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Abstract

The three main topics of this work are independent systems and chains of
word equations, parametric solutions of word equations on three unknowns,
and unique decipherability in the monoid of regular languages.

The most important result about independent systems is a new method
giving an upper bound for their sizes in the case of three unknowns. The
bound depends on the length of the shortest equation. This result has
generalizations for decreasing chains and for more than three unknowns.
The method also leads to shorter proofs and generalizations of some old
results.

Hmelevksii’s theorem states that every word equation on three unknowns
has a parametric solution. We give a significantly simplified proof for this
theorem. As a new result we estimate the lengths of parametric solutions
and get a bound for the length of the minimal nontrivial solution and for
the complexity of deciding whether such a solution exists.

The unique decipherability problem asks whether given elements of some
monoid form a code, that is, whether they satisfy a nontrivial equation. We
give characterizations for when a collection of unary regular languages is a
code. We also prove that it is undecidable whether a collection of binary
regular languages is a code.
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Chapter 1

Introduction

In this work we are mostly interested in word equations, particularly in
questions related to independent systems and parametric solutions, but also
in unique decipherability. We start this introduction by giving some back-
ground information about these topics, and then we outline the structure
and results of this work.

Combinatorics on words is a part of discrete mathematics. It studies the
properties of strings of symbols and has applications in many areas from pure
mathematics to computer science. The history of combinatorics on words
can be said to begin with the works of Thue in the early 20th century [63, 64].
For a long time the research was scattered, but the book Combinatorics on
words [43] by Lothaire was a sign that the area had become more mature.
After that development has been fast, as can be seen in the later books of
Lothaire [44, 45]. Some other general references are [9], [4] and [3].

Algebraically words form a free monoid, which is one of the most fun-
damental algebraic structures. Thus the connections to algebra are natural,
but combinatorics on words is also related to other areas of mathematics,
like number theory and dynamical systems.

From the point of view of computer science, combinatorics on words is
strongly related to automata and formal languages. Algorithmic questions
are often studied. There are also connections to some more applied areas,
like bioinformatics and pattern recognition.

Theory of word equations is an important part of combinatorics on
words. It plays an essential role in many areas of mathematics, such as in
representation results of algebra, theory of algorithms and pattern match-
ing. One of the historically important papers on word equations is the
article by Lyndon and Schiitzenberger [46]. During the last decades the
area has provided several challenging problems as well as fundamental, or
even breakthrough, results in discrete mathematics.

One remarkable result of this topic is the decidability of the satisfiability



problem for word equations. This was proved by Makanin [47] and is in
contrast to the same problem on Diophantine equations, which is undecid-
able [48]. For a presentation of Makanin’ result, see [16]. This result was
improved to a PSPACE algorithm by Plandowski [52]. The satisfiability
problem is known to be NP-hard and has been conjectured to be in NP [53].

In the case of word equations with only three unknowns important re-
sults have also been achieved. In one direction Hmelevskii [26] proved that
any such constant-free equation is finitely parameterizable, that is the gen-
eral solution can be expressed as a finite formula on word and numerical
parameters. On other direction Spehner [61, 62] classified all sets of re-
lations a given solution, that is a triple of words, can satisfy (see also the
paper by Budkina and Markov [7]). A remarkable thing is that both of these
results have only very complicated proofs. This is a splendid example of a
challenging nature of word problems.

It should be noted that Makanin’s result concerns word equations with
constants, while Hmelevskii’s result is about constant-free equations. When
talking about word equations in this work, we mean constant-free equations.

Another remarkable property of word equations is the so-called Ehren-
feucht compactness property. It guarantees that any system of word equa-
tions is equivalent to some of its finite subsystems. The proofs (see [2]
and [20]) are based on a transformation of word equations into Diophantine
equations and an application of Hilbert’s basis theorem. Although we have
this finiteness property, we do not know any upper bound, if it exists, for
the size of an equivalent subsystem in terms of the number of unknowns.
This holds even in the case of three unknowns.

One of the basic results in the theory of word equations is that a non-
trivial equation causes a defect effect. In other words, if n words satisfy a
nontrivial relation, then they can be represented as products of n — 1 words.
Not much is known about the additional restrictions caused by several in-
dependent relations [22].

In fact, even the following simple question, formulated already in [12], is
still unanswered: how large can an independent system of word equations on
three unknowns be? The largest known examples consist of three equations.
The only known upper bound comes from the Ehrenfeucht compactness
property: an independent system cannot be infinite. This question can be
obviously asked also in the case of n > 3 unknowns. Some results concerning
independent systems on three unknowns can be found in [24], [14] and [15],
but the open problem seems to be very difficult to approach with current
techniques.

There are many variations of the above question. As a related problem
we define the notion of decreasing chains of word equations. This asks how
long chains of word equations exist such that the set of solutions always
properly diminishes when a new element of the chain is taken into the sys-



tem. Or more intuitively, how many proper constraints we can define such
that each constraint reduces the set of words satisfying these constraints. It
is essentially the above compactness property which guarantees that these
chains are finite.

Equations can be studied not only for words, that is in a free monoid,
but also in other semigroups, see e.g. [23].

Instead of taking a word equation and looking for its solutions, we could
also take some words and look for the equations they satisfy. If the words
do not satisfy any nontrivial relation, then it is said that they form a code,
or have the unique decipherability property. Codes have been studied a lot,
see e.g. [5], and they are fundamentally important in message transmission.

The problem of determining whether a set is a code was probably first
encountered when asking whether or not a finite encoding 7 — w; can be
uniquely decoded, that is whether a finite set of words {w; | i € I'} is a free
generating set of a submonoid of a free monoid. An affirmative answer to
this problem is given by the classical Sardinas-Patterson algorithm [59]. This
algorithm extends straightforwardly to regular languages, see, for example,
Section 1.3 in [5].

There are several options to try to extend the above problem. One such
direction is to consider instead of the freeness of a finitely generated subsemi-
group of ¥* the isomorphism of two such semigroups. This reveals some
interesting phenomena. First of all the problem remains decidable, see [§],
but the proof relies on something surprising, namely systems of equations
over free semigroups and their compactness properties. Even more interest-
ingly this approach does not extend to subsemigroups generated by regular
languages — in fact, the decidability of their isomorphism is an open problem.
Another interesting feature here is that when moving from subsemigroups of
a free semigroup to more general semigroups the isomorphism problem be-
comes undecidable. For example, for finitely generated multiplicative semi-
groups of 3 X 3 matrices over natural numbers the isomorphism, or even the
freeness, problem is undecidable, see [37] or [21] as a survey.

Like the notion of an equation, also the notion of a code can be extended
to other monoids. The unique decipherability problem in a monoid M
asks whether a given finite subset M of M is a free generating set of the
submonoid of M it generates.

We are interested in the monoid of languages. The product of two lan-
guages A and B is defined as the language containing all words uv, where
u € A and v € B. Then the set of all languages is a monoid. Some problems
that are easy for words are very hard in this monoid. For example, if zy = yx
for two words x,y, then x and y are powers of a common word, but no sim-
ilar result holds for languages. In fact, the maximal language commuting
with a given finite language is not necessarily even recursively enumerable
[41]. As another example, it is undecidable whether AB'C' = DE'F for all
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i, where A, B,C, D, E, F are given finite sets [32].

Recently an attempt to study codes in the monoid of languages was
made in [10]. It was shown that the unique decipherability in the monoid of
unary languages is decidable in the case of finite languages, as well as in the
case of regular, that is ultimately periodic languages. Also a simple case of
non-unary languages was settled affirmatively in [10]: if there is a letter that
appears exactly once in every word of every language, then the problem is
decidable. It is also known that the set of finite prefix sets is a free monoid,
i.e. generated by a code [50].

Let us now give a brief overview of this work.

We start in Chapter 2 by giving some basic definitions, notation and
theorems that will be used later.

In Chapter 3, based on [35], we analyze maximal independent systems
of equations and maximal decreasing chains of equations, as well as search
for their relations. We also survey known results and open problems. The
most fundamental problem asks whether the maximal size of an independent
system of word equations on n unknowns is bounded by some function of n.
Amazingly, the same problem is open for three unknown equations, although
we do not know independent systems of more than three equations in this
case. The question about maximal sizes of decreasing chains of equations
is equally open. We give new lower bounds in the cases of three and four
unknowns: a chain of seven equations on three unknowns and a chain of
twelve equations on four unknowns.

In Chapter 4, based on [56], we use polynomials to study some questions
related to systems of word equations. Algebraic techniques have been used
before, most notably in the proof of Ehrenfeucht’s conjecture, which is based
on Hilbert’s basis theorem. However, the way in which we use polynomials
is quite different and allows us to apply linear algebra to the problems. One
of the main contributions of this chapter is the development of new meth-
ods for attacking problems on word equations. Other contributions include
simplified proofs and generalizations for old results and studying maximal
sizes of independent systems of equations. In particular, we get the first
nontrivial lower bound for the size of independent systems of word equa-
tions on three unknowns. This bound depends on the length of the shortest
equation in the system. Thus the connection between word equations and
linear algebra is not only theoretically interesting, but is also shown to be
very useful at establishing simple-looking results that have been previously
unknown, or that have had only very complicated proofs. In addition to
the results of this section, we believe that the techniques may be useful in
further analysis of word equations.

In Chapter 5, based on [34] and [55], we analyze the proof of Hmelevskii’s
theorem. The result itself is, of course, very well known, see e.g. [43]. How-
ever, a compact and readable presentation of it seems to be lacking. We
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hope to fill this gap. In other words, we search for a self-contained proof
using achievements and tools of combinatorics on words obtained over the
last decades. In addition, we conclude an upper bound for the size of the
formula giving the general solution of a constant-free equation on three un-
knowns. Our bound is exponential in terms of the length of the equation.
Based on the bound for the parametric solution, we prove that the length
of the shortest nontrivial solution is also exponential (if such a solution ex-
ists). This connects our work to the satisfiability problem mentioned above,
because Plandowski and Rytter proved [53] that there is a nondeterministic
algorithm solving the problem in time polynomial in nlog IV, where n is the
length of the equation and N is the length of the shortest solution. From
this and our result it follows that the problem of deciding if a constant-free
equation on three unknowns has a nontrivial solution is in NP.

In Chapter 6, based on [57] and [36], we study unique decipherability in
the monoid of languages. The monoid of unary languages is isomorphic to
the additive monoid of sets of natural numbers, so in the unary case we will
actually formulate everything in terms of sets of numbers. We will extend
the result of [10] by giving a complete characterization of codes in the monoid
of unary regular languages. We will also study the power equality problem,
that is the problem of determining whether some powers of two sets are
equal. As far as we know, the nonunary case is very much untouched. We
show that, given a finite collection of regular languages, it is undecidable
whether it is a free generating set in the monoid of languages. Our result is
based on another undecidability result in [11] which states that the unique
decipherability problem is undecidable in the trace monoid {a,b}* x {c, d}*.

Finally, in Chapter 7 we give a summary of the results in this work.






Chapter 2

Preliminaries

We start this chapter with definitions and theorems about words, about
equations in semigroups and about word equations. Then we determine
the solutions of many simple equations and give some definitions related to
parametric words. Finally we talk about unique decipherability. Proofs and
more information on combinatorics on words can be found in [43] and [9].

2.1 Words

The set of nonnegative integers is denoted by Ny and the set of positive
integers by Nj.

An alphabet ¥ is a set of symbols. The elements of ¥ are also called
letters. A word w over X is a finite sequence of these symbols: w = a; ... ay,
where aq,...,a, € ¥ and n € Nyg. If n = 0, we get the empty word,
denoted by €. The product (or catenation or concatenation) of two words
u=ai...am andv=>b;...b,isuv =ay...amby...b,.

If ¥ is an alphabet, then Y* is the set of all words over ¥, and X1 is
the set of all nonempty words. Now X* is a free monoid and X7 is a free
semigroup. The empty word ¢ is the neutral element in X*.

The size of the alphabet is usually not important, as long as there are
at least two letters. However, when talking about the ranks of solutions
of equations, we have to assume that there are at least as many letters as
unknowns.

The length of a word w = aj...a, € ¥* is |w| = n. The number of
occurrences of a letter a € ¥ in w is denoted by |wl,.

A word w € ¥* is a factor of a word ¢t € ¥* if there are u,v € X* such
that ¢t = vwv. If u = ¢, then w is a prefix of t. This is denoted by w < t. If
also w # t, then w is a proper prefix and the notation w < ¢ is used.

A word w € £V is primitive if it is not of the form u* for any u € %
and k > 1. Every word w € ¥ can be represented uniquely as u™ with u
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primitive; then u is the primitive root of w and the notation u = p(w) is
used.

The reverse of a word w = ay .. . a, is Wt =

Ap ...47.

2.2 Equations in Semigroups

We are mostly interested in word equations, but equations can be defined in
any semigroup. In this section we give definitions related to equations in an
arbitrary semigroup S. These will be used in Section 3.1, and also in many
other sections in the case S = ¥*.

Let S be a semigroup and = be a finite nonempty alphabet of unknowns.
A (coefficient-free) equation u = v consists of two words u,v € E. A
morphism h : =t — S is a solution of this equation if h(u) = h(v). The set
of all solutions is denoted by Sol(u = v).

If S is a monoid, we can use Z* instead of =¥, so that equations like
u = ¢ are allowed. An equation u = € can also be written v = 1 if 1 is the
neutral element of S.

A set of equations A is a system of equations. A morphism is a solution
of this system if it a solution of every equation in A. The set of all solutions
of A is denoted by Sol(A). We have

Sol(A) = (1] Sol(E).
EcA

As a trivial boundary case, Sol(@) is the set of all morphisms =+ — S.

Two equations (or systems of equations) are equivalent if they have the
same solutions.

When writing systems of equations, we can omit the braces, so that
a system {Fi,...,E,} can be written as E,...,E,,, and the set of its
solutions as Sol(E1, ..., Ep).

If=={x1,...,2,} and wy,...,w, € ¥* then we can informally talk of
the solution

T] = Wlye..y Ty = Wy

This means the morphism h determined by
h(z1) = wi, ..., h(x,) = wy.

An equation is trivial if every morphism S — Z1 is a solution; otherwise
it is nontrivial.

An equation u = v is balanced if |u|, = |v|, for every unknown z;
otherwise it is unbalanced.

Equations of the form u = u are always trivial. In some semigroups there
are also other trivial equations. For example, in a commutative semigroup
every balanced equation is trivial.



A system of equations is independent if it is not equivalent to any of
its proper subsystems. Another formulation, which is useful when showing
that a specific system is independent, is that a system A is independent if
for every £ € A there is a morphism that is not a solution of F, but is a
solution of all the other equations in A.

Solution sets of systems of equations form a partially ordered set where
the order is given by set inclusion. It is natural to consider maximal sizes of
chains in this partially ordered set. Soif Ao, ..., A,, are systems of equations
and

Sol(Ag) 2 Sol(A1) 2 Sol(A2) 2 -+ 2 Sol(An),

then how large can m be? If m can be unboundedly large, can there be
infinite decreasing or increasing chains?

It will be shown in Theorem 3.1.2 that it is sufficient to consider the case
where the systems are of the form

Ay = @, Alz{El}, AQZ{El,EQ}, R Am:{El,,Em}

This justifies the following definitions.
We define decreasing chains of equations. A finite sequence of equations
FEq, ..., FE,, is a decreasing chain if

SO](@) 2 SOl(El) 2 SOl(El, Eg) 22 SOl(El, e 7Em) (21)
An infinite sequence of equations F1, Fs, ... is a decreasing chain if
SOl(@) 2 SOl(El) 2 SOl(El,EQ) 2.

Similarly we define increasing chains of equations. A finite sequence of
equations Ff1, ..., E,, is an increasing chain if

Sol(Ey,...,Ep) € Sol(Es,...,Ey) € -+ € Sol(Ey,) € Sol(2).
An infinite sequence of equations Fj, s, ... is an increasing chain if
SOl(El,EQ,...) g SOl(EQ,Eg,...) g SOI(E37E4,...) g

Now Fq,...,E,, is an increasing chain if and only if E,,,...,F; is a
decreasing chain. However, for infinite chains these concepts are essentially
different. Note that a chain can be both decreasing and increasing, for
example, if the equations form an independent system.

In the definitions the inclusions between the solution sets are trivial, so
we could as well write

SO](@) 7& SOl(El) 7& SOl(El, EQ) 7& i ?é SOl(El, ce ,Em)
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in place of (2.1), and so on. This also means that Ey,..., E,, is a decreasing
chain if and only if for every i € {1,...,m} there is a morphism that is not
a solution of E;, but is a solution of the system FEi,..., E;_1.

A semigroup has the compactness property if every system of equations
has an equivalent finite subsystem. Many results on the compactness prop-
erty are collected in [23]. In terms of chains, the compactness property
turns out to be equivalent to the property that every decreasing chain is
finite. This is proved in Theorem 3.1.3 and gives further justification for the
importance of decreasing chains.

2.3 Word Equations

In this section we state some well known theorems related to word equations,
that is equations in the free monoid ¥*.

Let Z be a finite nonempty alphabet of unknowns. A (coefficient-free)
word equation u = v consists of two words w,v € Z7. A morphism h : =% —
¥* is a solution of this equation if h(u) = h(v).

This is of course just the definition of equations in the previous section
written for free monoids. Similarly we can denote the set of solutions by Sol
and extend all the definitions for systems of equations.

A solution h is periodic if there exists a t € ¥* such that every h(z),
where x € =, is a power of t. Otherwise h is nonperiodic.

Now we state some basic auxiliary results that are needed later, for more
see [9].

Theorem 2.3.1 (Commutation). A nontrivial equation on two unknowns
has only periodic solutions.

Theorem 2.3.2 (Periodic solutions). Let = = {z1,...,x,}. The periodic
solutions of an equation u = v are

T = til,...,xn = ti",
where t € X* and iy, ...,1, are numbers satisfying the linear relation
[u|pyin + -+ (Ul in = |V]e i1 + -+ U]z, 0n-
Theorem 2.3.3 (Conjugation). The solutions of the equation xz = zy are
z=pg, y=aqp, z=plap)’ or w=y=¢, z=p,
where p,q € X* and i > 0.
Theorem 2.3.4 (Fine and Wilf). Let u,v € X7, v/ < u, v/ <wv and
™| = [0"| = [u] + [v] — ged(|ul, [v]).

Now u™u' = v™' if and only if uv = vu.
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The (combinatorial) rank of a morphism h is the smallest number r for
which there is a set A of r words such that h(z) € A* for every unknown .

A morphism is periodic if and only if its rank is at most one.

It is well known that any nontrivial equation on n variables forces a defect
effect; that is, the values of the variables in any solution can be expressed
as products of n — 1 words (see [22] for a survey on the defect effect).

Theorem 2.3.5 (Defect theorem). Every solution of a nontrivial equation
on n vartables has rank at most n — 1.

The graph of a system of word equations is the graph where Z is the set
of vertices and there is an edge between x and y if one of the equations in
the system is of the form z--- =y---.

Theorem 2.3.6 (Graph lemma). Consider a system of equations whose
graph has r connected components. If h is a solution of this system and
h(z) # € for all x € Z, then the rank of h is at most r.

The above theorem has the following corollary, which is particularly
useful in Chapter 5.

Corollary 2.3.7. Let A,B,C,D € {x,y,z}*. If h is a solution of the pair of
equations A = yB,xC = zD and if h(z), h(y), h(z) # €, then h is periodic.

The following theorem, proved in [24], is sometimes useful.

Theorem 2.3.8. If an independent pair of equations on three unknowns has
a nonperiodic solution, then the equations must be balanced.

We will generalize and reproof this result in Section 4.5.
If we need to replace a system of equations with a single equation, the
following theorem can be used.

Theorem 2.3.9. Let Eq, Ey be a pair of equations. There is an equation
that has the same nonperiodic solutions as the pair. If at least one of E1, Eo
is balanced, then there is an equation that is equivalent to the pair.

Proof. The first claim was proved in [26]. If E; is the equation u; = v; and E;
is balanced, then the pair Fq, Es is equivalent to the equation ujus = vivs,
so the second claim holds. O

Two unbalanced equations can’t necessarily be combined. For example,
the pair x = y, x = z is not equivalent to any single equation.

It was conjectured by Ehrenfeucht in a language theoretic setting that
the compactness property holds for free monoids. This conjecture was re-
formulated in terms of equations in [12], and it was proved independently
by Albert and Lawrence [2] and by Guba [20].
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Theorem 2.3.10 (Ehrenfeucht’s compactness property). Every infinite sys-
tem of word equations has an equivalent finite subsystem.

The proofs are based on Hilbert’s basis theorem.

2.4 Examples of Word Equations

In this section we solve some simple word equations. These work as exam-
ples, but they are also used in Chapter 5.
The following lemma is needed in Lemma 2.4.8.

Lemma 2.4.1. If ww = uwv, where u # ¢ and v # &, then w is not
primative.

We continue by solving a few examples of word equations that are needed
later.

Lemma 2.4.2. The nonperiodic solutions of the equation xyz = zyx are

z = (pa)'p, y=alpa)’, == (pa)*p,
where p,q € ¥*, 4,5,k > 0, pq # qp and pq can be assumed to be primitive.

Proof. The claimed solutions satisfy the equation and are nonperiodic. If
h is a nonperiodic solution, then h(zyzy) = h(zyzy), so h(xy) = t™ and
h(zy) = t", where t is primitive and m,n > 0. Now h(y) = q(pq)’, where
pg =tand 0 < j < m,n, so h(z) = (pg)'p and h(z) = (pq)*p, where
t=m-—j—1land k=n—j—1. If p and ¢ would commute, the solution
would be periodic. O

Lemma 2.4.3. The nonperiodic solutions of the equation xyz = zxy are

z = (pg)'p, y=alpg)’, z = (pg)",
where p,q € ¥*, 4,5,k > 0 and pqg # qp.

Proof. The claimed solutions satisfy the equation and are nonperiodic. If A is
a nonperiodic solution, then h(xy) = t™ and h(z) = t*, where m > 0,k > 0.
Now h(y) = q(pq)?, where pg =t and 0 < j < m, so h(z) = (pq)’p and
h(z) = (pq)*, where i = m — j — 1. If p and ¢ would commute, the solution
would be periodic. O

Lemma 2.4.4. Let a > 2. The nonperiodic solutions of the equation xzx =

y® are ‘ ' ‘
z=(pg)'p, y= (p0)"'p, 2= qp((pg)"*'p)* *pq,

where p,q € ¥*, 1> 0 and pq # qp.
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Proof. The claimed solutions satisfy the equation and are nonperiodic. Let
h be a nonperiodic solution. If it would be |h(x)| > |h(y)|, then h(zz) and
h(y) would be powers of a common word by Theorem 2.3.4, and h would be
periodic. Thus |h(x)| < |h(y)|. Now h(y) = uh(x) = h(z)v, where u,v # ¢,
and h(z) = vh(y)* 2u. By Theorem 2.3.3, u = pq, v = qp, h(x) = (pq)'p,
h(y) = (pq)"™p and h(z) = qp((pq)*'p)*2pgq. If p and ¢ would commute,
the solution would be periodic. O

Lemma 2.4.5. Let a > 2. The nonperiodic solutions of the equation xy®z =
2yt are

= (pg")'p, y=4q, 2= (pg")’p  or
z = qp((p )"“rl ) 2pq(((pg)*p)* ' pq)’,
y = (pq)k*
z = qp((pq )’“+1 )“2pq(((pg)*p)* ' pq)’,

where p,q € ¥, i, j,k > 0 and pq # qp.

Proof. The claimed solutions satisfy the equation and are nonperiodic. If A
is a nonperiodic solution, then, by Lemma 2.4.2,

h(z) = u(vu)’, h(y") = v(ww)’, h(z) = u(va)’,

where wv is primitive. If b = 0, this gives a solution of the first form. If
b > 1, then, by Theorem 2.3.4, h(y) and vu commute. Then u = ¢ or
v =c¢ and h(z),h(y),h(z) € (uwv)*, which is a contradiction. If b = 1, then,

by Lemma 2.4.4, v = (pg)*p, h(y) = (pg)*"'p and u = gp((pg)**'p)**pg.
This gives a solution of the second form. If p and ¢ would commute, the
solution would be periodic. O

Lemma 2.4.6. Those nonperiodic solutions of the equation ryrz = zx’y
that satisfy |x| > |z| are

= (pg)'p, v = ap((pa)'p)pq, = = py,
where p,q € ¥*, 1> 1, 7 >0 and pq # qp.

Proof. The claimed solutions satisfy the equation and are nonperiodic. If A
is a nonperiodic solution, then, by Lemma 2.4.2,

hay) = (wo)'u, hiz) = v(w)’, h(z) = (uo)*u.

Because h(z) < h(z) < h(zy) and uv # vu, it must be h(z) = u < h(x) =

v <uw. Now h(z) = pq and h(z) = (pq)'p, so y = qp((pq)""'p)’pq. If p and
q would commute, the solution would be periodic. O
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Lemma 2.4.7. Leta,b>1 and U,V € Z*. If h is a solution of the equation
xyU = y*2V, then h(x) and h(y) commute.

Proof. Assume that h(z) < h(y). Then h(y) = h(x)°t, where h(z) £ t.
Because h(z)*t¢... = h(z)---, it must be t < h(z). Now h(z)*T¢t.-- =
h(y)Ph(z)--- and |h(z)*Tt|, |h(y)Ph(z)| > |h(z)h(y)|. The claim follows by

Theorem 2.3.4. O

Lemma 2.4.8. The nonperiodic solutions of the equation xyxzyz = zxzyry
are

rT=p Yy=q, 2=¢ or rT=p, Yy=4q, 2=Dpq,
where p,q € X* and pq # qp.

Proof. The claimed solutions satisfy the equation and are nonperiodic. If h
is a nonperiodic solution, then, by Lemma 2.4.2,

h(zy) = (uv)iu, h(zzy) = v(w)’, h(z) = (w)*u,

where uv is primitive. If |h(x)| > |uv|, then uv and vu are both prefixes of
h(x), wv = vu, and the solution is periodic. Thus |h(z)| < |uv|. Symmetri-
cally |h(y)| < |uv|, soi=0o0ri=1. If k> 0 and h(z) # v, then uv is a
factor of wvuv in a nontrivial way, which contradicts the primitivity of uw
by Lemma 2.4.1. If h(z) = v, then h(y) = v(uv)" for some I, u and v satisfy
a nontrivial relation and the solution is periodic. Thus k& = 0 and h(z) = u.
If i =0, then h(xy) = h(z). If i = 1, then either h(z) =corj=1or j=2
orv=c. If j =1, then |v| = 2|u|, u is a prefix and a suffix of v, and u and
v commute. If j = 2, then |u| = 2|v|, v is a prefix and a suffix of u, and
u and v commute. If v = ¢, then |h(z)|,|h(y)| < |uv| is not possible. This
proves that the claimed solutions are all nonperiodic solutions. If p and ¢
would commute, the solution would be periodic. O

We will use the equation of Lemma 2.4.8 several times. Essentially the
same equation was also used in [42] to prove a result about one unknown
equations with constants.

2.5 Parametric Words

In this section we define parametric words, parameterizability and paramet-
ric solutions. These definitions are used in Chapter 5.

We fix the alphabet of word parameters A and the set of numerical
parameters A. Now parametric words are defined inductively as follows:

(i) if @ € AU{e}, then (a) is a parametric word,

(ii) if @ and (3 are parametric words, then so is (af3),

14



(iii) if o is a parametric word and i € A, then (o) is a parametric word.

The set of parametric words is denoted by P(A, A). The sets of parameters
are always denoted by A and A.

When there is no danger of confusion, unnecessary parenthesis can be
omitted and notations like a‘a? = o't/ and (o)’ = a¥ can be used. Then
parametric words form a monoid if the product of o and 3 is defined to be
af.

If fis a function A — Ny = {0,1,2,... }, we can abuse the notation and
use the same symbol for the function that maps parametric words by giving
values for the numerical parameters with f: if a € AU{e}, then f((a)) = q;
if a, 8 € P(A,A), then f((af)) = f(a)f(B); if « € P(A,A) and i € A, then
(@) = f(a)f®. A parametric word is thus mapped by f to a word of
A*. This can be further mapped by a morphism h : A* — ¥* to a word of
>*. The mapping h o f is a valuation of a parametric word into ¥*, and f
is its valuation to the set A*.

We define the length of a parametric word: the length of ¢ is zero; if
a € A, then the length of a is one; if a, 3 € P(A, A), then the length of af
is the sum of the lengths of o and 3; if & € P(A,A) ~ {e} and i € A, then
the length of o/ is the length of a plus one. The length of « is denoted by
o]

Next we define the height of a parametric word: if a € AU {e}, then the
height of a is zero; if a, 5 € P(A, A), then the height of af is the maximum
of the heights of a and f; if & € P(A,A) ~ {e} and i € A, then the height
of o' is the height of o plus one. Parametric words of height zero can be
considered to be words of A*.

A linear Diophantine relation R is a disjunction of systems of linear
Diophantine equations with lower bounds for the unknowns. For example,

(z+y—2=0A(z22)V([z+y=3)A(z+2z=4)

is a linear Diophantine relation over the unknowns x, y and z. We are only
interested in the nonnegative values of the unknowns. If A = {iy,..., i},
f is a function A — Ny, and f(i1),..., f(ir) satisfy R, then the notation
f € R can be used.

Let S be a set of morphisms =* — ¥*, A = {iy,..., i}, h; a morphism
from the monoid =Z* to parametric words and R; a linear Diophantine re-
lation, when j = 1,...,m. The set {(h;,R;) |1 <j < m} is a parametric
representation of S if

S={hofohj|1<j<m,feR;},

where h o f runs over all valuations to ¥*. The linear Diophantine relations
are not strictly necessary, but they make some proofs easier. A set can be
parameterized if it has a parametric representation.
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It follows immediately that if two sets can be parameterized, then also
their union can be parameterized.

The length of the parametric representation is the sum of the lengths of
all hj(z), where j = 1,...,m and x € Z. This definition does not take into
account the linear Diophantine relations. For example, if a is a number,
then the length of p® is a, but if ¢ is a numerical parameter appearing
nowhere in the representation and if the equality ¢ = a is added to the
linear Diophantine relation, then p® can be replaced with p’, whose length
is only two.

Let S, 51,...,5, be sets of morphisms =% — ¥*. The set S can be param-
eterized in terms of the sets Sy, ..., S, if there exists morphisms h1,..., h,
from E* to P(=Z, A) such that

*

S:{gofohj|1§j§n,g€sj'},

where f runs over functions A — Nj.

Again it is a direct consequence of the definitions that the parameteriz-
ability is preserved in compositions. Namely, if S can be parameterized in
terms of the sets Si,...,.5, and every S; can be parameterized in terms of
the sets S;1,...,Sin,;, then S can be parameterized in terms of the sets S;;.

We conclude these definitions by saying that solutions of an equation
can be parameterized if the set of its all solutions can be parameterized. A
parametric representation of this set is a parametric solution of the equation.

These definitions can be generalized in an obvious way for systems of
equations. Theorem 2.3.3 and Lemmas 2.4.2 — 2.4.8 give parametric solu-
tions for some equations. For example, the conjugacy equation xz = zy
has a parametric solution {(hi, R), (he, R)}, where A = {p,q}, A = {i},
hi(z) = pg, hi(y) = qp, hi(2) = p(qp)", ha(x) = ha(y) = &, ha(2) =p and R
is the trivial relation satisfied by all functions f : A — Ng.

Hmelevskii proved [26] that every equation on three unknowns has a
parametric solution. Giving a new proof for this theorem is the topic of
Chapter 5.

2.6 Unique Decipherability

This section gives preliminaries for Chapter 6.
A set of words {wq,...,w,} is a code, or has the unique decipherability
property, if
Tl = Wly..., Ty = Wnp

is not a solution of any nontrivial word equation.
A good reference on the theory of codes is [5]. There is a well-known
algorithm for determining whether a given set of words is a code [59].
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Codes can also be defined in other semigroups than ¥*: a subset of a
semigroup is a code if the elements of the subset do not satisfy a nontrivial
equation.

We are interested in the case where the semigroup is the set of all regular
languages over Y. The product of two languages is defined in a usual way:
AB ={uv |u e A,v € B}.

There are two essentially different cases depending on whether ¥ has
just one letter or at least two.

If ¥ = {a}, then the semigroup of languages is isomorphic to the additive
semigroup of sets of nonnegative integers, where the product of two sets is

AB={xz+y|z e Aye B}.

The isomorphism is given by {a*',a*?,...} + {k1,ks,...}. Thus we can
consider sets of numbers instead of unary languages.
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Chapter 3

Chains and Systems of
Equations

In this chapter we study equations, first in an arbitrary semigroup and then
in a free monoid. We survey known results and give examples. We prove
some elementary theorems that, as far as we know, have not been explicitly
stated before. We also give some new lower bounds for the sizes of decreasing
chains of equations.

Section 3.1 is devoted to equations in semigroups.

In Section 3.2 we make basic observations about word equations.

In Section 3.3 we make a remark about the trivial cases of one and two
unknowns and give lower bounds for the maximal sizes of systems and chains
in the cases of three and four unknowns.

In Section 3.4 we consider lower bounds in the general case of n un-
knowns.

In Section 3.5 we mention some related question.

This chapter is based on the article [35].

3.1 Systems and Chains in Semigroups

In this section we consider independent systems and chains of equations in
semigroups. The definitions were given in Section 2.2.

More precisely, we will consider the mazimal sizes of independent sys-
tems of equations and chains of equations. If the number of unknowns is n,
then the maximal size of an independent system is denoted by IS(n). We
use two special symbols UB and oo for the infinite cases: if there are infi-
nite independent systems, then IS(n) = oo, and if there are only finite but
unboundedly large independent systems, then IS(n) = UB. We extend the
order relation of numbers to these symbols: k < UB < oo for every integer
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k. Similarly the maximal size of a decreasing chain is denoted by DC(n),
and the maximal size of an increasing chain by IC(n).

Independent systems of equations are a well-known topic (see, e.g., [23]).
Chains of equations have been studied less, so we prove here some elementary
results about them. The following theorem states the most basic relations
between IS, DC and IC.

Theorem 3.1.1. For every n, IS(n) < DC(n),IC(n). If DC(n) < UB or
IC(n) < UB, then DC(n) = IC(n).

Proof. Every independent system of equations is also a decreasing and in-
creasing chain of equations, regardless of the order of the equations. This
means that IS(n) < DC(n),IC(n).

A finite sequence of equations is a decreasing chain if and only if the
reverse of this sequence is an increasing chain. Thus DC(n) = IC(n) if
DC(n) < UB or IC(n) < UB. O

Now we prove two theorems mentioned in Section 2.2.

Theorem 3.1.2. If there are systems of equations Ay, ..., Amn such that
Sol(A4p) 2 -+ 2 Sol(4,,), (3.1)
then DC(n) > m. If there are systems of equations Ay, A1, ... such that
Sol(Ap) 2 Sol(A1) 2 ..., (3.2)
then DC(n) = co. If there are systems of equations Ay, Aa, ... such that
Sol(A1) € Sol(A42) € ..., (3.3)
then IC(n) = oo.

Proof. First, assume that (3.1) holds. If we replace every A; with AgU---U
A;, then (3.1) still holds, so we can assume that Ay C --- C A,,. For every
i €{1,...,m}, there is a solution h; € Sol(A;_1) \ Sol(4;) and an equation
E; € A; ~ A;_1 such that h; ¢ Sol(E;). Now Ei,...,E,, is a decreasing
chain.

Second, assume that (3.2) holds. If we replace every A; with AgU---UA;,
then (3.2) still holds, so we can assume that A9 € A; € .... For every
i€{1,2,...}, there is a solution h; € Sol(A;_1) \ Sol(A4;) and an equation
E; € A; ~ A,y such that h; ¢ Sol(E;). Now Ej, Fs,... is an infinite
decreasing chain.

Third, assume that (3.3) holds. If we replace every A; with A;UA;1U...,
then (3.3) still holds, so we can assume that A; 2 As 2 .... For every
i€ {1,2,...}, there is a solution h; € Sol(A;+1) \ Sol(A4;) and an equation
E; € A; ~ A;y1 such that h; ¢ Sol(E;). Now Ej,E,,... is an infinite
increasing chain. O
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Theorem 3.1.3. A semigroup has the compactness property if and only if
DC(n) < UB for every n.

Proof. Assume first that the compactness property holds. Let Eq, Eo,...
be an infinite decreasing chain of equations. As a system of equations, it

is equivalent to some finite subsystem Fj ,...,E;, , where iy < --- < ip.
But now the system Fi,...,FE; is equivalent to Eq,...,F; 1. This is a
contradiction.

Assume then that DC(n) < UB for every n. Let Ej, Es,... be an in-
finite system of equations. If there is an index N such that Ej,..., E; is
equivalent to Fq,..., E;y1 for all ¢ > N, then the whole system is equiva-
lent to Eq,..., En. If there is no such index, then let i; < is < ... be all
indexes such that Ey,...FE; is not equivalent to Ey,...,E; 1. But then
E; ,E;,,... is an infinite decreasing chain, which is a contradiction. U

This theorem is one reason why decreasing chains seem to be more in-
teresting than increasing ones. Another reason is that we do not know an
example where IC(n) = UB. If there would not be such examples, then
IC(n) would be completely determined by DC(n).

Now we examine what kind of combinations of values IS, DC and IC can
have. The first two examples give the extreme cases: all three values can be
finite, and all three values can be infinite.

Example 3.1.4. In any finite semigroup, IS(n), DC(n) and IC(n) are finite
for all n.

Example 3.1.5. In the monoid of functions Z — Z, IS(2) = DC(2) =
IC(2) = oo. For j > 0, let fj(a) =1if a = 2j and f;(a) = 0 otherwise. Let
g(a) = a+2 for all a. Now fjog'o f; = fjo f; if and only if i # 4, so the
infinite system of equations zy‘r = xx (i = 1,2,...) is independent.

The next example shows that the values of IS, DC and IC can differ
significantly.

Example 3.1.6. We give an example of a monoid where IS(1) = 1, DC(1) =
UB and IC(1) = co. The monoid is
i+1

(a1,az,... | aa; = aja;, a;

1= ).

Every equation on one unknown is of the form x! = 7. If i < j, then this is
equivalent to ! = 2'*1. So all nontrivial equations are, up to equivalence,

and these have strictly increasing solution sets. Thus IC(1) = oo, DC(1) =
UB and IS(1) = 1.
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In the next example we need the fact that every commutative monoid
has the compactness property, see [23].

Example 3.1.7. In the monoid of complex roots of unity, IS(1) = DC(1) =
UB and IC(1) = oo. Let p1,po, ... be distinct primes. If N = p;...py,, then
the equations 2V/Pi = 1, where i = 1,...,n, form an independent system,
so DC(1) > IS(1) > UB. On the other hand, IS(1) < DC(1) < UB, because
the monoid is commutative. The equations

Pl — 1’ rP1P2 — 1’ P1P2P3 1’ .

form an increasing chain of equations, so IC(1) = oc.

In the next section we will move to free monoids. They satisfy the
compactness property, but the finiteness of IS(n) is open for n > 3. This
should be compared to the related case of free groups. It was proved by
Albert and Lawrence [1] that the compactness property holds for free groups
but there are unboundedly large independent systems. Thus the situation
is similar as in Example 3.1.7.

Example 3.1.8. Let = = {z,y, 2z} and let S be the free group generated by
a and b. In this example we consider group equations uw = 1, where u is an
element of the free group generated by E.

Let [u,v] = v~ v~ uv be the commutator of u and v and, for m > 2, let
[Uly ...y um] = [[u1, ..., Um—1], un] be the generalized commutator.

Let v; = 2 'a'y~'2*. Now the group equations

E;: v, ..., 01,041, ..., Un) = 1,

where i € {1,...,m}, form an independent system, because

T = a, y:ai, z=5b

is not a solution of E; but is a solution of every other E;. Thus there are
arbitrarily large independent systems of group equations on three unknowns.

In general, group equations v = 1 are not semigroup equations or monoid
equations as defined in Section 2.2, because u can contain inverses of the
unknowns. However, we can transform a group equation into a monoid
equation by replacing 7!, y~! and 2! with new unknowns z, 4 and z. Then
the above system Fj, ..., E,, is transformed into an independent system on
six unknowns. This shows that IS(6) = UB in the free group S. If we
would alter the definition of IS to allow group equations, then we would get
IS(3) = UB.
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3.2 Systems and Chains of Word Equations

For the rest of this chapter, we will study independent systems and decreas-
ing chains in the case of free monoids and free semigroups. The symbols IS
and DC will always refer to the maximal sizes of independent systems and
decreasing chains in the free monoid. In the free semigroup we will use the
symbols ISy and DC,..

Periodic solutions are not very interesting, so sometimes it makes sense
to consider only systems that have a nonperiodic solution. The maximal size
of an independent system in a free monoid having a nonperiodic solution is
denoted by IS’. Similarly the maximal size of a decreasing chain having a
nonperiodic solution is denoted by DC’. Similar notation can be used for
free semigroups.

We can study independent systems or decreasing chains, we can do this
in the free monoid or in the free semigroup, and we can choose whether to re-
quire that there is a nonperiodic solution. This gives eight related questions,
namely what are the values of IS, DC, IS, DC,IS',DC', I8/, , DC/, ..

It is clear that we have

IS+ (n) <IS(n), DC4(n) < DC(n),

1), (n) < 15'(n), DC, () < DC'(n)
and

IS(n) < DC(n), IS4 (n) < DC4(n),

IS'(n) < DC'(n), IS’ (n) < DC', (n)

for all n. We can say a little bit more about the relation between DC(n)
and DC’(n) and between the other corresponding numbers. If a decreasing
chain has a nonperiodic solution, then we can add an equation that forces
all unknowns to commute. After that we can add at least one equation, for
example z1 ...z, = 1, and at most n equations by Theorem 2.3.2 and basic
linear algebra. Thus

DC'(n) +2 < DC(n) < DC'(n) +n +1,
DC’ (n) +2 <DCy(n) <DC/ (n)+n+1.
for n > 2. In the case of independent systems we get even tighter bounds.
To see this, let F4,...,E,, be an independent system and hq,...,h, be
solutions such that h; satisfies all of the equations except F;. If one of the
solutions, say hi, is not periodic, then Fj, ..., F,, is an independent system
with a nonperiodic solution. On the other hand, if every h; is periodic, then
m < n by linear algebra, and IS', (n) > n — 1 for n > 3. Thus
IS'(n) <1IS(n) <1S'(n) + 1,
IS, (n) <1S4(n) < IS/ (n) + 1,
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for n > 3. This means that IS’ and DC’ are basically the same as IS and
DC if we are only interested in their finiteness or asymptotic growth.
The next theorem follows from Theorems 2.3.10 and 3.1.3.

Theorem 3.2.1. For all n, we have DC(n) < UB, and hence also 1S(n) <
UB.

No better upper bounds than DC(n) < UB are known for n > 2. Even
the seemingly simple question about the size of IS'(3) is still completely
open; the only thing that is known is that 2 < IS(3) < UB. The lower
bound is given by the example xyz = zyx, zyyz = zyyz.

3.3 Three and Four Unknowns

Word equations on one unknown are completely trivial. They are all equiv-
alent to either the equation x = z or the equation x = ¢, so

IS(1) = DC(1) = IS, (1) = DC, (1) = 1,
18'(1) = DC/(1) = 18, (1) = DC/, (1) = 0.

Equations on two unknowns are not much more interesting. By Theo-
rems 2.3.1 and 2.3.2,

IS(2) =1S,(2) = 2,
DC(2) = DC,(2) = 3,
IS'(2) = DC'(2) =15/ (2) = DC', (2) = 0.

As soon as there are at least three unknowns, the questions become
much more difficult. The cases of three and four variables were studied in
[13]. The article gives examples showing that IS’ (3) > 2, DC,(3) > 6,
IS’ (4) > 3 and DC,(4) > 9. We are able to give better bounds for DC,(3)
and DC(4).

First we assume that there are three unknowns x, y, z. There are
trivial examples of independent systems of three equations, for example,
2?2 = y,y? = 2,22 = 2, 50 IS, (3) > 3. There are also easy examples of
independent pairs of equations having a nonperiodic solution, like zyz =
zyx, vyyz = zyyx, so I8/ (3) > 2. Amazingly, no other bounds are known
for IS4 (3), IS, (3), IS(3) or IS'(3).

The following chain of equations shows that DC(3) > 7:

TYz = zZTY, r=a, y=>=, z=abab
TYTZYZ = 2T2YTY, r=a, y=>=b, z=uab
A r=a, y=>b, z=¢
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Ty = yzw, r=a,y=a, 2=4a

T =c¢, r=¢c¢ y=a, z=a
Yy =€, r=c¢c, Yy=¢, z2=a
z =€, rT=c¢, Yy=¢€, z=¢.

Here the second column gives a solution that is not a solution of the equation
on the next row, but is a solution of all the preceding equations. The first
two equations are those from Lemmas 2.4.3 and 2.4.8. This chain uses the
empty word, and thus does not work in the free semigroup as such. However,
a slightly more complicated example shows that also DC,(3) > 7:

TTYZ = 2XTYT, r=a, y=>, z=aabaaba
TTYTZYZ = ZZYTITYL, r=a, y=>b, z=aaba
Tz = zZT, r=a, y="b, z=a
Ty = yr, r=a, y=aa, z2=a
T =1y, r=a, y=a, z=aa
T =z, r=a, y=a, z=a
Txr =, no solutions.

For some results about the structure of equations in independent systems
on three unknowns see [14] and [15].

If we add a fourth unknown ¢, then we can trivially extend any inde-
pendent system by adding the equation ¢ = x. This gives IS;(4) > 4 and
IS’ (4) > 3. For chains the improvements are nontrivial. The following
chain of equations shows that DC(4) > 12:

y=>b, z=abab, t =a

TYz = 2TY,

zyt = toy, y=>b, z=abab, t = abab

TYTZYZ = ZTZYTY, y=>b, z=ab, t =abab

xyxtyt = txtyxy, y=>b, z=ab, t=ab

zyxztyzt = ztxztyxy, y=>b z=ab, t=c¢

B 8 8 8 8 8 8 8 8 8 8 8
|
T T S S~ S~ T N~ T~ ~ W~

Tz = 2T, y=>b z=¢, t=uab
xt = tx, =a,y=>b, z=¢, t=¢
Ty = Yy, =a,y=a, z2=a, t=a
Tr =g, =&, yYy=a, z=a, t=a
Yy = ¢, =, Yy=¢, 2=a, t=a
Z =g, =c, Y=¢, 2=¢,t=a
t =g, =c, Y=¢, 2=¢, t=¢.
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The next theorem sums up the new bounds given in this section.

Theorem 3.3.1. DC,(3) > 7 and DC(4) > 12.

3.4 Lower Bounds

In [33] it is proved that IS(n) = Q(n*) and IS, (n) = Q(n?). The former is
proved by a construction that uses n = 10m variables and gives a system of
m* equations. Thus IS(n) is asymptotically at least n*/10000. We present
here a slightly modified version of this construction. By “reusing” some of
the unknowns we get a bound that is asymptotically n*/1536.

Theorem 3.4.1. If n = 4m, then IS (n) > m2(m — 1)(m — 2)/6.

Proof. We use unknowns x;,¥;, z;, t;, where 1 < ¢ < m. The equations in
the system are

E(i,j, k1) : 2z jonyiyiyrzizizitt = Qo opyiyjYniZj 2.

where 4,5, k,l € {1,...,m} and i < j < k. If i,5,k,l € {1,...,m} and
i < j <k, then

{ab, it r e {i,], k} {a, if r € {i,j, k}
Ty = Yr =

g, otherwise e, otherwise

ba, ifre{i,j,k} ababa, ifr=1
Zr = . tr = .
g, otherwise g, otherwise

is not a solution of E(i, j, k,l), but is a solution of all the other equations.
Thus the system is independent. O

The idea behind this construction (both the original and the modified) is
that (ababa)* = (ab)*a*(ba)¥ holds for k < 3, but not for & = 3. It was noted
in [51] that if we could find words u; such that (uy ... u,)* = u} ... uk, holds
for k < K, but not for k = K, then we could prove that IS(n) = Q(nff*1).
However, it has been proved that such words do not exist for K > 5 (see
[28]), and conjectured that such words do not exist for K = 4.

3.5 Related Questions

We can use the notion of rank to present variations of the question of the
maximal size of independent systems.

If a system has only periodic solutions, then the system can be said to
force a maximal defect effect, so IS'(n) is the maximal size of an independent
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system not doing that. But how large can an independent system be if it

forces only the minimal defect effect, that is, the system has a solution in

which the variables cannot be expressed as products of n — 2 words? In [33]

it is proved that there are such systems of size Q(n?) in free monoids and of

size Q(n?) in free semigroups. Again, no upper bounds are known.
Another variation would be to consider chains that satisfy

Sol 71(®) Q SOlnfl(El) 2 SOlnil(El,Eg) 2 ce Q SOlnfl(Ela e 7Em)7

n
where Sol,,_; is the set of solutions of rank n — 1. These kinds of chains will
be studied in Section 4.6.

Instead of trying to find a fixed bound for IS(n) or for some of the other
related numbers, we could also try to find a bound that depends on the
lengths of the equations. If E1,..., E,, is an independent system or chain,
then trivially m is exponential with respect to the maximum of the lengths
|E;|, because there are only exponentially many equations of certain size.
For some questions, we can give bounds that depend only quadratically on
the length of the shortest equation of a system, or on the length of the first
equation of a chain. This is done in Section 4.6.
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Chapter 4

Word Equations,
Polynomials and Linear

Algebra

In this chapter we introduce a new approach for proving results about word
equations with the help of polynomials and linear algebra. This allows us
to give new shorter proofs and generalizations for some old theorems.

First, in Section 4.1 we define a way to transform words into polynomials
and prove some basic results using these polynomials.

In Section 4.2 we prove that if the lengths of the unknowns are fixed,
then there is a connection between the ranks of solutions of a system of
equations and the rank of a certain polynomial matrix. This theorem is
very important for all the later results.

In Section 4.3 we analyze the results of Section 4.2 when the lengths
of the unknowns are not fixed. For every solution these lengths form an
n-dimensional vector, called the length type of the solution. We prove that
the set of length types of all solutions of rank n — 1 of a pair of equations is
covered by a finite union of (n — 1)-dimensional subspaces if the equations
are not equivalent on solutions of rank n — 1. This means that the solution
sets of pairs of equations are in some sense more structured than the solution
sets of single equations. This theorem is the key to proving the remaining
results.

Section 4.4 contains small generalizations of two earlier results. These
are nice examples of the methods developed in Section 4.2 and have some
independent interest.

In Section 4.5 we prove a theorem about unbalanced equations. This
gives a considerably simpler reproof and a generalization of a result in [24].

Finally, in Section 4.6 we return to the question about sizes of indepen-
dent systems. There is a trivial bound for the size of a system depending
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on the length of the longest equation, because there are only exponentially
many equations of a fixed length. We prove that if the system is independent
even when considering only solutions of rank n — 1, then there is an upper
bound for the size of the system depending quadratically on the length of
the shortest equation. Even though it does not give a fixed bound even in
the case of three unknowns, it is a first result of its type — hence opening,
we hope, a new avenue for future research.
This chapter is based on the article [56].

4.1 Words and Polynomials

In this section we give proofs for some well-known results that have been
mentioned in Chapter 2. These serve as examples of the polynomial methods
used. Even though the standard proofs of these are simple, we hope that
the proofs given here illustrate how properties of words can be formulated
and proved in terms of polynomials.

Let ¥ € Ny be an alphabet of numbers. For a word w = ag...a,_1 € X"
we define a polynomial

P, =ap+ ale + -+ an_an_l
and, if n = |w| > 0, a rational function

J— Pw
X — 1

Ry

Now w +— P, is an injective mapping from words to polynomials. Here we
need the assumption 0 ¢ ¥; if injectivity of P, would not be needed, then
also 0 could be a letter. If wq,...,w,, € X*, then

Pu,.wy, = Puy, + Pw2X|w1\ 4ot Pme\w1...wm—1 7 (4.1)
and if wy,...,w, € X1, then

Pwl---wm :Rwl (X‘wﬂ - 1) + ng (X|w1w2‘ - X|w1‘)
+---+ Ry, (X\un-..wm\ _ X\wl...wm,l\)'

If we X7 and k € Ny, then

Xhlwl 1

P, i = Ry, (Xl —1).

we = Py

The polynomial P, can be viewed as a characteristic polynomial of the
word w. We could also replace X with a suitable number b and get a number
whose reverse b-ary representation is w. Or we could let the coefficients of
P,, be from some other commutative ring than Z. Similar ideas have been
used to analyze words in many places, see e.g. [39] and [58].
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Example 4.1.1. If w = 1212, then P, = 1 + 2X + X? +2X3 and

R 142X + X2 +2X°  (1+X?)(1+2X)  1+2X?
v X4 -1 (X2 )(X2-1) X2-1°

Recall that a word w is called primitive if it is not of the form u”* for any
k> 1. If w = «* and v is primitive, then u is a primitive root of w.

Lemma 4.1.2. If w is primitive, then P, is not divisible by any polynomial
of the form (X®! —1)/(X™ — 1), where n < |w| is a divisor of |w).

Proof. If P, is divisible by (X“I —1)/(X™ — 1), then there are numbers
ag, . ..,ay_1 such that

Xl —1

Xn—1

= (ap+ a1 X'+ +ap X"+ X"+ X,

Py=(ap+ar X'+ +ap_1 X"

sow = (ag...an_1)®l/m O

The next two theorems are among the most basic and well-known results
in combinatorics on words (except for item (4) of Theorem 4.1.4, which,
however, appeared in [30] in a slightly different form).

Theorem 4.1.3. Fvery nonempty word has a unique primitive Toot.

Proof. Let u™ = v™, where u and v are primitive. We need to show that
u = v. We have

xmlul -1 B xnlvl _q
Xl 1 VXl -1

um = o =

Because m|u| = n|v|, we get Py(XI!l —1) = P, (X" —1). If d = ged(|ul, |v|),
then ged(X1* —1, X"l —1) = X¢ — 1. Thus P, must be divisible by (X" —
1)/(X? —1) and P, must be divisible by (X!’ —1)/(X% —1). By Lemma
4.1.2, both w and v can be primitive only if |u| = d = |v]|. O

The primitive root of a word w € XT is denoted by p(w).
Theorem 4.1.4. For u,v € ¥7, the following are equivalent:

1. plu) = p(v),

2. 49f U,V € {u,v}* and |U| = |V|, then U =V,

3. w and v satisfy a nontrivial relation,

/. Ry =R,.
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Proof. (1) = (2): U = p(w)lUV/1eW] = p(u)VI/Ie@] = /.
(2) = (3): Clear.
(3) = (4): Let w1 ...up =v1...vy,, where u;,v; € {u,v}. Now

0 :Pul...um - Pv1.--vn
=Ry, (X1 = 1) 4+ 4 Ry, (X T1vml — xlut-ml)
— Rv1(X‘U1| - 1) - RU (X‘Ulmvn| - X‘Uln.UTkl')
:Rup - Rvp

for some polynomial p. If m # n or u; # v; for some i, then p # 0, and thus
Ry, = R,.

(4) = (1): We have P,,| = R, (X!l —1) = R, (XIMIPl — 1) = P 1., so
ult = ol and p(u) = p(ull) = p(ul*!) = p(v). O

Similarly, polynomials can be used to give a simple proof for Theorem
2.3.4. In fact, one of the original proofs in [18] uses power series. The proof
we give here is essentially this original proof formulated in terms of our
polynomials. Algebraic techniques have also been used to prove variations
of this theorem [49].

Theorem 4.1.5 (Fine and Wilf). If u* and v/ have a common prefix of
length [u] + [v] — ged(Jul, [o]), then p(u) = p(o).

Proof. Let ged(|ul, [v]) = d, lem(|ul, |v|) = m, m/|u| = r and m/|v| = s. If
p(u) # p(v), then u" # v*, so v" and v® have a maximal common prefix of
length £ < m. Now

Xrlul — 1 Xxslvl 1
P, —
Xlul —1 Xl —1

o nxd—1) (xM o1 xk_1
_(X|u\_1)(X\v\_1) (Xd_lpu_ Xd_1Pv>

Py — Py =

v

is divisible by X*, but not by X**!, so also the polynomial

Xl —1 Xlul — 1

xi_1 T et
is divisible by X*, but not by X**!. Thus k can be at most the degree of
this polynomial, which is at most |u| + |[v| —d — 1. O

4.2 Solutions of Fixed Length

In this section we apply polynomial techniques to word equations. From
now on, we will assume that there are n unknowns, they are ordered as
r1,...,%, and = is the set of these unknowns.
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Recall that the rank of a morphism A is the smallest number r for which
there is a set A of r words such that h(x) € A* for every unknown z.
Let h : 2% — X* be a morphism. The length type of h is the vector

This length type L determines a morphism
leny, : 2 — Ny, lenz (w) = |h(w)].

It is important that len; depends only on L and not on h.

If F is a word equation, the set of its solutions is denoted by Sol(E), the
set of solutions of rank r by Sol,.(E), the set of solutions of length type L
by SolZ(E) and the set of solutions of rank r and length type L by SolZ(E).
These can be naturally generalized for systems of equations.

For a word equation E : y;...yx = z1...2 (where y;, z; € Z), a variable
x € Z and a length type L, let

QE,x,L _ Z XlenL(yl...yi,l) o Z XlenL(zl...zi,l).
Yi=x Z; =T
Informally, this polynomial encodes the positions of x in the equation F.

sk

Theorem 4.2.1. A morphism h : Z% — ¥* of length type L is a solution of
an equation E :u = v if and only if

Z QE,z,LPh(z) = 0.
TEE

Proof. Now h(u) = h(v) if and only if P,y = Py, and we can write the
polynomial Pj,,) — Py as ) cz Qr w1 Ph(z) by (4.1). O

Theorem 4.2.1 means that if we fix a length type L, then we can turn a
word equation into a linear equation where the polynomials Qg . 1 are the
coefficients. A solution for this linear equation is an n-dimensional vector
over the field of rational functions, and h € Sol”(E) corresponds to a solution
(Ph(z1)s - - - Ph(zn)) of the linear equation.

Example 4.2.2. Let E = {x,y,z2}, F: xyz = zzy and L = (1,1,2). Now
Qrer=1-X2 Qryr =X —X°, Qp.1=X"—1.

If h is the morphism defined by h(z) = 1, h(y) = 2 and h(z) = 12, then h is
a solution of E and

QEz.LPhz) + QEy L hy) + QE,2L )
=(1-X?) 14+ (X - X324+ (X2 -1)(1+2X)=0.
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At this point we start using linear algebra. We will do this over two
fields: the field of rational numbers (for the first time in Lemma 4.2.5) and
the field of rational functions (for the first time in Lemma 4.2.6). We start
with an example.

Example 4.2.3. Consider the morphism h : {x,z2,z3}* — {1,2}" of rank
2 defined by h(z1) = 1,h(z2) = 2,h(x3) = 12. If h is a solution of an
equation F, then so is g o h for every morphism ¢ : {1,2}* — {1,2}*. The
length type of go h is

(lg(WI, l9)]; l9(12)]) = lg(D)] - (1,0,1) + |g(2)] - (0, 1,1).

Because the vectors (1,0,1) and (0,1,1) are linearly independent, these
length types essentially form a two-dimensional space (of course |g(1)| and
|g(2)| are nonnegative integers, so the length types don’t form the whole
space). This observation is formalized and generalized in Lemma 4.2.5.

ek

A morphism ¢ : % — Z* is an elementary transformation if there are
two unknowns z,y € Z so that ¢(y) € {zy,z} and ¢(z) = z for z € E~ {y}.
If ¢(y) = zy, then ¢ is regular, and if ¢(y) = x, then ¢ is singular. The next
lemma follows immediately from results in [43].

*

Lemma 4.2.4. Every solution h of an equation E has a factorization h =
0o ¢oa, where a(z) € {x,e} for allz € 2, ¢p = Py 0+ 0 P1, every ¢; is
an elementary transformation, ¢ o a is a solution of E and 0(x) # € for all
x € 2. If a(z) = € for s unknowns x and t of the ¢; are singular, then the
rank of poa isn— s —t.

Lemma 4.2.5. Let E be an equation on n unknowns and let h € Soll(E).
There is an r-dimensional subspace V' of Q™ containing L such that the set
of those length types of morphisms in Sol,.(E) that are in V is not covered
by any finite union of (r — 1)-dimensional spaces.

Proof. For arbitrary morphisms F': &% — =Z* and G : Z* — X*, let Lg =
(|G(x1)],--.,|G(zn))T be the length type of G as a column vector and let
Afp = (|F(x)]z,;) be an n x n matrix. Now Lgor = ApLg. More generally,
if Fi,...,F,, are morphisms =* — Z*, then

LGOFmo~~~oF1 = AFl c. AFmLG-

Let h=00¢,0---o¢ioa asin Lemma 4.2.4. Let f = ¢,0---0¢pioa.
The rank of fisn—s—t > r,if s and ¢ are as in Lemma 4.2.4. Now go f
is a solution of F for every morphism ¢ : 2% — 3*. The length type of go f
is Lgof = Lgopmo-opioa = ALy, where A = A Ay, ... Ag,,. To prove the
theorem, we need to show that the rank of A is at least . This can be done
by determining the ranks of the matrices A, and Ay, .
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The matrix A, is a diagonal matrix and the 7th element on the diagonal
is 0 if a(x;) = € and 1 otherwise. Thus the rank of A, is n — s.
If ¢ is the elementary transformation defined by ¢(z1) = zox1, then

1 10 ...0
0 10 0
Ag=10 01 0
0 00 ... 1

is a matrix of rank n (this is an identity matrix except for the second element
on the first row). In general, the rank of A, is n for every regular elementary
transformation ¢.

If ¢ is the elementary transformation defined by ¢(x1) = z2, then

0 10 ...0
0 10 0
Ag=1| 0 1 0
0 00 ... 1

is a matrix of rank n — 1 (this is an identity matrix except for the first two
elements on the first row). In general, the rank of A, is n — 1 for every
singular elementary transformation ¢.

The rank of A, is n — s, t of the matrices Ag, have rank n — 1 and the
rest have rank n. Thus the rank of A is at least n — s — ¢, which is at least
r. ]

Lemma 4.2.6. Let E be an equation on n unknowns and let h € Soll(E).
There are morphisms f : E — E* and 0 : % — X* and polynomials p;;
such that the following conditions hold:

1. h=40of,
2. f is a solution of F,
3. 0(x) # ¢ for every x € Z,

4 Pgopy(ai) = Zping(zj) foralli,j if g : 2% — X* is a morphism of the
same length type as 0,

5. 1 of the vectors (pij, . .., Pnj) € Q(X)", where j = 1,...,n, are linearly
independent.

Proof. The proof is quite similar to the proof of Lemma 4.2.5.
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For arbitrary morphisms F': 2% — Z* and G : 2% — ¥* and length type
L, define an n-dimensional column vector Pg = (Pgz,);- - ,Pg(xn))T and
an n x n polynomial matrix B = (b;;), where

bij — Z XlenL (u)

ux; <F(x;)

If L is the length type of G, then Pgor = BprFPg. More generally, if
Fi, ..., Fy, are morphisms = — Z* and Ly is the length type of G o F,, o
-+ 0 Fyyq, then

PGoFmo---oF1 = BFl,Ll ... BFvampg.

The matrices Bz, will be used to define the polynomials p;;.

Let h = 0o, 0---0¢roa as in Lemma 4.2.4. Let f = ¢p,0---0¢p1oa. The
first three conditions are satisfied by 6 and f. The rank of fisn—s—t > 7,
if s and t are as in Lemma 4.2.4.

Let L be the length type of  and let g be a morphism of length type L.
Now Pgof = Pgo¢>mo---o¢>1oa = BZDg7 where B = Ba,LoB¢1,L1 .. 'Bti)m,Lm and
Ly, is the length type of g o ¢y, 0+ 0 ¢p41. Let B = (p;;). Now the fourth
condition holds, because Py.; = BPF,.

To prove that the last condition holds, it must be proved that the rank
of the matrix B is at least r. This can be done by determining the ranks of
the matrices B, 1 and By, 1.

The matrix B, 1, is a diagonal matrix and the ith element on the diagonal
is 0 if a(x;) = € and 1 otherwise. Thus the rank of B, 1, is n — s.

If ¢ is the elementary transformation defined by ¢(x1) = xoxy, then

Xlenz(z2) 1 ¢ ... 0

0 10 ... 0

By = 0 01 ... 0
0 00 ... 1

is a matrix of rank n (this is an identity matrix except for the first two
elements on the first row). In general, the rank of By 1, is n for every regular
elementary transformation ¢.

If ¢ is the elementary transformation defined by ¢(z1) = x2, then

0 10 ...0
0 10 ... 0
Bgr=10 01 ... 0
0 00 1
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is a matrix of rank n — 1 (again, this is an identity matrix except for the
first two elements on the first row). In general, the rank of By 1, is n — 1 for
every singular elementary transformation ¢.

The rank of B, 1, is n — s, t of the matrices By, r, have rank n —1 and
the rest have rank n. Thus the rank of B is at least n — s — ¢, which is at
least r. U

With the help of these lemmas, we are going to analyze solutions of some
fixed length type. Principal (or fundamental) solutions, which were implic-
itly present in the previous lemmas (see [43]), have been used in connection
with fixed lengths also in [27] and [28].

Theorem 4.2.7. Let Ey, ..., E,, be a system of equations on n unknowns
and let L € NJ. Let ¢ij = Qp,a, 1. If SO/ (Ey,...,Ey) # @, then the
rank of the m x n polynomial matriz (¢;j) is at most n —r. If the rank of
the matriz is 1, at most one component of L is zero and the equations are
nontrivial, then Sol*(Ey) = --- = Soll(E,,).

Proof. Let h € Soll(Ey,...,Ey,). If r = 1, the first claim follows from
Theorem 4.2.1, so assume that » > 1. Let E be an equation that has the
same nonperiodic solutions as the system. We will use Lemma 4.2.6 for

=k

this equation. Fix k£ and let g1 : =% — X* be the morphism determined by
g1(z;) = 119@Il for all i and let go : 25 — ¥* be the morphism determined
by go(zr) = 2119@RI=1 and gy(2;) = 119@)l for all i # k. Now g1 o f and

go o f are solutions of every Ej, so

Z QE i, L F(giof)(2) = 0 and Z QB L (goop) (@) =0
=1 i=1

for all [ by Therzlorem 4.2.1. Because also P of)(z;) = Z?Zl Pij Py, (2;) and
Plgsof)(i) = 2j=1 PijPoa(ay), we get

n

0=>_Qpa:L(Pgron(z) — Plaron(a)
i=1
n n n
= Z QEl,zi,L szj (ng(zj) - Pg1(xj)) = Z QEl,zi,Lpik

i=1 j=1 i=1

for all I. Thus the vectors (pij,...,pn;) are solutions of the linear system of

equations determined by the matrix (¢;;). Because at least r of these vectors
are linearly independent, the rank of the matrix is at most n — .

If at most one component of L is zero and the equations are nontrivial,
then all rows of the matrix are nonzero. If also the rank of the matrix is
1, then all rows are multiples of each other and the second claim follows by
Theorem 4.2.1. O
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4.3 Sets of Solutions

Now we analyze how the polynomials (g, 1 behave when L is not fixed.
Let

M:{a1X1+---+aan|al,...,anGNO}CZ[Xl,...,Xn]

be the additive monoid of linear homogeneous polynomials with nonnegative
integer coefficients on the variables X1, ..., X,,. The monoid ring of M over
7 is the ring formed by expressions of the form

a1 XPU + - 4 ap XPF,

where a; € Z and p; € M, and the addition and multiplication of these
generalized polynomials is defined in a natural way. This ring is denoted by
Z[X; M]. If L € Z", then the value of a polynomial p € M at the point
(X1,...,X,) = L is denoted by p(L), and the polynomial we get by making
this substitution in s € Z[X; M| is denoted by s(L).

The ring Z[X; M] is isomorphic to the ring Z[Y7,...,Y,] of polynomials
on n variables. The isomorphism is given by XXi + Y;. However, the
generalized polynomials where the exponents are in M are suitable for our
purposes.

If a; < b; for i =1,...,n, then we use the notation

a1 X1+t ap Xy 201Xyt + 0 X

If p,g € M and p < ¢, then p(L) < ¢(L) for all L € N.
For an equation F : x;, ...x;, = xj, ... 7, we define

S

SE’J;: Z XXi1+...+Xik71 _ Z XXJ'1+"'+Xjk71 GZ[X7M]

Tk

Now Sg (L) = Q1. Theorem 4.2.1 can be formulated in terms of these
generalized polynomials.

sk

Theorem 4.3.1. A morphism h : Z% — ¥* of length type L is a solution of
an equation E if and only if

> Sp.2(L) Py = 0.

TES
Example 4.3.2. Let F : x1x903 = r31122. NOow

X X X1+X X1+X
Spay =1—X%8,  Sp,,=X% x5 gy = xNtXe g

The length of an equation E : u = v is |E| = |uv|. The number of
occurrences of an unknown z in F is |E|, = |uv,.
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Theorem 4.3.3. Let Fy,Es be a pair of nontrivial equations on n un-
knowns. Let Sol,,_1(E1) # Sol,,_;(E2). For some unknowns xy,x;, the
set of length types of solutions of the pair of rank n —1 is covered by a union
of (|Erl|zy, + |Erlz,)? (n—1)-dimensional subspaces of Q™. If Vi,..., Vi, is a
minimal such cover and L € V; for some i, then SolZ | (Ey) = Soll_,(Ey).

Proof. Let sij = Sg, o; fori =1,2 and j =1,...,n. If all 2 X 2 minors of
the 2 x n matrix (s;;) are zero, then for all length types L of solutions of
rank n — 1 the rank of the matrix (g;;) in Theorem 4.2.7 is 1 and F; and F»
are equivalent, which is a contradiction. Thus there are k,[ such that

th = S1kS21 — S1S2k 7 0.

The generalized polynomial ¢x; can be written as

M N
e = ZXPZ’ _ Z:Xqi7
i=1 i=1

where p;,q; € M and p; # q; for all 4, j. If L is a length type of a solution of
rank n—1, then M = N and L must be a solution of the system of equations

bi = QJ(Z') (Z = 17 cee 7M) (42)

for some permutation o. For every o the equations determine an at most
(n — 1)-dimensional space.
Let the equations be Eq : u1 = v1 and Es : ug = vy. Let

’ul‘xk = A7 ‘Ulla}k = Ala ’u2‘xk = B, ’v2‘zk = Bla

’ul‘xl =C, ‘Ul,l‘z - Clv ’u2‘$l =D, ’1)2‘3?1 =D

Now $s1x, S97, 517, S2k can be written as

A B’

A’ B

. / . /

se= > XU =D X% sy =) X" X"
i=1 =1

i=1 =1

C c’ D D’
su= XD X% sy= XW-) x4

1=1 i=1 1=1 i=1

where a; < a;11, a; < aj,,, and so on. The polynomials p; form a subset of
the polynomials a; + b;, a; + b}, ¢; + d; and ¢ + d; (the reason that they
form just a subset is that we assumed p; # g; for all 4,j). For any 4, let j;
be the smallest index j such that a; + b; = p,, for some m. Now for every
i,j, m such that a; + b; = p,, we have a; + b;;, =< pp,. We can do a similar
thing for the polynomials a},b; and ¢;, d; and ¢}, d;. In this way we obtain at
most A+ A"+ C + C’' polynomials p; such that for any L the value of one of
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these polynomials is minimal among the values p;(L). Similarly we obtain
at most A+ A’ + C + C" “minimal” polynomials ¢;. If L satisfies one of the
systems (4.2), then the smallest of the values p;(L) must be the same as the
smallest of the values ¢;(L). Thus L must satisfy some equation p; = g¢j,
where p; and ¢; are some of the “minimal” polynomials. There are at most

(A+ A" +C+C")? = (|Biley, + |Bil,)?

possible pairs of such polynomials, and each of them determines an (n — 1)-
dimensional space.

Consider the second claim. Because the cover is minimal, there is a
solution of rank n — 1 whose length type is in V;, but not in any other V.
By Lemma 4.2.5, the set of length types of solutions of rank n — 1 in this
space cannot be covered by a finite union of (n — 2)-dimensional spaces.
Thus one of the systems (4.2) must determine the space V;. The same holds
for systems coming from all other nonzero 2 x 2 minors of the matrix (s;;),
so Fq and F> have the same solutions of rank n — 1 and length type L for
all L € V; by Theorem 4.2.7. O

The following example illustrates the proof of Theorem 4.3.3. It gives a
pair of equations on three unknowns where the required number of subspaces
is two. The equations are those from Lemmas 2.4.3 and 2.4.8. We do not
know any example where more spaces would be necessary.

Example 4.3.4. Consider the equations
E1 L XL1XQT’3 — X312 and EQ L X1XQX1AXZXQL3 — X3XL1XL3IT2L1XQ
and the generalized polynomial

S :SE17I1SE2713 - SEl,ZESSEQ,JEl
:X2X1+X2 +X2X1+2X2+X3 +XX1+2X3 +XX1+X2+X3

. X2X1+X2+X3 _ XX1+X3 _ X2X1+2X2 . XX1+X2+2X3

If L is a length type of a nontrivial solution of the pair Ey, Fs, then s(L) = 0.
If s(L) = 0, then L must satisfy an equation p = ¢, where

pE {2X1 + X9, X1 +2X3, X1+ X5 —|—X3} and ¢ € {Xl + X3,2X, —|—2X2}
The possible relations are
X3 =0, X1+ X9 = X3, X9 =0, X7 +2Xy =2X3.

If L satisfies one of the first three, then s(L) = 0. If L satisfies the last one,
then s(L) # 0, except if L = 0. So if h is a nonperiodic solution, then

|h(z3)] =0 or |h(z122)| = |h(23)] or |h(z2)| = 0.
There are no nonperiodic solutions with h(z2) = ¢, but every h with h(z3) =

e or h(xi1xe) = h(x3) is a solution.
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4.4 Minor Applications

Theorem 2.3.6 can be proved with the help of Theorem 4.2.7.

Theorem 4.4.1 (Graph lemma). Consider a system of equations whose
graph has r connected components. If h is a solution of this system and
h(z;) # € for all i, then the rank of h is at most r.

Proof. We can assume that the connected components are

{(L‘l,... ,.’Bi2_1},{xi2,... ,xi3_1},...,{xir,... ,{Bn}

and the equations are

:C]:l'k],

where j € {1,...,n} ~{1,i2,...,4.} and k; < j. Let ¢;; be as in Theorem
4.2.7. If we remove the columns 1,49, ..., 4, from the (n—7) xn matrix (¢;;),
we obtain a square matrix M where the diagonal elements are not divisible
by X, but all elements above the diagonal are divisible by X. This means
that det(M) is not divisible by X, so det(M) # 0. Thus the rank of the
matrix (g;;) is n — 7 and h has rank at most r by Theorem 4.2.7. O

The next theorem generalizes a result from [14] for more than three
unknowns.

Theorem 4.4.2. If a pair of nontrivial equations on n unknowns has a
solution h of rank n — 1 where no two of the unknowns commute, then there

is a number k > 1 such that the equations are of the form x1--- = ngng R
Proof. By Theorem 4.4.1, the equations must be of the form xy--- =25 ---.
Let them be

TIUY -+ = ToVZ - and vy o= a2
where w,v,u',v" € {x1,29}* and y, 2,vy,2" € {x3,...,2,}. We can assume

that z = x3 and
Ih(@av)| < A, by, h(zs0).

If it would be |h(z1u)| = |h(xqv)|, then h(x1) and h(xy) would commute,
so |h(xz1u)| > |h(xzev)|. If v would contain 1, then h(z;) and h(xe) would
commute by Theorem 4.1.5, so v = 3:]2“*1 for some k > 1.

Let L be the length type of h and let g;; be as in Theorem 4.2.7. By
Theorem 4.2.7, the rank of the matrix (¢;;) must be 1 and thus gi2g23 —
q13q22 = 0. The term of gi3go9 of the lowest degree is X M@l The same
must hold for g12¢23, and thus the term of go3 of the lowest degree must be
—X1h@3)| We know that zov = 2% and assumed that |h(z9v)| < |h(z20")].
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If it would be |h(zov)| < |h(x20")|, then h(x3) would start in h(zgv'z’ ...
before the end h(x2v’), which is not possible. This means that |h(z9v")]
|h(x5)| < |h(z1’)| and 2/ = x3. As above, we conclude that |h(z2v)]
\h(z1u')|, v’ cannot contain z; and v’ = 251,

~—

Al

It was proved in [38] that if

SQUYST - .. Uny Sy = LUt ... Uty

holds for m 4+ n + 3 consecutive values of ¢, then it holds for all i. By using
similar ideas as in Theorem 4.2.7, we improve this bound to m+n and prove
that the values do not need to be consecutive. In [38] it was also stated that
the arithmetization and matrix techniques in [65] would give a simpler proof
of a weaker result. Similar questions have been studied in [29] and there are
relations to independent systems [51]; see also the comment in the end of
Section 3.4.

Theorem 4.4.3. Let m,n > 1, sj.t; € * and uj,v; € X*. Let
U, = souilsl - ufnsm and V= tovitl .. viltn.
If U; = V; holds for m + n values of i, then it holds for all i.

Proof. The equation U; = V; is equivalent to P, — Py, = 0. Because

m

xiluil — 1 .
PUZ' = E PSj—l + Pu]- X‘u| _1 Xlsj_ll Xl‘ul'"uj_l‘+|80"'Sj_2‘
] -
i=1

+ P, Xi‘ul---um‘+|50---5m71|
m

and Py; is of a similar form, this equation can be written as

m

=0 keK

where y;, 2z, are some polynomials that do not depend on i and K is the
set of those k € {0,...n} for which |v;...vg| is not any of the numbers
lur...uj| (j=0,...,m). If U;;, =V;, and U;, =V,, then

(i1 —i2)u1 ... um| = Uy | = |Usy| = [Viy| = [Vi| = (i1 —i2)|v1 ... vl

Thus |uj...um| = |v1...v,| and the size of K is at most n — 1. If (4.3)
holds for m + 1 + #K < m + n values of 7, it can be viewed as a system of
equations where y;, 2, are unknowns. The coefficients of this system form
a generalized Vandermonde matrix whose determinant is nonzero, so the
system has a unique solution y; = z;, = 0 for all j, k. Now (4.3) holds for all
i and U; = V; for all i. O
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4.5 Unbalanced Equations

Recall that an equation v = v is balanced if |u|, = |v|, for every unknown
x. With the help of Theorem 4.3.3 we can generalize Theorem 2.3.8. Our
proof is also significantly simpler than the original proof of Theorem 2.3.8
in [24].

Theorem 4.5.1. Let Eq, E5 be a pair of equations on n unknowns having a
solution of rank n—1. If Ey is not balanced, then Sol,_;(Ey) C Sol,_;(E>).

Proof. If Ey is the equation u = v and h is a solution of Fy, then

D lule bzl =Y fole h(:)]
i=1 i=1

and |ulg; # |v|y, for at least one i. Thus the set of length types of solutions
of Ej is covered by a single (n — 1)-dimensional space V. Because the pair
FE1, E5 has a solution of rank n— 1, V' is a minimal cover for the length types
of the solutions of the pair of rank n — 1. By Theorem 4.3.3, E; and FE»
have the same solutions of length type L and rank n — 1 for all Le V. [

Another way to think of this result is that if E; is not balanced but has
a solution of rank n — 1 that is not a solution of Fs, then the pair Fy, Fs
causes a larger than minimal defect effect.

If A : 2% — ¥* is a morphism, then the entire system generated by h is
the set of all equations satisfied by h. It is denoted by K. As a consequence
of Theorem 4.5.1, we get the following result about entire systems. The case
of three unknowns was proved in [24].

Corollary 4.5.2. If g,h : =F — ¥* are morphisms of rank n — 1 and
K, # Ky, then K, N Ky, contains only balanced equations.

Proof. We can assume that there is an equation E» € K, \ Kj. For any
equation By € K,NKjp, g is a solution of the pair Eq, F> and h is a solution
of E1 but not of Es. By Theorem 4.5.1, E1 must be balanced. [l

4.6 Upper Bounds for the Lengths of Chains

We study the following variation of the question about maximal sizes of
chains: how long can a sequence of nontrivial equations E1, ..., E,, be if

SOln_l(El) Q SO]n_l(El,Eg) 2 e 2 SOln_l(El, Ce ;Em)7

We prove an upper bound depending quadratically on the length of the
first equation. For three unknowns we get a similar bound for the size of
independent systems and chains.
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Theorem 4.6.1. Let Fy,...,E,, be nontrivial equations on n unknowns
and let

SOln_l(El) 2 SOln_l(El,EQ) ) SOln_l(El, ce ,Em) 7& .

If the set of length types of solutions of the pair Ey, Es of rank n — 1 is
covered by a union of N (n — 1)-dimensional subspaces, then m < N + 1.
There are two unknowns x,y such that m < (|E1|, + |E1]y)? + 1.

Proof. We can assume that FE; is equivalent to the system FEj, ..., E; for all
i€ {l,...,m}. Let the set of length types of solutions of E5 of rank n—1 be
covered by the (n — 1)-dimensional spaces Vi, ..., Vy. Some subset of these
spaces forms a minimal cover for the length types of solutions of F3 of rank
n — 1. If this minimal cover would be the whole set, then Fy and E3 would
have the same solutions of rank n — 1 by the second part of Theorem 4.3.3.
Thus the set of length types of solutions of Fj3 of rank n — 1 is covered by
some N — 1 of these spaces. We conclude inductively that the set of length
types of solutions of F; of rank n — 1 is covered by some N — ¢ + 2 of these
spaces for all i € {2,...,m}. It must be N—m+2>1,s0m < N+1. The
second claim follows by Theorem 4.3.3. U

In the case of three unknowns, Theorem 4.6.1 gives an upper bound de-
pending on the length of the shortest equation for the size of an independent
system of equations, or an upper bound depending on the length of the first
equation for the size of a chain of equations. A better bound in Theorem
4.3.3 would immediately give a better bound in the following corollary.

Corollary 4.6.2. If F,...,E,, is an independent system on three un-
knowns having a nonperiodic solution, then m < (|Ei|, + |E1ly)* + 1 for
some x,y € E. If E1,...,E, is a decreasing chain of equations on three
unknowns, then m < (|Ey|, + |E1|y)? +5 for some z,y € =.

Corollary 4.6.2 means that as soon as we take one equation on three un-
knowns, we get a fixed bound for the size of independent systems containing
that equation.

It is worth noting that the bounds in Theorem 4.6.1 and Corollary 4.6.2
do not depend on the number of unknowns, only on the length of one equa-
tion.

Getting a similar bound for the sizes of independent systems or de-
creasing chains in the case of more than three unknowns remains an open
problem. Such a bound would have to depend on the number of unknowns.
Indeed, in Theorem 4.6.1 it is not enough to assume that the equations are
independent and have a common solution of rank n — 1. If the number of
unknowns is not fixed, then there are arbitrarily large such systems where
the length of every equation is 10 [33].
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Chapter 5

Parametric Solutions

In this chapter we reprove Hmelevskii’s theorem: every equation on three
unknowns has a parametric solution. We also analyze this proof to obtain
an exponential bound for the size of the parametric solution. This gives an
exponential bound for the size of the shortest nontrivial solution, which, in
turn, proves that the existence of such a solution can be solved in nondeter-
ministic polynomial time.

The general structure of our new proof is quite similar to the original
proof of Hmelevskii, and many of the lemmas in this chapter can be found
in [26] in some form. However, many parts of the proofs are different. For
example, exponential equations are treated in a totally different way. The
use of more modern results such as Theorem 2.3.6 simplifies the proofs of
many lemmas. Some large parts of the original proof become unnecessary.
The results about sizes of parametric solutions and about complexity of
solving equations are entirely new.

In Section 5.1 we study the form of parametric solutions.

Section 5.2 deals with exponential equations, which are an important
tool used in our proof.

In Section 5.3 we are able to prove Hmelevskii’s theorem for a large class
of equations. All other equations will be reduced to these so called basic
equations later on.

The main tools in this process are images and 6-images, which are the
topic of Section 5.4.

Finally, in the last three sections a so called basic tree is constructed for
an arbitrary equation, and this completes the proof of Hmelevskii’s theorem.
An upper bound for the height of such a tree gives an upper bound for
the length of the parametric solution. This leads to an upper bound for
the length of the shortest nontrivial solution, and to a nondeterministic
polynomial time algorithm for solving the existence of such a solution.

This chapter is based on the articles [34] and [55].

45



5.1 Remarks about Parametric Solutions

Parametric words and solutions were defined in Section 2.5. In this section
we take a closer look at them.

In addition to ordinary word equations, we also consider one-sided equa-
tions xU = yV. A morphism h : 2% — ¥* is a solution of such an equation,
if h(xU) = h(yV) and |h(z)| = |h(y)].

Periodic solutions are easy to find and represent, so in many cases it is
enough to consider nonperiodic solutions.

If ¥ ={ay,...,a,}, then U € ¥* can be denoted Ulay,...,a,], and its
image under a morphism h can be denoted h(U) = Ulh(a1),...,h(ay)]. If
u € X*, then by the morphism a; — u we mean the morphism that maps
a1 — u and a; — a; when ¢ =2,... n.

The following theorem states that the basic tool in solving equations,
namely the cancellation of the first variable, preserves the parameterizability
of solutions.

Theorem 5.1.1. Let U,V € Z*, z,y € E and v # y. Let h : =¥ — =Z*
be the morphism x w— yx. If the equation xh(U) = h(V') has a parametric
solution, then so does the equation xU = yV.

Proof. 1f the equation xh(U) = h(V') has a parametric solution
{(hj, Rj) |1 <j <m},
then the equation xU = yV has the parametric solution
{(hjoh,R;)|1<j<m}. O

Next we make some remarks about parametric solutions to increase our
understanding of them.

A parametric solution was defined as a set {(hj, R;) |1 < j < m}. This
solution can be written less formally as

x=nh(x), y=h(y), z=hi(z), R or

T = hm(x)a y= hm(y)v Z = hm(z)v R,

if the unknowns are z,y,z. Actually, only one pair (h, R) is needed. For
example, if we have a parametric solution

56:041,?/:51,2:71 or x:a2)y:ﬂ2aZ:’YQ)

we can replace it with
CC:OéZlOé%,y:ﬂi %aZ:’Yi’Y%, Z+]:15
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where ¢ and j are new parameters.
On the other hand, the linear Diophantine relations are not necessary
either. A parametric solution

r=ay, y=p, 2=, R

can be replaced with a parametric solution of the form

SC:al,y:ﬁlaZ:’Yl or

$:Oém7y:5m72:7m-

This follows from the results in [17]. We will not give the proof here, but
present an example.

Example 5.1.2. Consider the periodic solutions of the equation ™ = yz.
They are ‘ ‘
r=t, y=t, 2=t", ni=j+k.

We can replace j with nj’ + b and k with nk’ + ¢, where 0 < b,c < n. Then
i=7 4k 4+ (b+c)/n. Only those pairs (b, ¢) for which b+ ¢ is divisible by
n are possible. Thus we get a representation

=ty = z =t or
Vi ’ v ’ _

=1 +k+17y:tn] +1’ z:tnkJrn 1 or
Vi ’ v ’ _

=1 +k+17y:tn] +2’ z:tnkJrn 2 or
v ’ v _ ’

=1 +k+1’y:tn] +n 1,Z:tnk+1,

where the parameters 7/, k' can now have any nonnegative values.

The periodic solutions of an equation on three unknowns can be repre-
sented with just one morphism and without any Diophantine relations.

Theorem 5.1.3. The periodic solutions of an equation U =V have a rep-
resentation
x=t y=t z=1",

where p,q, T are polynomials of numerical parameters

Proof. All periodic solutions of an equation U = V are of the form = =
thy =t),z = t*, and the exponents i, j, k must satisfy the constraint

Ulai + |Ulyg + U]k = [Vi]zi + [V]yj + [V]:k.
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By permuting the unknowns we can assume that this can be written as
ai = bj + ck, where a,b,c are nonnegative integers and a > 0 (except for
some trivial cases). Let (bn,c,)Y_; be a sequence of all solutions (u,v) €
{0,...,a—1}? of the congruence bu+cv = 0 (mod a). For each pair (b, ¢,),
we could define a corresponding morphism, and these would together form
a parametric representation. This was done in Example 5.1.2. However, we
can also replace the exponents 7, 7, k with the polynomials

N

. bby, + ccp,
p = bjo + cko + Z — ",
a
n=1
N
q= a.jO + Z bn'an
n=1
N
r = aky + Z Cnln,
n=1
where jo, ko, 1, . .., %, are new parameters, which can now have any values.

Thus the solutions can be represented with one parametric word for each
unknown. The parametric representation has at most quadratic length with
respect to the length of the equation. ]

Theorem 5.1.3 does not hold if instead of periodic solutions we con-
sider all solutions. Indeed, we will show that a parametric solution for the
equation xyxzyz = zxzyxry consists of at least three morphisms if linear
Diophantine relations are not allowed. The solutions of this equation were
determined in Lemma 2.4.8.

The number of occurrences of a letter a € ¥ in a parametric word after
giving values for the parameters can be viewed as a polynomial, where for
every i € A there is a variable X; and for every p € A and a € ¥ there is a
variable X, ,. Formally, we define the polynomial |c/, as follows:

(i) if p e A, then |(p)|a = Xp.a,
(ii) if o and 8 are parametric words, then |(af)|, = |ala + |,
(iii) if o is a parametric word and i € A, then |(a?)|, = |a|. X;.

For example, |(piq)jp|a = Xp o XiXj + X oX; + Xp o If @ is a valuation,
then |¢(a)|, is the value taken by the polynomial |al,, when X is given the
value ¢(i) (for all i € A) and X, is given the value |¢(p)|, (for all p € A).

Theorem 5.1.4. The equation zyxrzyz = zxzyry does not have a paramet-
ric solution of the form

CU:Oéla?/:ﬂl,Z:’Yl or $:a2,y:ﬁ2a2272-
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Proof. The following are examples of the solutions of the equation:
r=a,y=b, z=¢ x=a,y=0b, z=ab; z=a,y=a, z=a. (5.1)
We will show that if «, 3,7 are parametric words such that

r=p(a), y=v(B), 2= e) (5.2)

is a solution of the equation for all valuations ¢, then we can get at most
one of the three above-mentioned solutions from these parametric words.

Consider the three polynomials p1 = |v]4, p2 = |afB|s — 7]« and ps =
lalal Blo — |p]Bla- The values taken by them are

2las |2yla = 2las [2lalyls = [2[s[yla, (5.3)

where (z,y,z) can be any solution of the equation zyxzyz = zxzyzy. If
z = €, then the first value is zero, if xy = z, then the second value is zero,
and if x and y are powers of a common word, then the third value is zero.
For every solution one of these holds by Lemma (2.4.8), so the product of
the three polynomials pipops vanishes everywhere. Thus pypaps is the zero
polynomial. But this means that one of the polynomials pq, p2, p3 must be
the zero polynomial. For the first solution in (5.1) only the first value in
(5.3) is zero, for the second solution only the second value is zero, and for the
third solution only the third value is zero. Thus only one of these solutions
can be obtained from (5.2). O

5.2 Exponential Equations

Let a and 3 be parametric words. The pair (o, 3) can be viewed as an
equation, referred to as an exponential equation. The height of this equation
is the height of a3. The solutions of this equation are the functions f :
A — Ny that satisfy f(a) = f(5). If the numerical parameters are in order
i1,...,1n, then we can talk of the solution (f(i1),..., f(iy)) or of the solution
i1 =f(11),. .. in = f(in).

If we know some parametric words which give all solutions of an equation,
but which also give some extra solutions, then often the right solutions
can be picked by adding some constraints for the numerical parameters.
These constraints can be found by exponential equations, and the following
theorems prove that they are in our cases equivalent to linear Diophantine
relations.

The proofs in this section are connected to the method of Chapter 4. We
will transform words into polynomials when studying exponential equations.
Alphabet E with k letters can be thought to be the set {1,...,k}. If w =
ag...ap—1 € X", then we let

Py=ap+a X'+ +a, 1 X"1
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like in Section 4.1.

Theorem 5.2.1. Let E : a = (3 be an exponential equation of height one.
There exists a linear Diophantine relation R such that a function f : A — Ny
is a solution of E if and only if f € R. The coefficients in R are of size

O([ef))-

Proof. Let
a = soty's1 ...t S, B = upvi'uy ... vy,
where 59, ..., Sm, Ug, -+ -y Un € A* t1, .o tm, V1, .., Uy € AT and i1, ..., 5,

J1s+++»Jn € A. Function f is a solution if and only if Py = Py). Now
Pf(a) is

Py, (X017 )

Isol
S0 X‘tl‘ _ 1 X
tm ‘m —
oy PO = 1)l sl sl
Xltnl — 1

+ P, Xlsol xltalfG@) xlsal - xltmlf(im)

which can be rewritten as

Pth\So\
0T Xl — 1
m—1 | |
+ Ptk + P, — w X‘SO"'Skfl|X|t{(”)...t£(zk)|
k=1 Xl =1 77 el 1

fl1)  f(im)
P, | Xlso-smoal x it
+ X‘tm‘_1+ s )

and Py g) is of the corresponding form. Thus the equation
(X|t1| -1)... (X\tml _ 1)(X|v1| -1)... (X\vnl — 1)Py(q)
=(xn -1y (xll —nyxll —1y L (x e = 1) Py,
can be rewritten as
Xp1+_,,+XPM:Xq1+_,_+XQN’ (54_)

where every pi and ¢ is a linear polynomial with unknowns f(i;), f(ji).
The coefficients in these polynomials are of size O(|af]). Equation (5.4) can
be satisfied only if M = N. Then it is equivalent to the formula

V (01 = gz@) A+ A (N = dr(v))

™

where 7 runs over all permutations of NV elements. Hence the claim follows.
O
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In some cases Theorem 5.2.1 can be generalized for exponential equations
of height two.

Theorem 5.2.2. Let A = {i,j1,...,jr} and let sg,...,Sm, Ug,...,u, and
t be parametric words of height at most one, with no occurrences of the
parameters j. Let o = SotTk1 sy .. tTkm s, and 6= upt?iug .. tima,. Now
there exists a linear Diophantine relation R such that a function f: A — Ny
18 a solution of the exponential equations E : o = [ if and only if f € R.
The coefficients in R are of size O(|af)).

Proof. Like in the proof of Theorem 5.2.1, the equation Py = P can
be turned into the equation

Xp1+,“+XpM:Xq1+,,‘+X(IN’ (55)

where every pi and q; is of the form
> ar®f @) fGr) + cf (r)) + df (i) + €
k=1

for some integers aq,...,a,,b,c,d,e. The coeflicients in these polynomials
are of size O(|af|). Equation (5.5) can be satisfied only if M = N. Then it
is equivalent to the formula

\/ (1 = ar()) A+ A (PN = ar(w))) 5

where 7 runs over all permutations of N elements. Consider now the equa-
tions pg = qr(x). They are of the form

bF()Y anf(ie) + ¢ arf(r) +df (i) +e=0

k=1 k=1

for some integers aq,...,a,,b,c,d,e. If b = 0, this is a linear equation. If
b # 0, then

. & c
1) <[5+ 1+ el or < 5] + 11+ lel

-
b arf (k)

k=1
because otherwise

>

bf (i)Y arf (i)
k=1

¢y arf(r) + df (i) + e
k=1

If f(i) or b> ;_y arf(jr) is fixed, the equation turns into a linear equation
or a pair of linear equations. Hence the claim follows. O
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We must examine some exponential equations of height one more closely.

Theorem 5.2.3. Let A = {i}. Let E : sot'sy...t's,, = upt'uy ... tu, be
an exponential equation of height one, Sg,...,Sm, Ug,...,Un, t € A" and
|50 -« SmUq ... up| < S|t|. There exists a number T = O(S) such that [ is a
solution of E for every f(i) > T, or f is not a solution for any f(i) > T.

Proof. Like in the proof of Theorem 5.2.1, we get the equation (5.4). The
polynomials pj, q; are of the form af(i) + b. On the other hand, they are
exponents of terms of products of X+l P, = xlwl p, Xt xIrG) - p,.
Each of these polynomials can occur in the products at most once, except
XM and X"/ @ which can occur at most m + n times. Thus |¢| divides
a and b < 2[sg...5,t™T"]. The equation p; = x(j) can be written as
Af(i) = B, where A = 0 or |A| > |t| and |B| < 2[sg...Smup ... upyt™"|.
Now there exists the required number 7" such that the equations p; = ¢, ()
have no solutions f(i) > T', unless the equations are trivial. This proves the
claim. ]

5.3 Basic Equations

From now on we only consider equations on three unknowns. The alphabet
of unknowns is = = {x,y,z}. The left-hand side of an equation can be
assumed to begin with x. We can also assume that x occurs on the right-
hand side, but not as the first letter.

Periodic solutions and solutions where some unknown has the value €
are called trivial. These are easy to parameterize by Theorems 2.3.1 and
2.3.2.

An equation is a basic equation if it is a trivial equation U = U, where
U € Z*, if it has only trivial solutions, or if it is of one of the following forms,
where a,b>1,c>2and t € {x, z}:

B1. xay...:ybx...
B3. zyt--- = zzy - --

B4. xyt-- = zyx - -

B5. zyz--- = zay---
B6. zyz--- =zyx---
B7. xytz--- = 2yx---

BS. xyt--- = 2%y - -
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B9. xyxz--- = zaly---

The parameterizability of basic equations is easy to prove with the help
of previous lemmas and theorems.

Lemma 5.3.1. Let S,T,U,V € Z*. Assume that the equation S = T
has a parametric solution {(h;,R;)|j=1,...,m}, where A = {p,q} and
A = {i1,...,ix}. Assume that the exponential equations h;(U) = h;(V)
are equivalent to linear Diophantine relations. Then the pair of equations
S =T,U =YV has a parametric solution.

Proof. Let hj(U) = h;(V) be equivalent to the linear Diophantine relation
R;-. We show that the solutions of the equation have a parametric represen-
tation

{(hj,Rj ﬂR;) |7 = 1,...,m}UA,

where A is a parametric representation of the periodic solutions

If ¢ = ho f is a valuation in R; N R}, then ¢ o h; is a solution of S =T
and f is a solution of h;(U) = h;(V). Now poh; is also a solution of U = V.

If g is a nonperiodic solution of the pair of equations S =T,U =V, then
g = @ o hj for some number j and valuation ¢ = ho f satisfying f € R;. It
needs to be shown that f is a solution of h;(U) = h;(V'). The morphism h is
a solution of the equation f(h;(U)) = f(h;(V')), which has two unknowns.
But h cannot be periodic, because g is not periodic. Thus f(h;(U)) and
f(h;(V)) must be the same word O

Theorem 5.3.2. Fvery basic equation has a parametric solution. The solu-
tion is of length O(1) and the coefficients in the linear Diophantine relations
are of size O(n), where n is the length of the equation.

Proof. For equations U = U and for equations with only trivial solutions
the claim is clear. We prove it for equations B1 — B9. First we reduce
equations to other equations by Theorem 5.1.1. The equation B2 is reduced

by the substitution z — yz to the equation zyz--- = y*z---, which is of
the form B1l. The equations B3 and B4 are reduced by the substitution
x +— zx to the equations zyz--- = zzxy--- and xyz--- = yzx---, which are

of the form B5. The equation B8 is reduced by the substitution  — zx to
the equation xyzA = z%xyB for some A, B € Z*. By Lemma 2.4.7, this is
equivalent to the equation xyzryzA = zxyz®xyB, which is of the form B5.
Therefore only the cases B1, B5, B6, B7 and B9 have to be considered; if
we can prove the claims about the existence and size of parametric solutions
for these equations, then the claims hold for all basic equations.

Consider the equations B1, B5, B6, B7 and B9 as the equation U = V'
of Lemma 5.3.1, and the equations zy = yx, xyz = zxy, ryz = zyx, xy‘z =
zyCr and ryxrz = zx’y as the equation S = T. For B1 this can be done by
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Lemma 2.4.7, otherwise by a length argument. By Lemmas 2.4.2 — 2.4.6,
the solutions of these equations are obtained from certain parametric words
over word parameters p,q and numerical parameters i, j, k. For equations
B1, B5 and B6, the exponential equation of Lemma 5.3.1 will be of height
one and Theorem 5.2.1 can be used. For B9 and B7, Theorem 5.2.2 can
be used. So the exponential equation is in all cases equivalent to a linear
Diophantine relation with coefficients of size O(n). The claim follows from
Lemma 5.3.1, because the parametric solutions of Lemmas 2.4.2 — 2.4.6 are
of bounded length. O

5.4 Images and 6-Images

In this section we define images and #-images of equations and prove some
results about these. If h is a solution of the equation xU = yV, then
h(y) < h(xz). This fact was already behind Theorem 5.1.1. This will be
generalized.

Let t1,...,t, € {y,z} and V =ty...¢,. Let t,, 41 = t1. If a morphism h
is a solution of the equation F : xU = VW, then

h(z) = h(VFt .. t)u (5.6)

for some numbers k, 7 and word u satisfying k > 0, 0 < i < n and h(t;+1) £
u.

On the other hand, a morphism h satisfying (5.6) is a solution of E if
and only if uh(U) = h(tit1...tpt1 ... t;)uh(W). We can write h = go f,
where f is the morphism = — V¥t; ... t;z and ¢ is the morphism for which
g(x) = u, g(y) = h(y) and g(z) = h(z). Now h is a solution of E if and only
if g is a solution of

SCf(U) = f(tiJrl R o S tz):cf(W) (57)

An image of an equation xU|z,y, z] = Vl]y, z|JaW |z, y, 2] under the mor-
phism x — VF¥Px, where k >0, V = PQ and Q # ¢, is

cU[VEPx,y, 2] = QPzW [VF Pz, y, 2.

If V' contains only one of y, z or if P = ¢, the image is degenerated.

The m first images of an equation of length n are of length O(mn).
Images are needed in the most important reduction steps used in the proof
of parameterizability of equations with three unknowns. The solutions of an
equation are easily obtained from the solutions of its images, so it is enough
to consider them. There are infinitely many images, but a finite number is
enough if one of them is turned from a one-sided equation to an ordinary
equation.
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Equation FE is reduced to the equations E1, . .., E, by an n-tuple of substi-
tutions if E is of the form zU|x,y, z] = t1...txxV [z, y, z], where 1 <n < k
and t1,...,t; € {y, z}, equation E; is

xU[ty .. . tix,y, 2] = tigr .. bty .. iVt ..tz y, 2],
when 1 <17 < n, and equation F,, is
2U[ty .. tpw,y, 2] = tpyr .. bty . tpxV [ty .tz y, 2]
By the above, Theorem 5.1.1 can be generalized.

Theorem 5.4.1. Let E be an equation of length n. If E is reduced to the
equations E1, ..., Ey, by an m-tuple of substitutions, and if E1, ..., By, have
parametric solutions of length at most ¢, then E has a parametric solution

of length O(mn)c.

Reductions with n-tuples of substitutions are not sufficient. Other ways
to restrict the considerations to a finite number of images are needed.
Equation
xU[x,y, z] = V]y, z]JzWlz,y, 2]

is of type I if both unknowns y, z occur in V. Equation
wy’Ule,y, 2] = Ve, 2yW e,y 2],
where b,c > 1, is of type Il if b > 1 or V # ¢.

Theorem 5.4.2. The solutions of an equation of type I of length n can
be parameterized in terms of the solutions of O(n?) of its images of length

O(n?).

Proof. Consider the equation E : zUlz,y, 2] =% Vy, zJaW|z,y, 2], where
both y and 2z occur in V, and its images

Ep; : a2U[V'Pz,y, 2] &= QPzW|[V'Px,y, 2], (5.8)

where ¢ > 0, V = PQ and @ # . We show that there exists a number T’
such that if P and @ are fixed, then the equations (5.8) are equivalent for
all i > T.

Let h be a solution of Fp;. Then Theorem 5.2.3 can be used for the
exponential equation

W)UV ) h(Pz), h(y), h(z)] = MQPz)W [h(V)'h(Pz), h(y), h(2)],

where 7 is considered to be unknown. The bound S in the theorem does
not depend on h and is of size O(n), because both y and z occur in V' and
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h(z) < h(y) or h(z) < h(z). So there exists a number 7" = O(n) such
that h is a solution for all 4+ > T or for no ¢ > T. Thus the equations
Epr,Epr41,Epr42,... are equivalent if P is fixed.

Now the images of this theorem can be taken to be Ep;, where P <V
and 7 < T. The solutions of E are go f oh’, where either i’ is the morphism
x +— VIPz, g runs over the solutions of the corresponding image Epj, f
does nothing and j < T, or 1/ is the morphism z — VT Pz, i is a numerical
parameter, g runs over the solutions of Epr and f gives values for 7. Because
T = O(n) and |V| = O(n), there are O(n?) of these images, and because
|VIiPz| = O(n?), they are of length O(n?). O

Like in the proof of Theorem 5.4.2, we will often use a variation of the
following reasoning: if the images of F are Fy, Eo, ..., and if E,,, i1, ...
are equivalent, then the solutions of F can be parameterized in terms of the
solutions of F1, ..., E,,. It is also easy to see that if each of these images has
a parametric solution of length at most ¢, then E has a parametric solution
of length O(m?)c. This also holds for §-images, which are defined later.

The next example shows that the claim in the proof of Theorem 5.4.2
about the existence of a number T" does not hold for equations of type II.

Example 5.4.3. The images of the equation xy = z2? are xy & zxz'w.
Now = = a, y = ba(ab)Na, z = ab is a solution of an image if and only if
1= N. So all images have different solution sets.

Consider an equation of type II
wy’ Alz,y, 2] = 2“2 Bz, 2]yCla, y, 2], (5.9)

where b,c > 1 and b > 1 or B # . Its images are degenerated and of the
form ‘ ‘ '
wyP AlZix,y, 2] & 2°xBlie, 2|yClzte, y, 2]. (5.10)

Theorem 5.4.2 holds for some of the equations (5.9).

Theorem 5.4.4. If B = 2%, where d > 1, then the solutions of (5.9) can
be parameterized in terms of the solutions of O(n?) of its images of length
O(n3), where n is the length of the equation.

Proof. Equation (5.10) is reduced by the mapping z +— zz to the equation
YA[(z2)ix,y, 22]) = (22)(x2) Wy C(z2) 'z, y, 22]. (5.11)

Let h be its solution. Let D = h((zz)¢(z2)?) and h(y) = DIY, where
Y < D. Then we get the equality

Y (DY) Y Ah((z2) ), DIY, h(z2)]

R (5.12)
=DYClh((zz)'z), D’Y, h(xz)].
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On the other hand, if (5.12) holds, then h is a solution of (5.11) and it
gives a solution of (5.10). It needs to be shown that there exists a bound
T = O(n?) not depending on h such that if (5.12) holds for some i > T,
then it holds for all > T'. Then the images (5.10) with ¢ < T are sufficient,
like in the proof of Theorem 5.4.2.

If j <c+d+1=0(n) is fixed, then (5.12) can be considered to be an
exponential equation with unknown 4, and Theorem 5.2.3 can be used. The
bound S = O(n?) not depending on h exists, because |D| = (d + ¢)|h(xz)|.

For the rest of the proof we consider the case j > c+d + 1. Let ¢ and
v be the primitive roots of h(zz) = t** and D = v®2. If these have equal
length, then ¢ = v and h(xz) = h(zx), which leads to a periodic solution.
Assume that [t| # |v]. In (5.12), starting from the left, move the powers
of t and v as far to the left as possible by changing them to their suitable
conjugates, and then combine as much as possible from the right to these
powers. This may require replacing ¢ and j with i/ = ¢ — by and j' = j — by
for some by, be. By Theorem 2.3.4, powers of conjugates of h(xz) and D can
overlap for at most |h(zz)D)| letters, so we can select by, by < c+d+ 1, and
i’ and j' can be used if i and j are large enough. This way (5.12) can be
written as

soth sy Y s = wou'ug .. 0w, (5.13)
where sg, ..., Sum, Ug, ..., un € A*, every t; and vy is either a conjugate of ¢

or a conjugate of v, and every pp and ¢ is a polynomial of first degree with
unknowns 7', /. The coefficients in these polynomials cannot be negative.
Also the last letter of tj is different from the last letter of s;_1, and t; £
sty for all a. The same holds for words uy and vi and for polynomials
qr- Because the words h(xz) and D consist of h(x) and h(z) and Y < D,
there exists a bound S = O(n?) such that

IS0 ... saug ... un(tv)?| < S|t% and b<arS (5.14)

when ai’ + b is in {p1,...,pr,q1,---,qn}. The same holds with v in place
of t, 5’ in place of 7/, and a9 in place of a;.

We prove by induction with respect to M + N that if (5.13) has a solution
fwith f(i'), f(5') > S+2, then s = ug, tx = vi and f(pr) = f(qx) for all k.
If M+N = 0, then the claim is clear (although the equation is of height zero).
If M =0,N > 0, or the other way around, then the exponent occurring in
the equation can get only small values. Assume that M, N > 0. From (5.14)
it follows that \tg(p'“)\ > [80...8pup - .. un(tv)?] for all k, and similarly for
vg. It can be assumed that ug < sg, so v; = BA and sy = ug(BA)*B for
some A, B. Now |v] )| > |so|+ || and [t]*")| > |(AB)?|. Thus the powers
of t; and AB have a common prefix of length [t AB| and, by Theorem
2.3.4,t1 = AB. Now t1 = v, B =¢, k =0 and sg = ug. We prove that
f(p1) = f(q1). From f(p1) > f(q1) it would follow that v; = ¢; < ulvg((p)
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(or v1 = t; < wq if N =1), which is a contradiction. The case f(p1) < f(q1)
is symmetric. It follows inductively that sp = ug, tx = vx and f(px) = f(qx)
for all k.

Now it can be seen that p, — ¢, contains only one of 7/ and j’, because
ti = vi, and the coefficient of i’ or j' is divisible by a1 or ay. So if f(pg) =
f(qe) and f('), f(j') > S, then it must be py = g because of (5.14). The
claim follows. ]

Theorem 5.4.2 can be generalized by defining 6-images.

A sequence of equations Ejy,...,E, is a chain of images if FE; is an
image of F; 1 for all 7, 1 <7 <n. Then E, is an image of order n of Ey. If
every F; is a degenerated image, then the chain is degenerated and FE,, is a
degenerated image of order n. These chains are not related to the decreasing
chains of equations that were considered in the earlier chapters.

We define 0-images of equations of type I and II. For equations of type
I all images are f-images. For equations of type II the degenerated images
of order 2 and nondegenerated images of order 3 are f-images.

Lemma 5.4.5. The solutions h of equation (5.9) satisfying |h(y)| < |h(2)]|
can be parameterized in terms of the solutions of O(n) of its images of length
O(n?), where n is the length of the equation.

Proof. This is proved like Theorem 5.4.2. Let E; be the equation (5.10) and
let h be its solution. Theorem 5.2.3 can be used for the exponential equation

h(zy® Ale'z,y, 2]) = h(z°wBlz'z, 2]yClz'w, y, 2)),

where 7 is considered to be the unknown. The bound S does not depend on
h and is of size O(n), because h(x),h(y) < h(z). So there exists a number
T = O(n) such that either h is a solution for all ¢ > T or for no i > T.
Thus the equations Ep, Epy1, E71o,... are equivalent. Like in the proof of
Theorem 5.4.2, the images Ej, where j < T, are sufficient. O

Lemma 5.4.6. The solutions h of equation (5.9) satisfying |h(y)| < |h(2)]|
can be parameterized in terms of the solutions of O(n'") of its 6-images of
length O(n'®), where n is the length of the equation.

Proof. Let these solutions be called 7-solutions. Let F; be the equation
(5.10). By Lemma 5.4.5, the 7-solutions can be parameterized in terms of
the 7-solutions of FEy,..., Epr for some T. Let P; be the set of those -
solutions h of E; for which |h(z)| > |h(xy)|, and let Q; be the set of those
7-solutions h of E; for which |h(y)| < |h(2)| < |h(zy)].

Let E! be the image of E; under the morphism z — zz, and let E! be
the image of E! under the morphism y — zy. From the length constraint
|h(y)| < |h(z)| < |h(zy)]| it follows that the set @); can be parameterized in
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terms of the solutions of E, which is a nondegenerated image of the third
order of (5.9).

Consider the set P;. The equation (5.10) is of type I, so its solutions
can be parameterized in terms of the solutions of a finite number of its
images. Because of the condition |h(z)| > |h(zy)| in the definition of P;,
the image under the morphism z +— xz can be omitted. Let the set thus
obtained be F;. The set P; can be parameterized in terms of the solutions
of equations of F;. Partition F; into the sets G; and H; of degenerated and
nondegenerated images. The equations of H; are of type I, so their solutions
can be parameterized in terms of the solutions of a finite number of their
images. These images are nondegenerated images of the third order of the
original equation (5.9). The equations of G; are degenerated images of the
second order. So also P; can be parameterized in terms of the solutions of a
finite number of A-images of (5.9).

In this construction there are O(n) images of the first order of length
O(n?), O(n®) images of the second order of length O(n%), and O(n!'") images
of the third order of length O(n'®). The claim follows. O

Lemma 5.4.7. Let A,B,C € =* and i,k,a,p,a1,...,a, > 0 and ¢,q > 0.
Assume that all letters x,y, z occur in A, y £ A, 0 < ¢ <n and ag+c+2 <
kE<i—c—|A|l. Let

Di[z, 2] = (22)°((z2)"™z) ... ((x2) % 11)zz,
Dolx, 2] = (x2)F g ((zz) a1y . ((z2) %) (z2)P.
Now the equations

y(D1B)*A[(z2)'z, D1 B, xz] & 2Dy D1 Clx, y, 2
y(DlB)aA[(IEZ)Z'fE, DlBa CCZ] = D2D10[‘T’ Y, Z]

have only trivial solutions.

Proof. The first equation is reduced by the morphism z — 2z to the equation
(Dy [z, y2] B ) Al(xyz)'x, Di[x,yz|B', 2yz] = 2Ds[z, yz] D1z, yz]C".

If a > 0, then the equation is of the form

(yo)a - = (aay)F
Because ¢ > 0 and i — k > ¢+ 1, this equation has only trivial solutions by
Corollary 2.3.7. If a = 0 and 2™y < A, m > 0, then the equation is of the
form

(wyz)"y - = (zwy) "
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Because i — k > m + 1, this equation has only trivial solutions by Corollary
2.3.7. If a=0and 2™z < A, m > 0, then the equation is of the form

(:Cyz)erl P (ny)iik+a’q,zxxyz EEREN

except if n = ¢ and p = 0, when it is of the form

(zyz)™t o = (zay) Tz (yz) ayz -

Because t — k +aq > 0 and i > i — k + a4y + ¢+ 1, this equation has in both
cases only trivial solutions by Corollary 2.3.7.

The second equation is similar. It is reduced by the morphism x +— yz
to the equation

(Dilyz, 2] B')* Al(yz2)'ya, Di[yz, 2| B', yx-]
= (aya) ™ T ((yaz) T y) L (yaz) Ty (yaz)P Dilye, 2]C".

If a > 0, then the equation is of the form

(zya)°y - = (v2y) "

Because ¢ > 0 and ¢ — k > ¢+ 1, this equation has only trivial solutions by
Corollary 2.3.7. If a = 0 and 2™y < A, m > 0, then the equation is of the
form

(yzz)"z- - = (zzy) ...

Because i — k > m + 1, this equation has only trivial solutions by Corollary
2.3.7. If a =0 and 2™z < A, m > 0, then the equation is of the form

(yo)™ o = (wzy) oy

except if n = ¢ and p = 0, when it is of the form

(ywz)"™ ™t = (wzy) ™ (aya) oy

Because ¢ —k +aq > 0 and i > i — k + a4 + ¢+ 1, this equation has in both
cases only trivial solutions by Corollary 2.3.7. U

Lemma 5.4.8. If x occurs in B, then the nonperiodic solutions h of (5.9)
satisfying |h(y)| > |h(2)], and some periodic solutions, can be parameterized
in terms of the solutions of O(n®) of its 0-images of length O(nS), where n
is the length of the equation.

Proof. The images of (5.9) are the equations (5.10). Because of the condition
|h(y)| > |h(z)], it is enough to consider the image of this under the morphism
2 x2

Y A((z2)ix,y, 22) = (22)°Bl(x2)'z, 22)yCl(z2) 'z, y, v2]. (5.15)
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The length constraint is now |h(y)| > |h(zz)|. Equation (5.15) is a nonde-
generated image of the second order of (5.9). Let D = (z2)°B[(z2)'x, z2].
Now the image of (5.15) under the morphism y + D’ Dy, where j > 0,
Dy < D and DID; # ¢, is

y(D? Dyy)* ' A[(z2)'x, DI D1y, 22]

. ‘ . 5.16
=DyD1B[(x2)'x,xz|yC|(zz)"x, D’ D1y, x2], (5.16)

where DlDQ =D.

We can write D = (z2)°((z2)F % x) ... ((z2)"%Wz)(22)P, where N > 1,
p>0anday,...,ay > 0. Let M = max{a;+c+1+|A| |1 <I< N} If
Dy "cuts” the factor (zz)" in D, then

Dy = (z2)((x2) T4 2) ... (z2)F % 12)(22)F,

Dy = (zz) K0 ((xz)atiz) . ((x2) N ) (z2)P

Dy = (z2)¢((x2) 4 2) ... (z2)%12) (z2)* L,

Dy = z(x2)  F g ((z2) o1y L ((z2) TV z)(22)P,

where 0 <k <iand 0 < g < N. If M <k <i— M, then, by Lemma 5.4.7,
equation (5.16) has only trivial solutions.

All nonperiodic solutions h of (5.9) for which |h(y)| > |h(z)| are obtained
from the solutions of (5.16). Divide the solutions of the original equation
into sets P and ) depending on whether they are obtained from (5.16) when
1 < 2M or when 7 > 2M. It needs to be shown that these sets, and some
periodic solutions, can be parameterized in terms of the solutions of a finite
number of equations (5.16).

Let U &= V be the equation (5.16) and let h be its solution. If i < 2M
is fixed, then h(U) = h(V') can be viewed as an exponential equation with j
as the unknown. We use Theorem 5.2.3. It gives a T = O(n?) such that h
is a solution for all j > T or for no j > T. It can be assumed that the same
T is valid for all ¢ < 2M. Like in the proof of Theorem 5.4.2, the set P,
and some periodic solutions, can be parameterized in terms of the equations
(5.16) with i < 2M and j < T. There are O(n?) of those.

Consider the set Q. We can write i = 2M + m. Replace (zz)’ with
(x2)M (22)™(x2)™ in (5.16). Now D; can no longer "cut” (xz)™ if we are
interested only in equations with nonperiodic solutions. So there are only
O(n?) possibilities for Dy. Fix D; and a solution h. Now h(U) = h(V) can
be viewed as an exponential equation with 7 and m as the unknowns. Fix
m so that Theorem 5.2.3 can be used. There exists a bound L = O(n) not
depending on m such that either A is a solution for all j > L or for no j > L.

61



Next, fix j and view h(U) = h(V) as an exponential equation with m as
the unknown. Now, by Theorem 5.2.3, there exists a bound N; = O(nj)
such that either h is a solution for all m > Nj; or for no m > N;. The
bound N; can be assumed to be increasing with respect to j. By combining
these considerations it can be seen that either h is a solution for all 7 > L,
m > Ny, or for no j > L, m > Np. The set ), and some periodic solutions,
can be parameterized in terms of the equations (5.16) with i < 2M + Ny, and
j < L. There are O(n?) of those for every D;. This proves the theorem. [

Lemma 5.4.9. If x occurs in B, then the nonperiodic solutions of (5.9),
and some periodic solutions, can be parameterized in terms of the solutions
of O(n'") of its O-images of length O(n'®), where n is the length of the
equation.

Proof. The required #-images are obtained by combining the sets of Lemmas
5.4.6 and 5.4.8. O

Lemma 5.4.10. If B = 2%, where d > 1, then the solutions of (5.9) can be
parameterized in terms of the solutions of O(n?) of its O-images of length
O(n®"), where n is the length of the equation.

Proof. All images of the equation are degenerate; O(n?) of these of length
O(n?) can be chosen by Theorem 5.4.4. These images are of type I, so O(n")
of their images of length O(n®) can be chosen by Theorem 5.4.2. Of these
images of the second order, the nondegenerated images are of type I, so
O(n'®) of their images of length O(n?") can be chosen. These nondegener-
ated images of the third order with the degenerated images of the second
order give the set of required #-images. O

We define a complete set of 6-images of an equation of type I or II. For
equations of type I it is the set of Theorem 5.4.2. For equations of the form
(5.9) it is the set of Lemma 5.4.6 if B = ¢, the set of Lemma 5.4.9 if z
occurs in B, and the set of Lemma 5.4.10 if B = 2% d > 1. The next
theorem follows immediately from this definition.

Theorem 5.4.11. Every equation of type I or II of length n has a complete
set of O-images consisting of O(n?%) equations of length O(n*7).

We assume that every complete set of f-images satisfies the conditions
of Theorem 5.4.11.

Theorem 5.4.12. Let E be a word equation of length n. If {E1,...,Epy}
is a complete set of 0-images of E and every E; has a parametric solution
of length at most ¢, then E has a parametric solution of length O(mn2%)c.
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Proof. For equations of type I this follows from Theorem 5.4.2. Consider the
type II equation (5.9). If B # ¢, then the claim follows from Lemmas 5.4.9
and 5.4.10. Assume that B = ¢. By Lemma 5.4.6, it suffices to show that
those solutions h of (5.9) for which |h(y)| > |h(z)| can be parameterized.
Let h be such a solution. Then h(x) = h(z)™u for some m > 1 and u < h(z),
h(z) = uv for some v and y = vuw for some w. Now h = go f, where f and
g are morphisms, f(z) = (zz)™x, f(y) = zzy, f(2) = xz and g is a solution
of

yzr - = (zx)Y- - . (5.17)

On the other hand, all such morphisms h are solutions of (5.9). By Lemma
2.4.7, g is also a solutions of yzx = zzxy. Now, by Lemmas 2.4.3 and 5.3.1,
the solutions g of (5.17) can be parameterized. This gives a parametric
representation for the required solutions A if the exponent m in the morphism
f is considered to be a numerical parameter. U

5.5 Neighborhoods and Trees

The proof of the parameterizability of equations with three unknowns con-
sists mainly of reducing equations to other equations. This forms a tree-like
structure. The intention is to make all leaf equations in this tree to be ba-
sic equations. The possible reduction steps are given in the definition of a
neighborhood, which is preceded by two lemmas.

Lemma 5.5.1. Let u,v,w € ¥*, 0 < |w| < |u| and ¢ > 1. If

wu o=ty or w(uw)u? - = (ww)u? -,
then wv = vu.
Proof. Let u = wt. From wu‘tlv- .. = utlou--- it follows that
(wt) Mo =t(wt)vwt... and (wt) v = t(wt)vw.
From w(uv)®u?--- = (uv)°u?-- - it follows that
(wtv)wtwt - - - = to(wtv) Twtwt ... and  (wtv)°wt = tv(wtv) L wtw.

In both cases the beginnings and ends of the last equation give wt = tw and
wtv = tvw. So p(w) = p(t) = p(tv) = p(v) = p(u). O

Lemma 5.5.2. Let Ey be the equation zy®zyPs... = zybzyit..., where
s,t € {x,2} and a+p # b+q. Let k be an even number such that 2-=4/2 >
1+ |p—gq|. Let Ey,...,Ey be a degenerated chain of images and let Ey, be
xP = zQ). Now the solutions of Ey satisfying y # 1 are also solutions of
the equation xy®zy® = zybxy®.
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Proof. Assume that F;1, is the image of E; under the morphism f; : x —
(zy?)¢z when i is even, and under the morphism f; : z +— (2y®)%z when i
is odd. Because fo(z) and fo(z) and thus fo(s) and fo(t) begin with z, the
equation Ej, is of the form

zyzyPre - = zybayir - - (5.18)
where

r=(fro- o f)(2) = (fro o f)(((wy®)? zy’) 2ay®)™ (zy”)*).

Let F,, = fmo---0 f4. The words xy® and zy® occur as factors of Fy(zy®)
at least once, and if they occur as factors of F,(xy®) at least 20m—4/2
times, they occur as factors of F,o(xy®) at least 2(m=2)/2 times. Thus, by
induction, they occur as factors of Fj,(zy®) at least 2°=4/2 times. If h is a
solution of Ej, then

|h(zy 2yP)| — |h(zyPzy?)|| <la+p—0b—q||h(y)]
<(a+b)|h(y)| + |p—qllh(y)] < (L+|p— q])|h(zyzy")]
<22 2y 2yP))| < h(Fr(xy®)))-
Thus, by (5.18),
w((uBv)?u)tu® - = ((uB0)?u)u® -

where u = h(Fy(zy®)), v = h(Fi(zy®)) and |w| < |u|l. If w = &, then
h(zy®zyP) = h(zy’xy?), which is not possible by the assumptions h(y) # ¢
and a + p # b+ q. Thus it follows from Lemma 5.5.1 that uv = vu. It can
be seen that u,v € {h(zy®), h(zy®)}*, u ends with h(zy®) and v ends with
h(zy®). This means that h(xy®) and h(zy®) satisfy a nontrivial relation. It
follows that they commute, that is h(zy®zy®) = h(zy’zy®). O

The equations E1,..., E, form a neighborhood of an equation E if one
of the following conditions holds:

N1. Ey,..., E, form a complete set of f-images of F,
N2. E reduces to E1,..., E, with an n-tuple of substitutions,

N3. F is the equation U =V, U and V begin with different letters, n = 2,
and F7 and Es are equations U =V and V =2 U,

N4. n =1 and E is the equation U = V and Ej is the equation U = V7,

N5. E is the equation SU =TV, |S|; = |T|; for all t € Z, n =1 and E; is
the equation US = VT,
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N6. n =1 and E; is F reduced from the left or multiplied from the right,

N7. n = 1 and, with the assumptions of Lemma 5.5.2, F is the equation
zP = 2Q and F; the equation zy®zy’zP = 2ylxy®2Q.

Rules N1 and N2 will be the most important ones. Rule N3 makes
it possible to consider one-sided equations. Because of rule N6, it can be
assumed that equations are reduced from the left and continue sufficiently
far to the right. The other rules are used in some special cases. The next
theorem justifies the definition of a neighborhood.

Theorem 5.5.3. Let E be a word equation of length n and let By, ..., E,
be its neighborhood. If each E; has a parametric solution of length at most
¢, then E has a parametric solution of length O(mn?®)c.

Compared to the parametric solutions of the equations E;, the parametric
words in the parametric solution of E contain O(1) new numerical param-
eters, the height of the parametric words can increase by O(1), and the
coefficients of the linear Diophantine relations are of the same size.

Proof. For N1 this follows from Theorem 5.4.12, for N2 from Theorem 5.4.1
and for N7 from Lemma 5.5.2. The other cases are clear.

The second paragraph can be deduced by examining the rules in the defi-
nition of a neighborhood and, most importantly, the definition of a complete
set of f-images. O

Directed acyclic graph whose vertices are equations is a tree of E if the
following conditions hold:

(i) only vertex with no incoming edges is E,
(ii) all other vertices have exactly one incoming edge,

(iii) if there are edges from Ej to exactly Ei,..., E,, then these equations
form a neighborhood of Ej.

Theorem 5.5.4. Let E be a word equation of length n. If E has a tree of
height k, then all equations in the tree are of length O(n)27k. If each leaf
equation in this tree has a parametric solution of length at most ¢, then E
has a parametric solution of length O(n)52'27kc.

If the leaf equations are basic equations, then the parametric words in the
parametric solution of E contain O(k) numerical parameters, their height
is O(k), and the coefficients of the linear Diophantine relations are of size

0(71)27]C .

Proof. In the case N1 the first claim follows directly from Theorem 5.4.11,
and for the other cases the bound O(n)”’C is more than enough. Now,
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by Theorem 5.5.3, there exists a constant a such that E has a parametric
solution of length

a(an)52 . a((an)27)52 ) a((an)272)52 o a((an)27k*1)52 e
<ak(an)52'27kc _ O(n)52'27kc.

The second paragraph follows from the second paragraph of Theorem
5.5.3 and from Theorem 5.3.2. O

A tree in which all leaves are basic equations is a basic tree.

If every 6-image of an equation of type I or II has a basic tree, then the
equation has a basic tree, because it has a complete set of f-images. The
rule N1 is used in this way instead of explicitly selecting some complete set
of #-images.

The main theorem is proved by a sequence of lemmas. The lemmas are
proved by using the rules of the definition of a neighborhood in various ways.

Lemma 5.5.5. The equation zyz’Alz,y,z] = yz?xBlx,y,2] has a basic
tree.

Proof. With N5 we get the equation Azyz? = Byz?x, and then with N4
the equation 22yzrAf = z22yBE. With N3 we get 22yz AR = 222yB? and
22yx AR & x2%yBf. The former is basic of the form B2. The latter is
reduced by the pair of substitutions = +— zx, x — 2%z to the equations
2yzx - = x2%y--- and yz2x--- = x2%y---. These are basic of the form
B9 or B7 and we get a basic tree. U

Lemma 5.5.6. Every nondegenerated 0-image of the equation
wyztAlr,y, 2] = za’yBla,y, 2],
where t # z, has a basic tree.

Proof. The equation is of type II. Its nondegenerated images of the second
order are
yrzg(h(tA)) = zx((zy) zz)'zyg(h(B)), (5.19)
where h is the morphism z +— z‘z and g is the morphism z — (zy)/zz. The
nondegenerated f-images are the images of (5.19). We consider the cases
j=0and j > 0.
First, let 7 = 0. The images of (5.19) are

yzzC|(xz)'z, D* D1y, x2] & DoDyyB|(x2)'x, D¥ D1y, x2], (5.20)

where C' = tA, D = D1Dy = zax(x2)'z, D # Dy and DEDy # e. If DyD;
begins with one of 22, zzx, zxz, then (5.20) is a basic equation. Otherwise
D5 Dy begins with 222, D; = 1 and k > 0. Then (5.20) is

yzzC|(x2)'z, Dy, 22] = za(x2) wyB|(z2)'x, D*y, x2].
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This is reduced by the substitution z — yz to the equation
wyzC|(zy2)'z, B*y,xy2] = za(wyz) vy Bl(vyz)'z, By, zyz],

where E = yzx(xyz)'z. This is equivalent to one of the following pairs of
equations:

(a) zyzex = zzxzy and y--- = z---, if t = x,

(b) zyzyzex = zzxyzey and y--- = z---, if t =y and i > 1,

(¢) zyzyzaw = zazyzey and y---=x---, if t =y, i=1and y £ B,

(d) zyzyzrx = zzzyzey and (yzz)y--- = (yzz)r---, if t =y, i = 1 and
y < B.

By Corollary 2.3.7, there are only trivial solutions in all cases.
Next, let 7 > 0. If ¢t = z, then (5.19) is

yaz((zyy x2)'zg(h(A)) = zx((zy) z2) zyg(h(B)).
This is equivalent to the pair of equations yxzx = zzxy, y--- = x--- and
has only trivial solutions by Corollary 2.3.7. If ¢t =y, then (5.19) is

yrzy - = zzay(zy) lzzoy -

Every image of this equation is of one of the following forms:

ym---é:xQ---, yrz - - Exze- -, ywzzxzs---tszyxzx---,

where s # z. The first two equations are basic of the form B2 and B3.
The third equation is equivalent to the pair of equations yrzzz? & zayzz,
s5---=a--- and has only trivial solutions by Corollary 2.3.7. U

5.6 Supporting Equations

We define supporting equations and prove as an intermediate result that
they have basic trees.

Let 1 <a,b<2,d>1andt+#y. A supporting equation is an equation
of the form

2t = 2yx- - or 2yt = zay - (5.21)

or of the form
2yt = 2(y2) - (5.22)

A tree whose leaves are basic equations, supporting equations of the form
(5.21) or equations x?yt --- = zyzay-- -, where t # vy, is a supporting tree.
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Lemma 5.6.1. Let Ey, ..., Es be a chain of images of the equation

EO : .’L'yatA[fI),y, Z] = Zch[xu Z]yC[II),y, Z],

where a,c > 1, A,C # ¢ and t # y. Assume first that E5 is a degenerated
image. Now

1.

2.

Es is of the form xy®z--- = zx -+ -

ifa=2,¢c=1, B=candy % C, then Ey is of the form zy*z--- =
nyx---"

ifa=2,c=1 and B =z, then Ey is of the form zy?z--- = zay-- - ;

if a = 1, then Ey is basic equation B3 or of the form xyzs--- =
zx?y -+, where s # z.

Assume then that E5 is a nondegenerated image. Now

1.

2.

4.

Fs5 is a supporting equation;

ifa=2,c=1, B=c andy % C, then Es is a basic equation or of
the form yxzy--- = zx2y - - ;

ifa =2, ¢c=1and B = x, then Es is a supporting equation of the
form (5.21) or an equation of the form z?ys--- = zyzay---, where

sFY;

if a =1, then E3 is a supporting equation of the form (5.21).

Proof. The equation F1 is of the form

nyaZAl ['T’ Y, Z] b ZCxB[Zix’ Z]yC[ZiSt?, Y, Z]’

where ¢ > 0 and A; # €. Its image Fjs is of the form

DyDyzAs [z, y, 2] = zh(2¢" e B2, 2]yCl2'x, y, 2]),

where h is the morphism z +— (2y%)' D12, j > 0, D1 < 2y%, (zy®)' D1 # ¢,
D1Dy = zy® and z £ Ay # €.

The equation FEjs is a degenerated image if and only if D1 = . Then the
first four claims are correct.

If Dy # ¢, then FEj is of the form

where 0 < b < a, By starts with z and neither 22 nor z

y* Paytz = Byl 2y

3 is a factor of Bj.

Now Fs5 is a supporting equation.
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If Dy #e,a=2,¢c=1, B=candy £ C, then E5 is of the form

y2_bxybz e zZayx -

and F3 is a basic equation of the form B3 or B4 or an equation of the
form yzyx - &= xzyx- - -
If Dy #2¢,a=2,c=1and B =z, then Es is of the form
Y2 laylz 3 e (w2) iy -

and Fj3 is a supporting equation of the form (5.21) or an equation of the
form yzyxz--- &= 2%2s---, where s # z.
If Dy # ¢ and a = 1, then FEs is of the form

and Fj3 is a supporting equation of the form (5.21). O

Lemma 5.6.2. Let s,t # y. Every nondegenerated 0-image of the equation
xy’s--- = zayt--- has a basic tree. Every nondegenerated 0-image of the
equation xy*z--- = zax’y--- has a supporting tree.

Proof. For the latter equation this follows from 3 of Lemma 5.6.1. For the
former it follows from 2 of Lemma 5.6.1, because the equation yxzy--- =
zxzy -+ is reduced by the substitution y — zy to the equation of Lemma
5.5.5. O

Lemma 5.6.3. Let s # x and t #y. Consider the equations
(a) xylz 3 2aly -,

(b) zyzs-- = 2y,

(c) xy?z-- = zayt- -,

(d) wyzt-- = zyx -,

(e) xyz - = zy’w---.

the first has a supporting tree and the others have basic trees.

Proof. Let Ey be one of (a)—(d). It can be written in the form xy®zyPu--- =
2yPaydv- - -, where u,v # y. Here always a +p # b+ ¢. Let

1> 4+2logy(1+|p—q|)

be even. Form a complete set of 0-images for Ejy, a complete set of f-images
for each of these, and so on [ times. These 6-images form chains Ey, ..., E].
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We show that each chain has an equation with the required tree. This proves
the lemma.

First we consider chains of degenerated #-images. There is a correspond-
ing degenerated chain of ordinary images. Now, by N7, the equation E; can
be replaced by one of the following;:

8

Equation (b’) is basic of the form B3. Equations (a’) and (c’) are reduced
by the substitution z +— zx to equations of Lemma 5.5.5. Equation (d’)
is reduced to the equation zyzyP = y?22Q, which can be transformed to

yzyx--- = xzy?--- by N5 and N4. This has a basic tree by Lemma 5.5.5.
Then we consider nondegenerated chains. We assume that the part
Ey,...,Ej_1 of the chain is degenerated and that F; is a nondegenerated

0-image of F;_1. If Ey is of the form (a)—(c), then E;_; is of the same form
and Ej; has the required tree by Lemma 5.6.2 or Lemma 5.5.6. If Ej is of
the form (d), then all of Ey,...,E;_ are of type I. Let 0 < i < j. If i is
even, then Ej is of the form xzyz--- = zy?z---. If i is odd, then Ej; is of the
form zy?z -+ = wyz---. Assume first that j is even. Now Ej; is of the form
yrzr--- = zy’x---, where r # z. This is the equation (b). Assume then
that j is odd. Now Ej; is of the form y*--- = ay--- or yzy - = ayz---.
These are basic of the form B2 and B3.

The lemma has been proved for equations (a)—(d). The equation (e) is
of the form (d) or (d’), so it has a basic tree. O

Lemma 5.6.4. Supporting equations of the form (5.21) have basic trees.

Proof. First, consider the equation z®y’t--- = zyx ---, where 1 < a,b < 2
and t # y. If a = b = 1, then this is basic of the form B4. If a = 1 and b = 2,
then this is of type I and its images are of the form zyz--- = 2y?z--- or
yzxs--- = xy’z---, where s # x. These have basic trees by Lemma 5.6.3.
Assume that a = 2. The equation is reduced by the substitutions z — zz,
x +— zyz to the equations zzxy - - & yzrs -+ and xzy--- = zyx - - -, Where
s # x. The latter is basic of the form B5. If in the former s = y, then it
is reduced by the substitution y +— zy to the equation of Lemma 5.5.5. If
s = z, then the images of the equation are of the form yzxz - - - & Dy, where
D is a conjugate of xzx. If D = zzz, then this image is basic of the form
B4. If D = 222, then it is the equation (c) of Lemma 5.6.3. If D = 22z,
then it is reduced by the pair of substitutions x — yx and z — yzx to the
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equations zyzrz--- = xyxrzy--- and yzrz--- = xyzezy---. The latter is
basic of the form B5 and the former is reduced by the substitution z +— xz
to the equation zyxz?z--- = ya?zy---, which has a basic tree by Lemma
5.5.5.

Second, consider the equation z%t--- = zzy---, where 1 < a,b < 2
and t # y. If a = 2 or a = b = 1, then this is basic of the form B2 or B3.
Assume that ¢ = 1 and b = 2. If the fourth letter on the right is y, then the
equation is reduced by the substitution x — zx to the equation of Lemma
5.5.5. Otherwise, the #-images of the equation are, by 2 of Lemma 5.6.1,
basic equations or of the form zy?z--- = zxyx--- or yxzy--- = zwzy---.
The former has a basic tree by Lemma 5.6.3, the latter is reduced by the
substitution y — zy to the equation of Lemma 5.5.5. U

Lemma 5.6.5. The equation xyt --- = zyzxy-- -, where t # vy, has a basic
tree.

Proof. The images of this equation have basic trees by Lemma 5.6.4, except
for the image under the morphism z — zx:

xzxyz---i:yz%y---.

This is reduced by the substitution y — zy to the equation zz?yz--- =
yz2x?---. Consider the corresponding one-sided equations.
The images of the equation

xlyz- - = y2lal (5.23)

are of the form zz?yy’z--- &= yzy'za?- - -, and the images of this under the
morphisms y — zy, y — zzy, y — zz’y and under other morphisms are

S S ga(ey)eat

2?(zy
zx2yzx--- = yz2x2y--- ,

Dyzm...jy22x2z...’

where D is a conjugate of zz?. The last two can be split into pairs of
equations zx?yz = yz?2?, x--- = y--- and Dyz = yz22?, - = z---.
These have only trivial solutions by Corollary 2.3.7. Consider the first two
equations. They are nondegenerated images, so their images are f-images of
(5.23). These are equations of Lemma 5.6.4, except for the image of (5.24)
under the morphism x +— yz:

rye(zy) = () (ya)
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All images of this are again equations of Lemma 5.6.4, except for the image
under the morphism z +— xz:
i1 j 2

ya(zzy) T = 2az(yaz) (ya)? -

This is reduced to the equation

ya(z22y) T = pa(zyae) (zyz)? -

which can be split into the pair of equations yz22? = z2%yz, y--- = 2---,
which has only trivial solutions by Corollary 2.3.7. So (5.23) has a basic
tree.

The images of the equation zz?yz--- & yz?z?--- are of the following
forms:

2lzyz-- =z yLta? - (5.28)

rzayz - = yLltateo (5.29)

zxtyz - 3yt (5.30)

The images of (5.29) are equations of Lemma 5.6.4. The equation (5.30)
is of the form (5.23). The images of (5.28) are equations of Lemma 5.6.4,
except for the image under the morphism x +— yux:

ryrzyz - = 22 (yx)?-

All images of this are again equations of Lemma 5.6.4, except for the image
under the morphism z +— xz:

yrlzyzz - = zxz(yx)? -

This is reduced to the equation

yr’yrz - = xz(zyx)? -,

which can be split into the pair of equations yz22? = z2%yz, y--- = 2---,

which has only trivial solutions by Corollary 2.3.7. U

Lemmas 5.6.4 and 5.6.5 prove that if an equation has a supporting tree,
then it has a basic tree.

Theorem 5.6.6. Fvery supporting equation has a basic tree.

Proof. By Lemma 5.6.4, it is enough to consider equations (5.22).
If a = b = 1, then the equation is xyt--- = z(yz)% - --. Every image of
this equation has a basic tree by Lemma 5.6.4.
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If a = 1 and b = 2, then the equation is xy?t--- = z(yz)%x---. Its
images are of the forms

xylz- & 2yze- (5.31)
wylz- - =yzy -, (5.32)
Ytz = y2lse (5.33)
Ytz = 2Pyt (5.34)

where s # z, t # y. All images of (5.31) are of the form (5.21). All #-images
of (5.32) are, by 4 of Lemma 5.6.1, basic equations, supporting equations
(5.21), or equations (b) of Lemma 5.6.3. All f-images of (5.32) are, by 3 of
Lemma 5.6.1, equations of Lemmas 5.6.3, 5.6.4 or 5.6.5. All images of (5.34)
are supporting equations (5.21), except for the image under the morphism
z +— xz, which is the equation of Lemma 5.6.5.

If a = 2, then the equation is z2y’t--- = z(yz)%---. Its images are
supporting equations (5.21), except for the image under the morphism z —
zx:

zzay - = (yz2)lex -

If d > 1, then the images of this equation are supporting equations (5.21).
If d = 1, then this is the equation (5.22) with a =1 and b = 2. O

5.7 Main Theorem

Now we can start generalizing Theorem 5.6.6 and finally prove the main
results of this chapter.

Lemma 5.7.1. The equation xy®zyPs--- = zyPaxydt---, where a > 0, a +
p=>b+4q and s,t # y, has a basic tree.

Proof. If a = 1 and b = 0, then the equation is basic of the form BS.
Consider other cases. The equation is reduced by the substitutions x +— zy‘z
(¢=0,...,b) to the equations

zylz =yl (c=0,...,b—1), (5.35)
2y zyPsP = zybzytQ. (5.36)

When b—c¢ > 1, (5.35) is basic of the form B2. When b—c = 1, its #-images
have a basic tree by 4 of Lemma 5.6.1 and by Lemmas 5.6.3 and 5.6.4.

If a = b, then (5.36) is basic of the form B6 or B7. Assume that a < b
(the case a > b is similar). By using N5 and N4 we get the equation
ylzytx--- = xyPz---, where d = b—a > 1. Split this into one-sided
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equations

yilzye- - =z aylz (5.37)
ylzya =yl (5.38)

If d > 1, then (5.37) is basic of the form B2. If d = 1, then its f-images
have a basic tree by 4 of Lemma 5.6.1 and by Lemmas 5.6.3 and 5.6.4.
Equation (5.38) is reduced by the substitutions z — y°z (¢ = 1,...,d) to
the equations

Latter is basic of the form B6 or B7, former is of the form (5.37). O

Lemma 5.7.2. The equation Ey : xy®z--- = zybz---, where a > 0, has a
basic tree.

Proof. The equation can be written in the form zy®zyPu--- = zybzydv - - -,
where u,v # y. If a + p = b+ ¢, then the claim follows from Lemma 5.7.1.
Assume that a +p # b+ q. Let | > 4+ 2logy(1 + |[p — ¢q|) be even. Like
in Lemma 5.6.3, form a complete set of O-images of Ey, a complete set of
f-images of these, and so on [ times. These f-images form chains Ey, ..., E].
We show that each chain has an equation with a basic tree; this proves the
claim.

First we consider chains of degenerated 6-images. There is a correspond-
ing chain of ordinary images and we can use the rule N7. The equation FE;
is replaced by the equation zy®zy’zP = zyPzy®2Q, which has a basic tree
by Lemma 5.7.1.

Then we consider nondegenerated chains. We assume that the part
Ey,...,Ej_1 of the chain is degenerated and that F; is a nondegenerated
f-image of E;_1. If b = 0, the equation Ej is of the form zy®z--- = z2---,
and E;_; is of the same form. Now by 1 of Lemma 5.6.1, E; is a support-
ing equation and thus has a basic tree. If b > 0, then FEj is of the form
xy®z--- = zyPz---. Equation E;_y is of the same form. Now FEj; is of the
form y¢zytx--- = xy®2---, where c+d = a and ¢ > 1. If ¢ > 1, then E;
is basic of the form B2. If ¢ = 1, then E; has a basic tree by 4 of Lemma
5.6.1 and by Lemmas 5.6.3 and 5.6.4. U

Lemma 5.7.3. The equation xy®t--- = z°zBlz, 2|y - - -, where a,c > 1 and
t # vy, has a basic tree.

Proof. By 1 of Lemma 5.6.1, all #-images of this equation are supporting
equations or equations of Lemma 5.7.2. U

Lemma 5.7.4. The equation x"y™t--- = zyAly,z]z- -, where n,m > 1
and t # y, has a basic tree.
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Proof. If n = 1, every image of the equation is of the form
xy"z---&=Dx--- (5.39)

where D is a conjugate of zyA. If n > 1, the image of the equation under
the morphism x — zx is

1

x(zx)" y- - = yAzae (5.40)

and all the other images are of the form
xzy--- &= Dx--- (5.41)

where D is a conjugate of zyA.
Consider (5.39). If y? < D, then this is basic of the form B2. If yz < D,
then this is the equation of Lemma 5.7.3. If z < D, then this is of the form

2yP’s = e (5.42)

where a,b,d > 1 and s # y. The case of (5.41) is similar. Equation (5.40)
is of the form
z%yPs - =2 2(y2) - - (5.43)

where a,b,d > 1 and s # y. It is enough to prove that (5.42) and (5.43)
have basic trees.

Consider (5.42). Assume first that a = 1. Every image of this equation
is of the form zy’z--- & Dz, where D is a conjugate of zy®. If z < D,
then this is the equation of Lemma 5.7.2. If y? < D, this is basic of the
form B2. If yz < D, then this is the equation of Lemma 5.7.3. Assume
then that @ > 1. The image of the equation under the morphism x — zx
is x(z2)* 'y --- = y%zx---, and all other images are of the form zzy--- =
Dz ---, where D is a conjugate of zy%. First of these is of type I and its
images have basic trees by Theorem 5.6.6. The latter is the equation of
Lemma 5.7.3 if zy < D; otherwise its images have basic trees by Theorem
5.6.6.

Consider (5.43). Assume first that a = 1. Every image of this equation
is of the form zy’z--- & Dz, where D is a conjugate of z(yz)?. If yz < D,
this is the equation of Lemma 5.7.3. Otherwise Dz = z%s, where 1 < ¢ < 2
and s # y, and this image is of the form (5.42) and has a basic tree. Assume
then that a > 1. The image of the equation under the morphism = — zz is

x(zz) ly--- = (yz)?2zx-- -, and all other images are of the form zzy - -- =
Dz ---, where D is a conjugate of z(yz)?. First of these goes back to the
case a = 1. The latter has a basic tree by Lemma 5.6.4. U

Theorem 5.7.5. Every equation of length n with three unknowns has a
basic tree of height O(logn).
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Proof. The trivial equation U = U is a basic equation. All other equations
can be reduced from the left and split into one-sided equations. By multi-
plication from the right, every one-sided equation can be turned into one of
the equations

R VL (5.44)
xy - Y@ (5.45)
x2% - 2 y‘rBlx,ylz- - (5.46)
z%ybs .- = y2Bly, 2]z - - (5.47)
2% - = y2Bly, 2]z - - - (5.48)
2% - = y%2Bly, 2]z -, (5.49)

where a,b,c > 1, d > 1,t # z and s # y. We prove that all of these have
basic trees.

Equation (5.44) is basic of the form B2. Equation (5.45) is reduced by
the substitution x — yz to the equation xy--- = y“x---, which is basic of
the form Bl. Equation (5.46) is the equation of Lemma 5.7.3. Equation
(5.48) is the equation of Lemma 5.7.4.

Equation (5.47) is of type I and its images are of the form zy--- &=
Dz ---, where D is a conjugate of y°2B. If y?> < D, then this is of the form
(5.44), if yz < D, then of the form (5.46), and if z < D, then of the form
(5.48). So every image of (5.47) and thus the equation itself has a basic
tree.

Also (5.49) is of type I and its images are of the form z(y - -- )* 120y - =
Dz - -+, where D is a conjugate of y?2B. Again these are of the form (5.44),
(5.46) or (5.48). So every image of (5.49) and thus the equation itself has a
basic tree.

The constructions of trees in the lemmas produce trees of bounded height
with two exceptions: Lemmas 5.6.3 and 5.7.2, where a tree with height of
order log(1 + [p — q|) is constructed for the equation

ayzyP - = zylayd - (5.50)

We prove that the powers of y here cannot be more than n, which proves
this theorem. In the definition of neighborhood, the rules N1, N2, N5 and
N6 can produce higher powers than those in the initial equation. There is
no need to use N6 to generate high powers and N5 is only used in Lemmas
5.5.5, 5.6.3 and 5.7.1, where it does not generate high powers. N2 is not
used to generate higher powers than those that are already in the equation.
Consider N1. Here an equation zU(x,y,z) = y*zV(x,y, z) can be turned
into 2U (y'z, vy, 2) = y*@V (y'z,vy, 2) for high values of i. But in order for y
to be in the position of (5.50), the rules N1 or N2 must be used again. Then
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y is replaced by zuy for some u € {x,z}* and the powers of y disappear.
The claim is proved. O

Theorem 5.7.6. FEvery equation of length n with three unknowns has a
parametric solution of length eXp(nO(l)).

Proof. By Theorem 5.7.5, every equation has a basic tree of height O(logn).
By Theorem 5.3.2, the leaf equations have parametric solutions of bounded
length. Now from Theorem 5.5.4 it follows that E has a parametric solution
of length O(n)%22™ | where k = O(log n), that is of length exp(n®®). O

It can be noted that two word parameters are sufficient, except for the
trivial equation U = U: this is true for basic equations, and no new word
parameters are added when the rules in the definition of a neighborhood
are used. This could be expected because of the defect theorem. As for the
numerical parameters, for basic equations their number is O(1), and at each
step when going up in the basic tree only O(1) new parameters are added.
Thus the number of different numerical parameters is O(logn). The same
holds for the number of nested numerical parameters, that is the height of
the parametric words.

Based on Theorem 5.7.6 we can prove that the shortest nontrivial solu-
tion is of exponential length. However, this is not trivial. For example, if we
have a parametric word (p'q)?, then by giving the value 1 for the numerical
parameters we get a short word, but the problem is that i = j = 1 does not
necessarily satisfy the linear Diophantine relation. Thus we need to estimate
the size of the minimal solution of the relation. We also need to make sure
that the solution of the word equation is indeed nontrivial.

Theorem 5.7.7. If an equation of length n with three unknowns has a
nontrivial solution, it has a nontrivial solution of length eXp(nO(l)).

Proof. Consider an equation F : x--- =y--- and its parametric solution
{(hj, Rj) |1 <j <m}

of length exp(n®®). If F has a nontrivial solution, it has a solution where
x and y begin with the same letter but z begins with a different letter. Let
h o fohj be such a solution, where h o f is a valuation. Now also f o h; is
such a solution, and so is g o h; if g € R; maps exactly the same numerical
parameters to zero as f. Thus goh; is a nontrivial solution. We must select
g so that this solution is sufficiently short.

The lengths of the parametric words h;(t), where ¢t € {z,y,z}, are
exp(no(l)). By Theorems 5.5.4 and 5.7.5, every occurrence of a word param-
eter in h;(t) appears at most g(i1) ... g(ix) times in g(h;(x)), where iy, ..., i
are the numerical parameters and k£ = O(log n). Thus the length of g(h;(t))
is g(i1) . . g(ix) exp(n®W).
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The conditions for g are that it must be in R; and it must map exactly
the same numerical parameters to zero as f. The latter condition can be
handled by adding either the equation ¢ = 0 (if f(z) = 0) or the inequality
i > 0 (if f(i) > 0) to R; for every ¢ € A. Inequalities i > ¢ can be
replaced with i = ¢ + 1 + ¢/, where 7’ is a new variable. In this way we get
a linear Diophantine relation R}, which is a disjunction of linear systems of
equations. Because f € R;, at least one of these systems has a nonnegative
integer solution.

According to [66], if a system of linear equations has a nonnegative in-
teger solution, then it has one of size O(IM), where [ is the number of
unknowns, M is an upper bound for the r x r subdeterminants of the aug-
mented matrix of the system, and r is the rank of the system. Now r is at
most [ = O(logn). The system comes originally from the use of Theorem
5.3.2 on some equation in the basic tree of E. The lengths of the equations
in this tree are exponential (by Theorem 5.5.4), and so are the coefficients
in the system (by Theorem 5.3.2), so M = exp(n®®). Thus there is a
nonnegative integer solution of size exp(n®®)). This solution gives us a
function g such that g(iy) ... g(i) exp(n©M) = exp(n®M)). This proves the
theorem. O

Now we consider the satisfiability problem. Constant-free equations al-
ways have the solution where every unknown gets the value €, and usually
they have also other periodic solutions. The natural question is thus whether
a constant-free equation has a nontrivial solution. This can be easily reduced
to the satisfiability problem of equations with constants. In this way we get
the result that the above-mentioned question is in NP for equations on three
unknowns.

Theorem 5.7.8. The existence of a nontrivial solution of a constant-free
equation on three unknowns can be decided in nondeterministic polynomial
time.

Proof. The equation U = yV, where U,V € =*, has a nontrivial solution
if and only if it has a solution x = az’,y = ay’, z = bz’, where a and b are
different letters and 2/,y/, 2/ € ¥*. So we are interested in the existence of a
solution for the equation obtained from xU = yV by replacing x with az’, y
with ay’ and z with b2/, where 2,4/, 2 are now new unknowns. The length
of this equation is twice the length of the original equation.

There is a nondeterministic algorithm (see [53]) that solves the existence
of a solution for the last equation in time polynomial in nlog N, where n is
the length of the equation and N is the length of the shortest solution. The
claim now follows from Theorem 5.7.7. U
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Chapter 6

Unique Decipherability in
the Monoid of Languages

In this section we study unique decipherability in the monoids of unary and
nonunary regular languages.

In the first three sections we are interested in problems related to unique
decipherability in the monoid of unary languages. As stated in Section 2.6,
this monoid is isomorphic to the additive monoid of sets of nonnegative
integers. Thus we will formulate everything in terms of sets of numbers.
Often we can allow the sets to contain also negative integers. We will mostly
consider finite, or sometimes regular, sets.

We begin in Section 6.1 by giving the required definitions and by proving
some results about powers of sets of integers. These results are related to
the Frobenius problem, see e.g. [54] for a survey, [31] for a generalization for
words and [19] for related algebraic results. The main result of this section is
that if the elements of a set do not have a common divisor, then sufficiently
large powers of the set contain almost all integers between their minimums
and maximums. This result is very important in the later sections.

In Section 6.2 we consider the power equality problem. For example,
we show that it is sufficient to consider powers that are of linear size with
respect to the maximum of the sets. The results in this section form the
basis for the solution of the unique decipherability problem, and are also of
independent interest.

In Section 6.3 we give a characterization of codes in the additive monoid
of finite sets of integers. In particular, we prove that a family of three sets
is never a code, i.e. three sets always satisfy a nontrivial relation. We prove
a similar result for certain infinite sets, including all infinite rational sets.

In Section 6.4 we prove that the unique decipherability problem is un-
decidable in the monoid of binary regular languages.

This chapter is based on the articles [57] and [36].
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6.1 Additive Powers of a Set of Numbers
If m,neZ, k€ Ny and A, B C Z, then we use the following notation:

AB={a+b|lac Abe B},
AF ={a1+ - +ap|a,...,a € A},

A* = G AF
k=0

A+n={a+n|ac A},
A-n={anl|aec A},
A/n={a/n|ac A}.
m,n]={a€Z|m<a<n},
[m,00) ={a€Z|a>m},
(—oo,n]={ae€Z]|a<n},

The first three come from the theory of formal languages, and that is why
we use multiplicative notation even though we are dealing with sums.

We will often need to assume that the elements of a set do not have a
common divisor, or that the minimum of a set is zero. Thus we let

Sp={AC[0,n]|0,n e A gcdA=1}.

If A€ Sy, thenlet A= {n—a|aec A} be the “reverse” of A. Now AB =
AB.

Let A={0,a1,...,a,} CNpand gcd A = 1. It is well known that every
sufficiently large integer can be represented in the form

axy + -+ apxy, (6.1)

where x1,...,2, € Ny. The Frobenius problem asks what is the largest
integer that cannot be represented in this way. This integer is called the
Frobenius number of A and we denote it by G(A). The numbers (6.1) form
the set A*, so G(A) is the largest integer not in A*.

We define F,,,(A) to be the smallest integer such that

A*N[0,m] € AT,

We assume that 0 € A, so A C A2 C A3 C ... and F,,(A) exists for every
m. The number F),(A) tells how large the coefficients x1, ..., x, need to be:
if n < m and n has a representation of the form (6.1), then n has such a
representation where x1 + -+ 4+ z, < Fy,,(4).

There are many results concerning the size of the Frobenius number. We
use the following result from [6].
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Lemma 6.1.1. If A = {ag,...,a,} € Sy, where 0 = ay < -+ < a, = n,
then G(A) < ain —a; —n < n? —2n.

We also need an upper bound for F,,(A).

Lemma 6.1.2. If A = {ag,...,a,} € Sy, where 0 = ay < -+ < a, = n,
then F,(A) <n—1+m/n.

Proof. Let g = G(A) and a € A*N[0,m]. If a < g+ n, then a € A*,

where k = [(g +n)/a1]. If a > g+mn, then a = g+ i+ n(a—g—1i)/n,

where i € {1,...,n} is such that g +i = @ mod n. Now g +1i € A*¥ and

n(a — g —i)/n € Al, where again k = |(g +n)/a1| and | = (a — g — i)/n,

and thus a € A¥*!. So with the help of Lemma 6.1.1 we get the result
g+n a—g—1

F(A) <k+1< + <n—1+—2.
al n n

O

Next we examine the structure of A* for large k. If A € S,, then
AF C [0, kn]. Because A* contains almost every natural number, A* contains
almost every number from the interval [0, kn]. Only some numbers from the
beginning and from the end are missing. These missing numbers will be
essentially the same for all large values of k (of course the large missing
numbers will be getting larger and larger as k grows). This is formalized by
the following theorem.

Theorem 6.1.3. Let A€ S,, and k > 2n — 2. Let
C = A*N[0,n* — 2n] and D = (A)*N[0,n*—2n).
Now
AF =CUn® = 2n41,kn —n®+2n —1JU (D + kn — n® + 2n).
Proof. Let k > 2n — 2. By Lemma 6.1.2,
Fliny2) (A), Flgnja) (A) <n—1+k/2 < k.
Now we get
AR N0, [kn/2]] = A* N[0, [kn/2]]
= (A*N[0,n% —2n]) U (A* N [n* — 2n + 1, |kn/2]])
=CUn?—2n+1, kn/2]].

Here the first equality holds, because k > F|j, /2| (A), and the last equality
follows from Lemma 6.1.1. Similarly we get

AR N0, |kn/2]] = DU R? = 2n + 1, |kn/2]].
The claim follows. O
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6.2 Power Equality for Sets of Numbers

In this section we study the power equality problem, that is the problem of
determining whether some powers of two finite sets A, B C Z are equal. The
following lemma tells how this problem can be reduced to the case where
min A = min B = 0.

Lemma 6.2.1. Let min A; = m; < max A; = n,;, A; = B;+my, and k,[ > 0.
Now Alf = Al2 if and only if BF = Bé and ming = mony.

Proof. The sets A¥ and A}, are equal if and only if
BY + kmy = B + Ims,. (6.2)

If the sets A¥ and Al are equal, then their minimums and maximums
are equal, that is kmy = lmgy and kny = Ing. From this and (6.2) it follows
that Bf = Bé and ming = manj.

On the other hand, if BY = B, then

k(ny —mq) = maxB{€ = maxBé = l(ng — ma).
Multiplying this by mime gives
kmy(mani — mima) = lma(ming — myims).
If ming = maony, then km; = Imgy and (6.2) holds. O

It is clear that if min A = min B = 0, then some powers of A and B can
be equal only if gcd A = ged B = d, and if this is the case, then A*¥ = B! if
and only if (A/d)* = (B/d)!. Thus we can assume that d = 1.

Example 6.2.2. Let A? = B2. If the two smallest elements of A are 0 and
a, then the two smallest elements of A? are also 0 and a. Thus 0 and a must
also be the two smallest elements of B. Similarly the two largest elements
of A and B must be the same.

The example of A # B, A?> = B? where the largest element of A is as
small as possible is A = {0,1,3,4}, B = {0,1,2,3,4} (or vice versa). In this
case A = B2 =1{0,1,2,3,4,5,6,7,8}.

The sets A, B can also be selected to be maximal in the sense that they
are not proper subsets of any set D such that 42> = D?. For example, if

A=1{0,1,3,7,8,9}, B={0,1,3,6,8,9}, C ={0,1,2,6,8,9},

then A? = B?2 = 02 # D? for all D such that AC D, BC D or C C D.
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Theorem 6.2.3. Let m <n, A€ S, and B € S,. There are i,j > 0 such
that A* = B7 if and only if

AR [0,n% —2n) = BN [0,n? —2n] and

~ ~ 6.3
AR [0,n% — 2n] = B* N[0, n* — 2n], (63)

where k = 2n — 2.

Proof. If A* = BJ, then im = jn and A*¥ = B* for all k. Thus there
are such 4, j if and only if there are such i,j > 2n — 2. If A* = BJ, where
i,j > 2n — 2, then (6.3) holds by Lemma 6.1.2.

Next, assume that (6.3) holds. Consider two arbitrary integers i,j >
2n — 2 satisfying im = jn. Then A’ = B/ by Theorem 6.1.3. O

Theorem 6.2.3 gives a condition for the existence of the required num-
bers ¢ and j, and this leads to an algorithm for solving the power equality
problem. The next theorem gives a similar condition, which is perhaps not
as useful algorithmically, but may be easier in some other ways.

Theorem 6.2.4. Let A € Sy, and B € S,,. There are i,j > 0 such that

A = BJ if and only if A* = B* and (A)* = (B)*.
Proof. If m <n, A" = BY and C € {A,B,Z,E}, then

C* = (C*2N[0,n* — 2n]) U [n® — 2n + 1,00)

by Lemmas 6.1.1 and 6.1.2. Now A* = B* and (A)* = (B)* by Theorem

6.2.3. On the other hand, if A* = B* and (A)* = (B)*, then (6.3) holds by
Lemma 6.1.2. O

We can use Theorem 6.2.3 to prove that if A¥ = B* holds for some F,
then it holds for all sufficiently large k. We are not aware whether A¥ = B*
implies A1 = B+,

Theorem 6.2.5. If A, B € S, and A* = B* for some k > 0, then A* = B*
for all k > 2n — 2.

Proof. If A*¥ = B* for some k, then by Theorem 6.2.3 equation (6.3) holds
for £ = 2n — 2, and by Lemma 6.1.2 it holds for all larger k as well. The
claim now follows from Theorem 6.1.3. ]

Theorem 6.2.5 raises the following question: if n is fixed, then what is
the smallest number m such that if A, B € S,, and A¥ = B* for some k > 0,
then A* = B for all k > m? Theorem 6.2.5 proves that m < 2n — 2, and
the following example proves that m >n — 2.
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Example 6.2.6. Let A = {0,1,n—1,n}. Now A" 3 #£ [0,n]" 3, but A" 2 =
[0,1]"~2. The inequality holds, because n — 2 ¢ A"~3. The equality holds,
because every element of [0, n]" 2 = [0, (n—2)n] is of the form an+b, where
a € [0,n—3]and b € [0,n], and if a+b < n—2, then an+b € {0,1,n}" 2, and
if a+b > n—2, then an+b = (a+b—n+1)n+(n—>b)(n—1) € {0,n—1,n}"2.

6.3 Unique Decipherability for Sets of Numbers

In this section we study the unique decipherability problem in the monoid
of sets of integers. We defined in Section 2.6 that a subset of a semigroup
is a code if the elements of the subset do not satisfy a nontrivial equation.
The monoid of sets of integers is commutative, so every balanced equation
is trivial. Now the definition of a code can be written as follows. A family
of sets {A1,..., As} is a code, or has the unique decipherability property, if
there are no numbers ki, ..., ks, l1,...,[ls such that Alfl o AR = Alf AL
and k; # [; for some 1.

Theorem 6.3.1. Let Aq,...,As be finite sets of integers. Let min A; = m;
and max A; = n;. The sets A; form a code if and only if s = 1 and A; # {0}
or s =2 and mins # mon;.

Proof. Let Alfl L AR = Alf ... Als. The minimums and maximums of these
sets must be the same, that is

ml(kil —ll) + - +ms(k:s — ls) =0 and
ni(ky —l1) + - +ng(ks — ls) = 0.

This can be viewed as a pair of equations with s unknowns k; — [; and
coefficients m;,n;. This pair of equations has nontrivial solutions if and
only if the rank of the matrix

mi ... Mg

ny e Ng
is smaller than s. The rank is s if and only if s =1 and A; # {0} or s =2
and ming # maony.

If the rank is s, then necessarily k; = [; for all 7. This means that the
sets A; form a code.

If the rank is smaller than s, then we can select the numbers k; and [;
to be positive integers so that k; # [; for some j. Let A; = B; + m;. Let
d=ged(B1U---UBy) and C; = B;/d. f D = CF .. .CF and E = CI' ... Cl,
then D* = (C1U---UCs)* = E* and (D)* = (ChL U---UCy)* = (E)*. Now
from Theorem 6.2.4 it follows that D* = E' for some k,l. Because

dmax D = ki(ny —mq) + -+ + ks(ns — my)
=li(ng —mq) 4+ +ls(ns —my) = dmax E,
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it must be k = [. This means that

(AR AR —(BF BRSO L k(kymy + - 4 kemy)
=DF . d+ k(kymi + - + kgmy)
=EF - d+ k(lymy + - + lymy)
=(BY .. B £ E(lymy + -+ Lomy) = (AL Al

and the sets A; do not form a code. O

A subset of a monoid is rational if it is obtained from finite sets by
repeatedly using the operations of union, product and star. In other words,
all finite sets are rational, and if A and B are rational, so are AU B, AB
and A*. In the case of the additive monoid Ny, a set A C Ny is rational if
and only if it is ultimately periodic, that is if there are finite sets B,C' and
a number n such that A = BU C{n}".

We have given a characterization of all codes in the additive monoid
of finite sets of integers. Next it would be natural to study the unique
decipherability problem for rational sets. We can indeed generalize Theorem
6.3.1, and the condition we need is actually weaker than rationality: some
power of some set must contain an infinite rational set. The next lemma
gives some equivalent conditions.

Lemma 6.3.2. Let A C Z be infinite and min A > —oo. The following are
equivalent:

(i) A* contains an infinite rational set for some k,

(ii) AF contains an infinite arithmetic progression for some k,

If these conditions hold and 0 € A, then {gcd A}* . AF is finite for some k.
If also min A = 0, then A* = Al for some | (this is called the finite power

property ).

Proof. Every arithmetic progression is a rational set, and every infinite ra-
tional set contains an infinite arithmetic progression, so (i) and (ii) are
equivalent.

Let 0 € A and let a,b € Z be such that a + bn € A* for every n >
0. Because A* contains all sufficiently large multiples of gcd A, there are
numbers ¢, such that every multiple of ged A that is in the interval [c +
1,c+b] is also in A!. Now A% contains every number that is greater than
a + ¢ and divisible by ged A.

Let min A = 0 and let {gecd A}* ~ A be finite. Now AF C Akl C
AF+2 C ... C {ged A}* and only finitely many of these inclusions can be
proper, so Al = At = A2 = ... = A* for some . O
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It is not necessary for any of the conditions in Lemma 6.3.2 to hold for
k = 1. For example, if A is the set of all squares, then A* = Ny = A* by
Lagrange’s four-square theorem.

Theorem 6.3.3. Let Aq,..., A be sets of integers. Let min A; = m; > —o0
for alli. Let Alf contain an infinite arithmetic progression for some k. The
sets A; form a code if and only if s =1 and mq # 0.

Proof. If s = 1 and m; = 0, then A} = A7 = A" for some | by Lemma
6.3.2. If s = 1 and my # 0, then A} # A} for all k # [, because min A¥ =
km # Im = min At for all k # [.

Let s > 2. There are kq, ko, 11,15 > 0 such that kymq + kamo = l1mq +
lomso, but ky 75 l1 or ko 7& ly. Let A; = B; +m;. Now Bf contains an
infinite arithmetic progression, and the same is true for the sets (B B5?)
and (B! B2)*. By Lemma 6.3.2, there is a number [ such that (B B52)* =
(Blelg“?)l and (B'BR2)y* = (BLBR). Also (BI'BY)* = (B U By)* =
(B*B#)*. Now

(A} A5 =(BY B5*)' + L(kimy + kamo)

(

(BM BE2)* + I(kymy + kama)

(BY BE)* + 1(lymy + lamy)

(BEBY)' + 1(Ilymy + lamy) = (A AZ)!

and the sets A; do not form a code. O

In Theorem 6.3.3 we assumed that every infinite set is one-way infinite,
i.e., has a finite minimum. The case where every set has a finite maximum
is of course symmetric. We can also consider the two-way infinite case, i.e.
the case when at least one set has arbitrarily large elements, and at least
one (possibly the same) has arbitrarily small elements. This is done in the
following theorem.

Theorem 6.3.4. Let A and B be (not necessarily distinct) infinite sets
of integers. Let the sets (AN [0,00)) and (B N (—o0,0))F contain infinite
arithmetic progressions for some k. The sets A, B do not form a code.

Proof. Now (AB)* contains increasing and decreasing infinite arithmetic
progressions. Let m € (AB)¥ and C +m = (AB)*. Let a,b be such that

ged C' = ged(C N ja, 00)) = ged(C' N (—o0, b)).

By Lemma 6.3.2, there is a number /; such that (C N [a,o0))"* contains all
but finitely many of the positive numbers divisible by ged C'. Similarly, there
is a number Iy such that (C N (—o0,b])" contains all but finitely many of
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the negative numbers divisible by ged C. If I > Iy, Iy, then C! = {£ ged C'}*.
Now
((AB)k)lJrgch — Cl+gch +ml+ mgch
={+gedC} +ml+mgedC
={£gedC}* +ml
=C'+mi = ((AB)*)!
and the sets A, B do not form a code. O

We have shown that three finite sets of integers do not form a code, and
we have generalized this for certain infinite sets. However, no similar result
holds for all infinite sets. The next example shows that there are arbitrarily
large codes in the additive monoid of sets of integers.

Example 6.3.5. Let A; = {1} U{(i +js)! | j € No} for i =1,...,s. Let
B = Alfl ... A¥s. We prove that the sets A; form a code by showing that
the set B uniquely determines the exponents k;. Let j be such that js >
min B = ky + -+ + ks. Now k(i + js)! + min B — k € B for k < k;, but not
for k = k; + 1. Thus every k; is determined by B.

6.4 Unique Decipherability for Languages

In this section we study the unique decipherability problem in the monoid
of nonunary regular languages.

We fix two disjoint binary alphabets ¥; = {a,b} and X9 = {¢,d}. We
will use the following lemma that was proved in [11].

Lemma 6.4.1. The unique decipherability problem 1is undecidable in the
trace monoid X7 X X3.

We will show that the monoid ¥] x X3 can be effectively embedded in
the monoid of regular languages over a non-unary alphabet.

For a word w = ay ... ay,, let sw(w) be the set of all (scattered) subwords
of w, that is

sw(w):{ail...aik|1§i1<---<ik§n}.

Let
X=(Z1UZ)"\ZF N5

be the set of those words that contain letters from both ¥ and X5. For all
pairs of words (u,t) € X7 x X3 we define a regular language

L(u,t) =sw(u) Usw(t) UX (6.4)

over X1 U Xo.
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Lemma 6.4.2. The mapping L defined by (6.4) is an injective morphism.

Proof. First we show that if u,u” € ¥} and ¢,t' € X3, then
L(u,t)L(u',t'") = L(ud/, tt).

Because X C L(u,t) and e € L(u/, "), the set X is a subset of L(u,t)L(u',t').
Of the words in X7, the language L(u,t)L(u',t") contains exactly those that
can be written as zy, where x € sw(u) and y € sw(u’). These words form
the set sw(uu'). Similarly, L(u,t)L(u/,t") N X5 = sw(tt’). Thus

L(u,t)L(u',t") = sw(uu') Usw(tt') U X = L(uu, tt'),

and L is a morphism.

Next we show that if u,u € ¥f and t,¢' € 35 and L(u,t) = L(u/,t),
then v = ' and ¢t = ¢/. The longest words of ¥j and X% in L(u,t) are u
and ¢, and the longest words of X7 and X% in L(v/,t") are v’ and ¢'. Thus if
L(u,t) = L(v,t"), then u = ' and t = ¢’ and L is injective. O

Theorem 6.4.3. The unique decipherability problem s undecidable in the
monoid of reqular languages over a non-unary alphabet.

Proof. For the alphabet ¥ U 3o, this follows from Lemma 6.4.2. This al-
phabet has four letters, but (X; UX5)* can be embedded in {a,b}*, so the
undecidability holds already for a binary alphabet. O

The question of the decidability of the unique decipherability problem
in the monoid of finite languages could also be considered. It is noteworthy
that in [11] everything is finite: the input is a finite collection of elements
of the monoid ¥] x ¥5. On the other hand, we obtain our result only for
regular subsets of (¥1UX5)*: the languages L(u,t) contain an infinite regular
part X, which is essential in the proof of Lemma 6.4.2. Actually, we do not
know whether our result extends to finite collections of finite languages, so
it remains an open question whether the problem is undecidable already in
the monoid of finite languages.

The power equality problem for finite or regular nonunary languages is
also interesting: given two languages A and B, does there exist two numbers
k,1 > 1 such that A* = A!? The decidability of this problem is not known.
The easier problem of determining whether a language A has the finite power
property, or whether there is a number k such that A¥ = A*, is known to
be decidable, but the proofs are not trivial, see [60], [25] and [40].
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Chapter 7

Conclusion

In Chapter 3 we, among other things, surveyed the following two open ques-
tions:

e How large is IS(n), the maximal size of an independent system of word
equations on n unknowns?

e How large is DC(n), the maximal size of a decreasing chain of word
equations on n unknowns?

For the first question we know that 3 < IS(3) < UB and ©(n*) < IS(n) <
UB. For the second question we know that 7 < DC(3) < UB and O(n*) <
IS(n) < UB. Here the bound DC(3) > 7 is new. Improving these estimates
is one of the big open problems in combinatorics on words. In particular,
the existence of a finite upper bound is a challenging problem.

In Chapter 4 we used polynomials and linear algebra to study word
equations. One of the results we obtained in this way was that independent
systems of word equation on three unknowns can have at most |E|? equa-
tions, where FE is the shortest equation of the system. This bound works
for n unknowns if the system remains independent when considering only
solutions of rank n — 1. These results suggest the following, possibly easier,
variations of the above open question:

e Can we give a better bound than |E|? in the case of three unknowns?
e Can we give a similar bound in the case of n unknowns?

In Chapter 5 we reproved Hmelevskii’s theorem and gave a bound for
the size of parametric solutions and for the size of the shortest nontrivial
solution. We concluded that solving the existence of a nontrivial solution
for a constant-free equation on three unknowns is in NP.

In Chapter 6 we first analyzed the unique decipherability problem and
other related problems in the monoid of unary languages, or equivalently, in
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the monoid of sets of natural numbers. Then we proved that, in contrast to
the unary case, the problem is undecidable in the monoid of binary regular
languages. Decidability of this problem remains open for finite languages.
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