feF,t,...t, e T(F)= f(t1,....t,) € T(F).
T (F) is called the set of trees. Every ¢t € T(F) is called a tree.

We can represent a tree by the term

ftas s tp),

whereby ¢4, ..., 1, are represented in the same way, recursively. Another notation for
this is

f
tl/"'\t

Y

whereby ¢4, ...,t, are also recursively notated like this.

Trees can be used to represent arithmetic expressions for instance. Berstel and
Reutenauer discussed this example in detail [BR80]. We consider the example step
by step as we move forward with our definitions and theorems.

Example. We define Fo = {a,b,c,....2}, F1 = {=},F2 = {+,x} and F =
FoUF1L UF,. Then we can represent arithmetic expressions like a X (b+ c¢) as

We will come back to this example after we introduce formal power series on
trees.
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4 FORMAL POWER SERIES ON TREES

Definition 4.2 (formal power series). A formal power series on T (F) is a function
S:T(F)— R

The set of all formal power series on T (F) is denoted by R{{F)). We call S(t) the
coefficient of t in S. Further, S can be notated as

S= > St

teT(F)

Now let us come back to our previously stated example. We defined trees that
represent arithmetic expressions. Now we want to evaluate these expressions by
assigning each arithmetic expression a value. This can be done by a formal power
series on these trees.

Example. F is defined as before. Now we define a formal power series on T (F) in
the following way: Let

f:Fo—Q

be an arbitrary mapping that assigns each variable in Fy a rational number (which
values are concretely assigned does not matter in the following). Then we extend
this mapping in a natural way. Indeed we apply the functions occurring in the tree
to these assigned numbers. This is done by the function S : T (F) — Q defined as

f(t> th € ./_"0
S(t) = —=S(t) if t = —(t1) for some t; € T(F)
) S(t) + S(ta)  ift = 4(t1, ) for some t1,ts € T(F)

(t1)
S(ty) - S(ta)  if t = x(t1,t2) for some ty,ty € T(F).

That is, every tree is evaluated recursively by this function and is assigned a rational
number, namely, the solution of the arithmetic expression, whereby the variables are
exchanged by their values. For instance, we obtain with f(a) := 1, f(b) := 2, f(c) :=
3 the recursive evaluation

= 5(a) - (S(b) + 5(c))
= f(a) - (f(0) + f(e)
=1-(2+3)

=5.

Again we continue with a few definitions and will come back to this example
later.
A formal power series can also generate a language on trees, the so-called support.
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Definition 4.3 (support). Let S be a formal power series on 7 (F). Then the
support of S is defined by

supp(S) :={t € T(F) | S(t) # 0}.
If supp(S) is finite, we call S a polynomial. R{F) denotes the set of all polynomials.

(R((F)),+,), whereby + and - are addition and scalar multiplication on func-
tions, is a module. It is easy to show that R(F) C R((F)) is a submodule of
R((F)).

Next we define the notion recognizable for formal power series. This is done by
mapping trees to vectors.

Let M be a free finite-dimensional R-module in the following.

L(MP, M)
denotes the set of all multilinear functions from MP? to M for p > 1. Then we define

L:=Jemr, m),

p>0

whereby we set £(M° M) := M.
Each function symbol can now be represented as such a multilinear function.

Definition 4.4 (linear representation). (M, u) is called a linear representation of
T(F) it M is a free finite-dimensional R-module and p is a function

w:F — L

with
u(f)y=1le LM, M) < f e F,

We denote [ as the natural extension of p to 7(F) that is a function

p:T(F)— M
with
ﬂ(t) — M(t) ift € Fy
o w(HEt), o B1(t) it = f(t, enty), f € Fpyti, sty € T(F)yp > 1.

fi is unique and well-defined because the representation t = f(t1, ..., t,) is unique
since T (F) is freely generated by F. Moreover, we know that

’a‘]:o - ’u‘]‘—o

Hence, we no longer distinguish between g and i, and will use the same symbol u
for both functions from now on.
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Definition 4.5 (recognizable formal power series). Let S be a formal power series
on 7(F). Then S is called recognizable if there exists (M, u, \), whereby (M, u) is
a linear representation of 7 (F) and

A M— R

is a linear function with

for every t € T(F).

This means in words that we are able to calculate function values of S by applying
multilinear functions over a module. We will see that this is helpful in the proof of
the iteration theorem since it helps us to use transformation matrices and to apply
statements about pseudo-regular matrices.

Fortunately, our previously discussed example about arithmetic expressions is a
recognizable formal power series.

Example. We define F and S as before. Then we need to find such a tuple (M, p1, \)
as in the definition above, whereby (M, ) is a linear representation of T (F). We
choose M to be Q?, which is a module, and even a vector space, over the rational
numbers. Now we need to define the function p that maps our function symbols to
multilinear functions. Indeed we define it in the following way:

e1 + S(a)es if a € Fo,

e, u(—)(e2) == —ea,

er, u(+) (e, e2) = pu(+)(e2, €1) = ez, pu(+)(e2, €2) =0,

er, (X )(er, e2) = p(x)(e2,e1) := 0 and p(x)(ez, €2) := €2,

p(a) :
n(=)(er) :
pu(+) (e, er) :
):

p(x)(e1, er

whereby (eq, e3) is the canonial basis of Q?. At last we define the linear form X\ by
Aer) :==0 and A(e2) =

Note that it is enough to determine the image of all combinations of basis vectors
to uniquely define a multilinear mapping on vector spaces. The idea behind these
definitions is to keep the first entry in the vector always 1 and to do the calculation
in the second entry. Now, somebody could wonder why we actually need the first
entry and why it is not enough to use one-dimensional vectors, that is, using Q as
module. The reason for this is that u needs to assign multilinear functions. Indeed
if we would define u(+) as the common addition for instance, this function would
not be multilinear. Therefore, we need two dimensions to obtain multilinearity. Now
let us verify that p(—), + := p(+) and x = p(X) actually operate like the common
wnversion, addition and multiplication. We have

@)= (g4)) € 7o

(=) (1) = HOer + ) = () en) 4 an()er) =er = wea = ( L),
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()7 (}) = e bammiten e

= (e1te1) + (e1tyez) + (zeater) + (veatyes)
e1 +yleites) + x(eater) + wy(eates)

=e +yes +zes+0

= e+ (z +y)es

(1)
@-) X (;) = (e1 + mea) X (€1 + yeo)

= (e1xe1) + (e1xyes) + (xegxer) + (zeaXyes)
= (e1xey) +y(er Xea) + x(eaxer) + zy(eaxes)
=e1+ 0+ 0+ zyes

=e1 + zYes

~()

for all z,y € Q. Hence we know that

and at last

Apu(t)) = A (<s§¢))) = Mer + S(t)ea) = Aler) + S(t)A(e2) = 0+ S(t) = S(t),

which means that the formal power series S is recognizable.

We are still not done with this example yet. We again refer to it in the next
chapter.
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5 The generalized iteration theorem

Berstel and Reutenauer [BR80] proved the iteration theorem for recognizable formal
power series on trees over fields and vector spaces. It states that we can repeat a
part of a long enough walk in a tree taken from the support of a recognizable formal
power series such that the tree is still a member of the support for infinitely many
such iterations. But this does not only hold over fields and vector spaces, it still
holds over integral domains and modules over integral domains. Indeed we use
Berstel’s and Reuternauer’s approach and generalize it in this chapter. R denotes
an integral domain in the following.

We first need to describe a walk in a tree to be able to state the iteration theorem.
As in the previous chapter, F denotes the set of function symbols and F, the set of
function symbols with arity p. Now we define 7' := F U {x}, whereby z is a new
symbol with arity 0. That is, ¢ F. We also define F := F, U {z}. Next we need
two functions. The first is defined for arbitrary ¢ € T(F') by

wg : T(.F/) — T(F’)

with

t ift==x
'(,Dg(t) = fO ift = fo e Fo
FWp(ty), ., 0i(ty)) ift = f(tr,....tp),p > 1, f € Fpity, sty € T(F).

The definition tells us that ; takes a tree over T(F’) as input and replaces every
occurrence of x with . The second function

o5 T(F) = T(F)

is defined for arbitrary s € T(F') by

(1) 7= thi(s).

Hence, ¢, takes a tree in 7 (F’) as input and replaces every occurrence of x in s with
this tree. Because we only want to allow replacing x with a tree with no occurrence
of =, we restrict ¢, to T(F). Then ¢, only maps to trees that do not contain the
symbol x since we replace each occurrence with a tree taken from 7 (F). Therefore,
we define

s T(F) = T(F), ¢s(t) := os(t).
Next, let A and B be two sets defined by
A={seT(F)|#.s=1}
and

B:={seT(F)|s=f(tr,...t,), [ € Fp,
M <i<p:t;,=x,t; € T(F) for j #i}.
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Now the idea is to construct every tree taken from A with trees taken from B. Then
this step by step construction describes a walk in the tree taken from A. We need
to formalize this by using our replacing functions. We define

Y ={¢s|s€ A} and ¥ := {¢; | s € B}.

As the notion indicates, ¥* is freely generated by ¥. Freely means that ev-
ery element in »* has a unique decomposition with elements taken from ¥ up to
concatenation with the identity element.

Proposition 5.1. ¥* is a monoid freely generated by . The neutral element is ¢,.

Proof. At first we show that ¥ is a generator of ¥*. We do this by induction on the
height of the trees. We define the height of a tree recursively by

height : T(F') — N, height(f(t1, ..., tp)) := _max (helght( )+ 1,

.....

whereby we set height(¢) := 1 for all t € F. Note that ¢, is generated by the empty
composition. Therefore we start our induction with ¢, € ¥*, whereby height(s) = 2.
#.s =1 and since x is a symbol with arity 0, we know that

S = f(t17 ...,ti_l,x,tiﬂ, ...,tp)

with ¢y, ..., t;—1, tiv1, ..., t, € Fo (which means unequal x). Therefore ¢ € ¥ and we
are done. Now let s € A\ (B U {z}) with height(s) = j + 1 and assume that every
¢z with height(§) < 7 decomposes as desired. Then we have

S = f(t17 ...,tp),

whereby f € F, and it exists exactly one 1 <7 < p such that t; € A and t; € T(F)
for all j # 4. This means that exactly one child-tree of the node f has an occurrence
of . As a consequence, we are able to state

= f(th z 1, T, t’L—i—la'-')tp) S B,

hence
¢s € 2.

We obtain the composition
gbs = ¢§ o gbtia

which indeed is a result of

¢s(t) = u(s) = Lr(f(trs o 1) = F s oo timr, Dr(ti), Ligr, oo )
= f(tl, 7, 17¢t ( ) i+1, ...,tp) = qutz(t)(f(tl? ...,ti,I,SE',tiJrl, ,tp))
= %ti(t)(S) = ¢s(d1; (1)) = (¢5 0 d1,)(1)

for arbitrary t € T (F). It remains to be proven that height(¢;) < j to conclude by
induction. We verify this by

height(t;) < max helght(tk) height(f(t1,....%p)) —1=(G+1) —1=4.

-----
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Next we need to show that ¥ generates freely, that is, every decomposition
is unique up to composition with ¢,. Therefore assume that ¢, € ¥* has two
decompositions

¢01 ©...0 ¢an - ¢s = ¢7'1 ©0..0 ¢Tm‘

We proceed by induction on n. If n = 0, we know that ¢5 = ¢,, which decomposes
uniquely as the empty composition, and n = m. Now let n € N, and assume that
every decomposition of length n — 1 is unique. Then let ¢ € T (F) with height(¢) >
height(o1), ..., height(c, ), height(7y), ..., height(7,,). In particular we have

(¢01 ©...0 ¢0'n)(t) = (¢7'1 ©...0 ¢Tm)(t>'

Because 01,71 € B, we obtain

o1 = f(Sh ey Si—1, Ly Si41, ...,Sp)
and

T = g(tl, ...,tj,1,$,tj+1, ...,tq)

for some 1 < i < p,1 < 5 < @81, ey Sic1y Sitls ooy Spy Ly oo Lj—15 L1y ooy tg € T(F).
Further, we define

U= ¢02 ©..0 ¢Jn(t)

and
V=, 0...00, (1).
Then
G0, (u) = r, (v),
hence

f(Sl, vy Si—1, Uy Si41, ...,Sp) = g(th ...,tj_l,U,8j+1, ...,tq).
It is trivial that it has to be f = g and
(81, ey Si—1, Uy Si4 1, ...,Sp) = (tl, ...,tj_l,U,Sj+1, ...,tq).

We know that u and v have the same position. The position cannot differ because
for all k #£ j

height(u) > height(t) > height(r) > height(tx) = u # ;.
So i = j and s = t; for all k # 4, which means oy = 7. Moreover u = v, that is,

Doy © .. 0 Dy (t) = py 0 ... 0 O, (1).

Hence, we conclude by induction. O

This proposition helps us to define a walk in a tree since we know now that we
are able to construct each tree in A step by step with trees taken from B.

Definition 5.1 (walk). Let ¢t € T(F). A walk in ¢ is a pair (¢, a) with ¢ € £* and
a € Fy such that ¢ = ¢(a). The length of this walk is the length of ¢ in the free
monoid ¥*.
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5 THE GENERALIZED ITERATION THEOREM

So a walk describes a path from the root node to a leaf node. Also note that the
length of a walk is well-defined since the decomposition of ¢ into elements of ¥ is
unique.

We denote by f*) the k-fold composition of f in the following, that is, fo...o f.

Theorem 6 (Iteration Theorem for Recognizable Formal Power Series on Trees).
Let S € R{{F)) be recognizable. Then there exists N € N such that for an arbitrary
t € supp(S) and every walk (¢,a) in t with length greater or equal to N, there ezists
a decomposition of ¢ into ¢ o Py 0 ¢p3 in X* such that

{(¢1065” 0 ¢3)(a) | k € N} N supp(S)
is an infinite set.

Proof. Let (M, u, \) be a tuple such that (M, p) is a linear representation of T (F)
and A\ : M — R is a linear form that satisfies A\(u(t)) = S(¢) for all t € T(F).
We first want to translate the functions ¢, from above to modules. We do this by
defining ¢, : M — M for o = f(S1,.y 821, T, Sit1, ..., Sp) € B as

éa(v) = u(f)(ﬂ(sl)v P ,U(Si,l), v, M(si+1)7 P :u(sp))'

We extend the definition to ¢, € X* with 7 € A by composition. This means
that we take the unique decomposition of ¢, in ¥*, ¢, = ¢,, o ... 0 ¢,_, and define

¢ M — M as R ) )
Gr = ¢y © ... 0 Qg

This leads to the desired translation in the form of a mapping

¢ @

for all ¢ € ¥* that satisfies R
¢(u(t)) = u(o(t))

for all ¢ € T(F). The equation is verified by induction on the length of the decom-
position. The assertion is clear for decompositions of length 0, that is, ¢ = ¢, since
ngSx = Idy and ¢,(t) = t. We want to start our induction with decompositions of
length 1, that means ¢, € ¥ with ¢ = f(s1,..., 8i-1, 2, Sit1,...,5p) € B. Then we
have

bo ((1))

:u(f)(“(sl)? SER) M(Si—l)’ ,u(t)v M(Si-‘rl)a ) M(SP))
(f(Sl, ey Si—1, t, Sidt1y -0y Sp))

1
1(Ps(t))-

If the equation holds for decompositions of length j (x), we obtain with

ng - ¢O'1 ©...0 ¢Uj+1 e Z*

65



5 THE GENERALIZED ITERATION THEOREM

for arbitrary ¢,, € ¥,7 € {1,...,5 + 1}, and 01 = g(t1, ..., ti—1, &, tig1, ..., t4) that

~

¢T(:U(t)) = (ng ©...0 dijﬂ)(:u(t))
o, ((Gry © oo 0 Doy, ) (1i(t)))
— ———

¢::¢020...o¢0j+1

= o, (S(11(t)))

2 G, (1(6(1))

= 11(g) (pe(tr), ooy peltizr), (D)), pe(tig1) ooy 1e(1g))
= p(g(te, s ticy, d(t), tia, o tg))

= 11(o, ((2)))

= (¢, © .0 9o, ) (1))

= p(o- (1))

Next, we choose N in dependency of n := dim(M) as in Theorem 5. Let t €
supp(S) and (¢, a) be an arbitrary walk in ¢ with length greater or equal to N.
Therefore we know that there exist unique ¢, , ..., 95, € 2, &k > N such that

¢ - ¢cr1 o... Oﬁbgk;

hence o R

O = sy 0...0 Qg .
We take an arbitrary basis B := (bi, ..., b,) of M and denote by A; the transformation
matrix of the endomorphism ¢,, with basis B for all 1 <+ < k. Then we obtain a

family
(Aq, ..., Ag)

of square matrices, which are members of R™*"™. We know by applying Theorem 5
that there exist 1 < ¢ < j < N such that A;...A; is pseudo-regular. The transfor-
mation matrix A of ¢ with basis B satisfies

We define

¢1 = ¢01 ©...0 ¢U¢,17
¢ = Qbai ©...0 ¢Uj’
¢3 = ¢O'j+1 ©...0 gb(fk‘

Then we obtain the decomposition

¢ = ¢1 0 Q30 @3,

whereby gEQ is a pseudo-regular endomorphism. We set

Pm = (Ao d1 065" 0 ds)((a))
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5 THE GENERALIZED ITERATION THEOREM

for m > 0. It is the case that

1= (Ao d)(u(a)) = Mo(u(a)) = Mu(é(a)) = Mu(t)) = S(t) # 0,

because ¢ is a member of the support. Moreover, a € Fy = pu(a) € M = ¢s(pu(a)) €
M, Xo gzgl : M — R is a linear form and ég’”) is a pseudo-regular endomorphism
on M. Hence, we can apply Lemma 3.11 and know for infinitely many m > 0 that
Pm 7 0. This means for these m that

P = (Ao 100" 0 é3)(ula))
M(d1 0 65™ 0 3)(u(a)))

(1e((d1 0 65™ 0 p3)(a)))
= (Ao p)((¢1065™ 0 d3)(a))
S((¢1 0 65™ 0 p3)(a))
0.

RN

Therefore, we know for infinitely many m that

(610 65 o ¢3)(a) € supp(9),

hence
{61005 0 d3 | k € N} Nsupp(S)

is an infinite set. O

Let us again come back to our example concerning arithmetic expressions. We
already know that this formal power series is recognizable. Indeed, there is a prac-
tical implication of the above theorem. It states that if a long enough arithmetic
expression (without division) is unequal to zero, which means it is contained in the
support, then we are able to repeat some part of the arithmetic expression such that
it is still unequal to zero.

Example. We know that a+ (—(—(=0b))) # 0 for all rational numbers a # b. Thus,
we assume S(a) # S(b) for this example. Then we have

+
/N
a

£ 0.

v~

=t
We know that t has a walk (¢,b), whereby ¢ decomposes in ¢ = ¢y, 0 ¢r, © Py, © Py,
with
_l’_ —
tl = / AN and tz = | s
a x x
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because ¢(b) = t. Since the length of this walk is 4, which is greater than 3, which
15 the required length of the above theorem, we know that there exists a part of the
decomposition, which we can repeat such that the tree is still a member of the support,
hence the arithmetic expression is still unequal to zero. Indeed this is actually true.

Since
2k+1 times

—
a+(—(...—=(b)=a+(=b) #0
for all k € N, we know that S still does not map the tree

+
/N
a

|
\
b
to zero, whereby — occurs odd number of times in the tree. Hence
2k+1
61, 0 dra oy, 0 ¢, € supp(S)

for arbitrary k € N.
This example also shows us that this repeatable part is not unique. Indeed we

can also state that

b1, © (G, 0 G1) ™) 0 by, € supp(S)
for all k € N.
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6 Conclusion

The aim of this thesis was to generalize Berstel’s and Reutenauer’s iteration the-
orem for recognizable formal power series on trees. We proved that it holds over
arbitrary integral domains and modules over them. The main idea of this proof
was to construct the field of fractions of the integral domain and apply the known
statements over fields.

6.1 Future work

It is still unclear whether the iteration theorem holds over arbitrary commutative
rings. The approach to construct the field of fractions does not work in this case
since we used the cancellation law in the proof of Lemma 2.8. Therefore, we need a
way to define pseudo-regularity of matrices over a commutative ring. The problem
with this is that many of the equivalent conditions in Proposition 3.1 do not exist.
The reason for this is that the rank and also the minimal polynomial of a matrix with
entries taken from a commutative ring are no longer well-defined. These conditions
are frequently used throughout this thesis. Therefore, the approach to prove that
every long enough matrix-product contains a pseudo-regular factor might not work.
Also someone could try to find a counterexample that means a recognizable formal
power series (over a commutative ring that is no integral domain), to prove that the
iteration theorem does not hold. Indeed an approach might be to use non-trivial
zero divisors in a tree such that the tree cannot be iterated.
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