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Abstract

This dissertation deals with algebraic structures that can be written as the product of directly
indecomposable algebras in a unique way up to isomorphism, known as the Unique Factorization
Property. Here we undertake the task of collecting all the major results discovered by a few
mathematicians (A. Tarski, B. Jénsson, R. Mckenzie, C. Chang, G. Birkhoff, L. Lovasz, etc.)
over the past century. Another goal of this thesis was to highlight important and to introduce
fresh techniques. The scope of most of them is still unknown and hopefully they can be utilised
further to yield new results to revive this beautiful branch of mathematics.
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Introduction

More than two millennia ago the ancient Greeks discovered that the simplest structures (finite
sets or simply numbers) have an unique factorization in terms of prime factors. This result
was practically proven by Euclid in book 7 of Euclid’s elements (propositions 30 and 32).
However the first correct proof of this ‘obvious’ result for natural numbers is to be found in
Disquisitiones Arithmeticae by Carl Friedrich Gauss in 1798. Unexpectedly this is not true for
more general number systems. A good example is the ring Z(y/—5) where

2x3="6=(1+iV5)(1 —iV5).

FErnest Kummer pointed this out in 1843 while working on Fermat’s Last Theorem. This disser-
tation will explore this property for various algebraic structures. Here, directly indecomposable
algebras will play the role of prime numbers, that is structures that can not be broken into the
product of two smaller algebras. We follow the quest of a few mathematicians in their journey
to investigate structures with this property.

Joseph Wedderburn [Wed09] was the first to ask in 1909 whether finite groups have the unique
factorization property, that is a factorization into direct indecomposable algebras exist and is
unique up to isomorphism. Not long after, a complete proof in the affirmative was found by
Robert Remak [Rem11] in 1911. It should be noted that Leopold Kronecker [Kro70] already
proved in 1870 that every finitely generated abelian group has this beautiful property, where
the unique factors are cyclic groups. A few decades later Krull and Schmidt [Sch28] showed in
1928 that every infinite group with the finite chain condition also has this property.

So the obvious question to ask is which structures exist with this property and how we can
completely classify all of them. Not unexpectedly, this turns out to be a very tough question
to answer and only partial results are known.

We commence our journey by giving a formal description of the problem in Chapter 1. To
further improve our understanding we list a few structures which do not possess the property.
Here we also familiarise ourselves with the relevant theory and tools needed for later chapters.

Chapters 2 and 3 will generalize this group theoretical result into a more general setting by
exposing important conditions needed for unique factorization. Chapter 2 extends this result
by considering certain properties of the associated congruences lattice. Here we prove a major
result published by Garrett Birkhoff [Bir48].

Suppose A is a congruence-permutable algebra whose congruence lattice has fi-
nite height. If A has a one-element subalgebra then A is uniquely factorable.

We also prove another unique factorization result due to Bjarni Jénsson [Jon66] published



in 1966.

If A is finite with a one-element subalgebra and a modular-congruence lattice then
A is uniquely factorable.

These are all partial answers to the following open question :

If Con A is a modular lattice of finite height and A has a one-element subalgebra, must A
be uniquely factorable?

In Section 2.3 we provide counterexamples to illustrate the necessity of each condition in the
open problem. We tie this chapter off by discussing a possible avenue of attack proposed by
Ralph Freese [Frel, Fre2].

Our task in Chapter 3 is to generalise the unique factorization property of groups in another
direction. Here we concentrate on certain properties satisfied by the identity element. Intro-
ducing the class of zero-algebras, we modernise methods of Bjarni Jénsson and Alfred Tarksi
[JT47] published in 1947 to show that :

Every zero-algebra with a finite center has an unique factorization, provided that
each of its direct factors is decomposable into a finite product of indecomposable
algebras.

To conclude this chapter, we study a related structure known as structures almost without
zero-divisors. Curiously, I. Chajda [Cha76] showed that these algebras inherit an unique fac-
torization property without needing a finiteness condition.

Chapter 4 explores the unique factorization property for infinite algebras. The ideas of re-
finement, intermediate refinement and strict refinement arises naturally when dealing with
infinite structures. Here we discuss the relations between these concepts and include interest-
ing results found in a paper by C. Chang, Bjarni Jénsson and Alfred Tarski [CJT] published
in 1964. There, they showed that :

If Con A is distributive then A has the strict refinement property.

If an algebra A possesses an idempotent element v such that (A,v) has the in-
termediate value property then algebra A has the refinement property.

Chapter 5 redirects our attention to the class of binary structures. These structures are abun-
dant in mathematics and deserves special consideration. We mostly focus on connected struc-
tures and structures with binary operations satisfying certain equations. Here we show that :
If A is a connected ordered set, then A has the strict refinement property.

These solutions highlight the usefulness of the idea of decomposition functions. Also in this
chapter, we show that if A is a connected reflexive binary structure with a strange finiteness

condition, then A possesses the refinement property.

Chapter 6 is inspired by the open problem :



Does every finite idempotent structure possess the unique factorization property?

Examples of idempotent structures includes lattices. This section mainly concentrates on idem-
potent semigroups, also known as bands. Here we redevelop techniques by Ralph Mckenzie
[Mck72] published in 1972 to ultimately show that :

Every finite idempotent semigroup has the UFP.

Finally, Chapter 7 studies other related factorization properties. Here we utilised new tech-
niques from category theory, set theory and model theory. These methods still have plenty
of room left for exploring. Included here is a beautiful result due to Lészlé Lovasz [Lov67]
published in 1967 which states that :

For any two finite algebras A and B if A*¥ ~ B then A ~ B.

We give two distinct proofs of this unexpected result for finite algebras. We close this chapter
by providing a new result, which gives another explanation why finite abelian groups have the
unique factorization property.

Let V be a variety where every directly indecomposable algebra is subdirectly
irreducible. If A is a finite algebra with a one-element subalgebra, then A has the
UFP.
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Chapter 1

Background

This chapter collects material from lattice theory and universal algebra to aid in establishing
unique factorization results. We start the first section by giving a formal definition of the
concept of unique factorization. Here we also include examples of structures that do not
possess this nice property. The second section focuses on modular lattices and the concept of
direct sums. We end this chapter by developing a language for understanding factorization in
terms of congruences, which is vital for understanding later proofs.

1.1 Direct products

We adopt the usual notation/concepts from the theory of universal algebras, i.e. the defin-
itions of fundamental operations, fundamental relations, algebraic structures, the product of
structures of the same type, etc. First we remind the reader what an algebraic structure is and
introduce the idea of direct product.

Definition 1.1.1. An algebra is a set A together with a collection of fundamental operations
on A. An n-ary operation on A is a function that takes n elements of A and returns a single
element of A. Thus, a 0-ary operation (or nullary operation) can be represented simply as an
element of A or a constant. A 1-ary operation (or unary operation) is simply a function from A
to A, often denoted by placing a symbol near the argument, like z’. A 2-ary operation (or binary
operation) is often denoted by a symbol placed between its arguments, like z*y. Operations of
higher or unspecified arity are usually denoted by function symbols, with the arguments placed
in parentheses and separated by commas, like f(z,y,2) or f(x1,...,x,). Sometimes operations
of infinite cardinality are needed such as /\,c; Zo Where I is an infinite index set.

Definition 1.1.2. Let A = {4; : i € I} be a set of similar algebras, that is they have the
same collection of fundamental operations. The direct product of A = {A; : i € I} is the

algebra denoted by [] A, of the same similarity type, with underlying set [] A;, such that for
el

each fundamental operation F and all 2%, 22,... 2" € [] A;, where 7 is the arity of F,
el
(FHA(x17x27 tee rxr))i = FAi('x%?sz? e .’L':)

for all7 e I.

Now before we do any mathematical reasoning about unique factorization we need to define
this concept clearly.

Definition 1.1.3. Recall that an algebraic structure A is said to be directly indecomposable
iff |A| > 1 and whenever A ~ B x C then |B| = 1 or |C| = 1. For a given algebra A every
isomorphism of the form A ~ [] A; is known as a direct product representation of A. [J



Definition 1.1.4. We say algebra A possesses the unique factorization property or UFP
iff it can be written as a product of directly indecomposable algebras and this representation
is unique up to isomorphism, i.e. if

A~ H Bi7

iel

for some directly indecomposable algebras B; and if

AZHC]',

jedJ

for some directly indecomposable algebras C; then a bijection ¢ : I —— J exists such that

In other words, an algebra possesses the UFP whenever the direct product representation
of an algebra is unique in terms of directly indecomposable algebras. It should be noted that
any algebra of prime size is directly indecomposable and hence has the UFP. This observation
allows us to manufacture many algebras with the unique factorization property. What about
finding structures that do not have this property? It turns out that you do not have to look far
to find them. The next two examples (unpublished by F. Galvin found in [MMT]) shows that
even for finite algebras the UFP may not hold. Example 1.1.6 shows this is the case for some
mono-unary algebras. Example 1.1.7 shows that even the number of directly indecomposable
factors need not be invariant. Example 1.1.8 shows that this may also be true for structures
with more than one fundamental operation. To do this we first define a binary operation for
two mono-unary (that is algebras with exactly one unary operation) structures. This is known
as the disjoint union.

Definition 1.1.5. Suppose (A, f) and (B, g) are mono-unary algebras with unary operations
f and g respectively. Let (A, f) U (B, g) be an algebra with underlying set AU B’ where B’ is
a set such that AN B’ = () and B’ has the same cardinality as B (meaning a bijection b exists
from B’ to B). Let h be the unary operation on AU B’ such

| f(z) ifx e A,
@) = { b=lg(b(z)) ifxc B.

Thus (A U B’,h) is another mono-unary algebra, known as the union of (A, f) and (B,g).
Likewise, for any natural numbers k, let k.(A, f) denote the disjoint union of mono-unary
algebra (A, f) with itself n times.

Example 1.1.6. Let A,, denote the n-element mono-unary algebra ({0,1,...,n— 1}, f) where
f(z)=x+1for 0 <z <n-—1and f(n—1) =0. Note, for example that A7 x A7y >~ 7.A7 where
k.A, is k copies of A,,. Let Bsgy1 = A; Uk.As (a disjoint union of A; with k copies of As).
It turns out Bsp+1 ~ Bski1 X Bsm+1 where n = 3km + k + m, since Bs,41 ~ A1 UnAs and
Bsgi1 X Bgppy1 >~ (A1 UEkA3) X (A1 UmAs) ~ A1 U (3km + k +m)As. Furthermore Bs, 1 can
be factored in this manner if and only if a factorization of 3n + 1 as (3k + 1)(3m + 1) exists.
In [MMT] it was shown that every mono-unary algebra is a disjoint union of connected mono-
unary algebras. Therefore algebras By, Big and Bgs are all directly indecomposable algebras
(only factorizations are 4 =1x4=2x2,10=1x10=2x5 and 25 =1 x 25 =5 x 5). Thus
the following is a failure of the unique factorization property :

B4 X 325 ~ BlOO ~ BlO X BlO-



Example 1.1.7. We again use the same structures A,,, B, as defined in the previous example.
Put Csi41 = A1 Uk.Bs. In a similar fashion we can show Csr11 ~ Cspt1 X Csppp1 if and only
if (5k+1) = (5n+1)(5m+ 1) for some positive integers. Note for example Cq, C16 and Cs; are
all directly indecomposable algebras (only factorizations are 6 =1 x 6 =2 x 3,16 =1 x 16 =
2x8=4x4and 81 =1x81 =3x27=09x09). Thus the following shows Cja9s does not
possess the unique factorization property:

016 X Cgl ~ 01296 ~ 06 X Cﬁ X 06 X 06-

Example 1.1.8. Suppose A = {a,b,c,d} is an algebra with 2 unary functions f,g as in-
dicated below. We see that 6; = {(a,a), (a,b),(b,b),(b,a),(cc),(c,d),(d,c),(d,d)}, 02 =
{(a,0),(a,a),(c,a),(c,c),(bb),(b,d),(d,Db),(d,d)} and 05 = {(a,d), (a,a), (d,a), (d,d), (b,b), (b,c),
(¢,b), (c,c)} are congruences on A, that is A/0; = {{a,b},{c,d}}, A/02 = {{a,c},{b,d}} and
A/0s = {{a,d},{b,c}}. Observe that A ~ A/O; x A/fy ~ A/Oyx A/O3 ~ A/O3x A/61, but none
of A/01,A/0s, A/f3 are isomorphic to one another. Finally, each structure A/6,, A/02, A/05 is
directly indecomposable as they have size 2, a prime number.

a
gl
C

It is remarkable what an essential role lattices play in the study of properties common to all
algebraic structures such as abelian groups, boolean rings, Lie-algebras, etc. Sometimes the
congruence lattice of an algebra can reveal interesting information about the algebra itself as
we will soon discover. In this section we gather some important results about modular lattices
and direct sums.

b

d

<L>
g
f

1.2 Lattices

1.2.1 Modular lattices

This subsection is dedicated to modular lattices. They are also known as Dedekind lattices or
Dedekind structures in honour of R. Dedekind who was the first to propose the modular law
and some of its consequences [Ded00]. Their importance was realised by O. Ore in his papers
[Ore35, Ore36a, Ore36b] while studying direct decompositions. First we need to define when a
lattice is a modular lattice.

Definition 1.2.1. A modular lattice is any lattice that satisfies the modular law:
<y = xV(yAz)=yA(xVz).
O

Notice that every distributive lattice is a modular lattice. To prove Dedekind’s Transpo-
sition Principle for modular lattices or sometimes called the Diamond Isomorphism Theorem
for lattices, we recall some basic definitions.

The binary relation < where a < b <= aVb = b is a partial order on any lattice. If a < b then
we denote [a, b] as the set {c : a < ¢ < b}. Every sublattice of this form is known as an interval.

10



For every x and y the two intervals [z A y,z] and [y,z V y| are called transposes of each
other. The maps a — aV y or b — b A x are known respectively as the associated per-
spectivity maps. Two intervals [x,y] and [2/,1/] are said to be projective iff there is a
finite sequence of intervals [z,y], [x1,y1], .- -, [Tn, Yn], [2’,¥'] where any two adjacent intervals
are transposes of one another. The composition of the associated perspectivity maps is known
as the projectivity map.

Dedekind’s Transposition Principle. Suppose L is a modular lattice and x,y € L. The
maps ¢y(a) = aVy and Y5 (b) = bAx are inverse isomorphisms between [x Ay, x] and [y, x V y]
respectively. Moreover subintervals are mapped into transposes under either map.

Proof. Firstly note that ¢, and v, are both order-preserving maps. Modularity immediately
gives for all a € [x Ay, 2] and for all b € [y, V y| that

Ve(dy(a)) = (aVy)Az=aV(zAy)=a,
dy(d2(b)) = (bAz)Vy=bA(zVy) =b.

Hence 15 0 ¢, and ¢, 01}, are identity functions on [z Ay, z] and [y, xV y] respectively. Therefore
¢y is an isomorphism with 1), as its inverse.

For the second half of the result suppose x Ay < a < b < 2. Thus ¢, is an injective map
from [a,b] to [a V y,bV y]. Finally to prove that these intervals are transposes it remains to
show that bV (aVy) =bVy and bA (aVy) = a. The former follows from a < b. For the latter
note b Ay < x Ay < a. Hence by modularity we have

bA(aVy)=aV (bAy)=a.

Corollary 1.2.2. In any modular lattice the projective intervals are isomorphic.
We proceed by discussing special lattices with a finiteness condition.
Definition 1.2.3. A lattice L has the finite chain condition iff every chain in L is finite. O

The Hausdorff Maximality Principle states that every ordered set has a maximal chain.
Therefore every lattice has a maximal chain and hence lattices with the finite chain condition
must have finite maximal chains. Not every such lattice has a bound on the length of chains,
as seen in the Figure 1.1. However this pathology does not occur amongst modular lattices as
deduced from Theorem 1.2.4, where < denotes a covering in each “link” of a maximal chain.

Figure 1.1: A lattice with an unbounded chain length.

11



Theorem 1.2.4. Let L be a modular lattice and a < b in L. If there is a finite mazximal chain
from a to b, then every chain from a to b is finite and all mazimal chains have the same length.
If

a=ayg<a1 <...<a,=2>b

and
a=cp<c1<...<cp=>

are mazximal chains then n = m and the intervals [a;, a;+1] and [cj,c¢j11] can be matched in a
one-to-one correspondence such that matching intervals are projective.

Proof. We call two finite chains equivalent iff they have the same length and intervals can
be matched in a one-to-one correspondence such that matching intervals are projective. This
turns out to be an equivalence relation. We prove this claim by induction on the length of a
finite maximal chain from a to b.

By definition it holds trivially when n = 1. Suppose n > 1 and the conclusions of the theorem
hold for any two elements linked by a maximal chain of length less than n. Let C be another
maximal chain from a to b. If a; € C then C' — {ag} is a maximal chain from a; to b and the
result follows immediately from the induction hypothesis. Otherwise there is ¢ € C such that
c and a; are incomparable. Let d = a; V ¢. Therefore a; A ¢ = ap and we have [ag, c|] and [a, d]
are transposes of each other. Also the intervals [ag, a1] and [c, d] are transposes of one another.

Figure 1.2: A sublattice.

Let Co={d €C:d <c}and C; ={c € C:c <} Let Dy be the image of Cy under the
perspectivity map and D; be any maximal chain from d to b (it exists by the Hausdorff Maxi-
mality Principal). From the Dedekind Transposition Principle we have Dy U {d} is a maximal
chain from aq to d. Thus Do U Dy is a maximal chain from a; to b.

By the induction hypothesis we have that Dy U Dy and a3 < a1 < ... < a, are equivalent
chains. Also by the Dedekind Transposition Principle we have that ag < a1 < ... < a, and
Co U Dy U{c} are equivalent. From the induction hypothesis we see that {c¢} U D; and C} are
equivalent. Thus C' is equivalent to Cp U D1 U {c} and the result follows. O

Definition 1.2.5. A lattice L is said to be of finite height iff there is a finite upper bound
to the length of chains in L. Thus for every a € L the interval [0, a] is of finite height. Let h(a)
be the least upper bound to the length of chains in [0, a]. O

12



Not every lattice with the finite chain condition is of finite height, cf. Figure 1.1. How-
ever Theorem 1.2.4 proves that these concepts coincide for modular lattices. The next result
illustrates another property of modular lattices of finite height.

Lemma 1.2.6. Let L be a modular lattice of finite height. The following is true for all elements
a,be€ L:

(i) h(0) = 0.
(ii) If a < b then h(a) < h(b).
(11i) h(a) + h(b) = h(a Ab) + h(a V b).

Proof. For (i) it is clear that h(0) = 0. If a < b then [0,a] C [0,b] which immediately implies
h(a) < h(b). Lastly, as L is a modular lattice the length of any maximal chain between two
fixed elements = and y is a constant. Since [a A b,a] and [b, a V b] are tranposes of one another
we can apply Dedekind Transposition Principal to the sublattice {a A b,a,b,a V b} and we
immediately get h(a V b) — h(b) = h(a) — h(a A D). O

1.2.2 Direct sums

Extending the results from the previous subsection we establish results concerning direct sums
for modular lattices of finite height. Our main goal here is to prove Theorem 1.2.10, a version
of the important Ore Theorem [Bir48]. It can be considered as a uniqueness result.

The results here will assist us in the next chapter to transform congruences in a lattice frame-
work to harvest UFP results. But first we define the notion of direct sums for lattices with a
bottom element. Compare the similarity between this definition and Lemma 1.3.6 for congru-
ences.

Definition 1.2.7. In lattice L with a bottom 0 we say e is the direct sum of {e; : 1 <1i <n}
and denote this by e = @', e; if e = /i, e; and for all k& we have

ek/\\/ei:O.

itk

We also say element b is indecomposable if b # 0 and whenever b = a @ o’ implies either
a=0ora =0. O

Note a ® b may not necessarily exist. If it does it will equal a V b. In order for it to exist
we must have a Ab = 0. Now we list three basic properties of @ for modular lattices. This will
be frequently used in Lemma 1.2.9. This powerful result (found in [CD]) has a lengthy proof
and will do most of the work in proving Theorem 1.2.10.

Lemma 1.2.8. Suppose L is a modular lattice of finite height and height function h. For all
a,b,c € L we have that whenevever the left hand side expression exist, so does the right hand
side expression (and vice versa) and that they then will be equal then.

(i) a®b=0®a.
(i1) a® (b c)=(adb) ®c.
(iii) h(D;cr ai) = > ;cr Mas) for any finite set I, where a; € L for all i € I.

Proof. The first part is obvious. Assume d = a @ (b @ ¢). Therefore h(d) = h(a) + h(b® ¢) —
hlaN(b®c)) = h(a)+h(bDc) = h(a)+ h(b) +h(c)—h(bAc) = h(a)+ h(b) + h(c). The result

13



will follow if we can show a Ab =0 and (a V b) A c=0.

h((avb)ANec) = h(aVd)+h(c)—h(aVbVc)
= h(a) 4+ h(b) — h(a A b) + h(c) — h(d)
= —h(aNb)
< 0.

Hence h(a Ab) =0 = h((a V b) A ¢) which finishes part two. The last part is obvious. O

Lemma 1.2.9. Let L be a modular lattice of finite height with elements a,@,by,bs ..., by. If
ad®a=>b Dby ... Db, where a,b; are indecomposable elements then a @ = b; ©a for some
element b;.

Proof. The fact that L is a modular lattice of finite height allows us to use Lemma 1.2.6.
The proof proceeds using induction on the integer h(a & @). Now for all j, put b; = by @
o ®bj1 ®bjt1 @ ... DB b, (omitting b;). Thus a ® @ = b; & b; for all indices j. Clearly
ada > a\/b?, a®a > aVbj. Now we treat three cases: Case I: a\/b? =aVb; = a®a for some
j. Case II: aVb; < ada for some j. Case IIL: aVb; = ada for all j but Vb < ada for some k.

CaseI:Ifa\/b?:d\/bj = a @ a for some j, then

h(a) = h(aVb;)—h(b;) +h(a b))
— sy vEy) - h(3y) + hla AT
= h(b;) + h(a A D))
> h(bj)

In a similar fashion we can obtain h(b;) = h(a) + h(a A b;) > h(a). Thus h(a) = h(b;) and
h(a Ab;) = h(@Abj) = 0. Therefore a Ab; =0 =a Ab; and we get the desired b; @ =a da.

Case 11 : Suppose a V b; < a @ a for some j. Assume j = 1 without loss of generality. Put

gr = (a Vb)) ANby.

If @V by > by, then aV by > by V by = a ®a. This contradiction proves q; = (a V b1) A by < by
or h(q1) < h(by). Furthermore, since the b, are indecomposable and ¢, < b, it follows that

n
Cc= \/ dr
r=1

is a direct sum of the g, and

n

h(c) = h(g) < Y_ h(b;) = h(a @ a).
r=1

r=1

Define d, = a V b,. By induction on n and modularity we show that

Voa=\bn N d
r=1 k=1 k=1



It is clearly true when n = 1, since g1 = by A dy. Then

\/ @ = (biAdy)V \/ b A /\ dk (induction hypothesis)
k=2

3

= dl/\[bl\/(\/bk/\/\dk)] (dlz\/bk)

k=2 k=2 k=2
= di A\ e ) di] N de > by
k=1 k=2
= \/bk/\/\dk
k=1 k=1

k=1 k=1
n
= ad®aA /\d,c
k=1

v
==
=

B
Il
—

(aV by)

Il
<N

>

Therefore by modularity it follows that (¢ A
c=a® (cNa).

)Va=cA(aVa)=cand cANaAa=0 giving

S

Suppose now ¢, = @ e, where e, are indecomposable factors. Thus

c:a@ c/\a @erk

By induction, since h(c) < h(a @ @), we may replace a with some indecomposable factor e, of
gr for some r. Put e = e, < g < b,.. Therefore
eva = eV(cha)Va

= cVa

= aV(cha)Va

= ada.
Thus h(e) = h(a), since ¢ = a® (cAa) = e®(cAa). Hence eANa = 0 and a®a = eda. Moreover
e must be b,, since e A (b, Aa) <eANa=0and eV (b Na)=(eVa)Ab, = (a®a)Ab. =b,

by modularity. Therefore b, = e @ (b, A @). Knowing b, is indecomposable we get e = b, and
a®a="0b,®a where r # 1, because q1 < b1.

Case III : Suppose aGa =aV E > @V b; for all indices j - the remaining possibility. Let

aba=a,PayD...Dany
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for some indecomposable elements a; where a = a; (recall a is a directly indecomposable
element). Also for all indices i let @ = a1 ® ... P aj—1 D aj+1 D ... D ap, (omitting a;). Apply
Case IT with the roles of a; and b; reversed. Therefore an index k exists such that by @b, = ar®by
and k # 1. We can safely assume k = m by relabelling. Then z — (z V a,) A @y, is a lattice
isomorphism from [0, b1] to [0,@,]. Put b; = (bj V am) A, then

am = a1Dax®... D am—1
= bsobio...0b.

By induction on the height of the lattice, since h(a,,) < h(a+a), we have a; Bas®...Bapy—1 =
b;'f Bas®...3Pa,_1 for some b;f in [0,@,,). Modularity gives

b}*\/am = ((bjVam) ANam) Van
= (bj Vam) A (@m Van)
= b]' V am
< bj Var.

Therefore aVb; = b; Vag > b;'f VasVazV...Vam_1Va, =ada. This contradiction completes
the proof. ]

Now we are ready to prove an important version of the Ore Theorem [Bir48|.

Theorem 1.2.10. Let L be any modular lattice of finite height. If a1 @ as ® ... B ap =
b1 ®ba ® ... P b, for some indecomposable elements then m = n and a relabelling exists such
that a1 @ a2 ®...Pap =a1Ba2®...Par_1ParPBbyr1PB...Bb, fork=1,2,... ,n. Likewise
a relabelling exists such that by ®bo ® ... Db, =b1 Db @ ... Db 1 Db D a1 D ... D ay, for
all k.

Proof. Without loss of generality, assume m < n. Suppose the claim holds for all values less
than or equal to k, that is a relabelling exists such that

a1 Par®...0an=a1Par®...Bar_1ParPbpyr1 Pbpyoa®...P by,

Note the case k = 1 is covered by Lemma 1.2.9. Suppose the result is true for k, then by
Lemma 1.2.9 we have

a1 ®ar®..0am=0a; P (a1 Par®...Dap_1 DagDbyi2®... D0 by),
for some index j. Noting that j & {1,2,...,k} the result follows by induction, since
a1 @az®...Qapm=0a1DazD...Dar_1 DarDa; Dbrya®D... Dby
Finally, looking at k = m we get
a1 Pa2®...Bam=0a1Pa2®...0am Pbnt1 D ...D by.

Indecomposability now shows that m = n. O
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1.3 Congruences

This section develops a beautiful language in terms of congruences to study direct product fac-
torizations of algebraic structures. To achieve this goal, like [MMT], we consider isomorphisms
of the following form :

ALT] 4

el
First recall that for any homomorphism h : C ——= D between algebraic structures of the same
type, the set ker h = {(c1,ca) € C? : h(c1) = h(c2)} is a congruence on C. It turns out
that this direct product factorization is completely determined up to isomorphism by certain

congruences «; on A where a; = ker(p; o f) and p; is the projection of [[ 4; onto A; for each
icl

i € I. Clearly A; ~ A/a; by considering the map f; : A/a;—A; where f;(a/a;) = (pio f)(a).

This simple observation allows us to study factorization properties by only considering a single

algebra with some of its congruences. If I' C C'on A, then there is a natural map

fiA—TJ A/
el
given by (f(a))g = a/6. It turns out to be more useful to study a further general map
fAm— ] A/ (1.1)
el

given by (f(a/v))e = a/0 where yp € Con A and for all § € T" we have 0 > 9 , i.e. that AT > .
The following lemma is straightforward :

Lemma 1.3.1. (i) f is injective if and only if T = 1.
(ii) f is surjective if and only if (Va € AY)(3b € A)(VO € T'){(ap,b) € 0}.

This lemma will be invoked later in Chapter 4. Now part (ii) of Lemma 1.3.1 motivates the
next definition.

Definition 1.3.2. We say [] 0 exists if (Va € AY)(3b € A)(VO € T")[(ap,b) € 0]. If [] 6 exists
0erl oer
and (I = ¢ then we denote this by
v =]]o

el
O

Even for two congruences 6; and 5 the product 61 x 6 may not necessarily exist as seen
by the next lemma. If it does it will equal 81 A 5.

Lemma 1.3.3. For the product 01 X 05 to exist, we must have 81002 = 1. Hence #1060y = 0200

Proof. 1t is clear that for the product to exist, the conditions of Definition 1.3.2 need to be
satisfied: That is for each (z,y) there is a z such that (z,2) € 6; and (y,z) € 2. Therefore
01 002 = 1. Hence 01 and 0y are permutable congruences. O

Note the associativity of product of congruences is clear, the next result demonstrates the
connection between congruences and algebras.

Lemma 1.3.4. If 01,05 and 0 are congruences on algebra A such that 61 x 0 = 6 then
Al x AJOy ~ A)6.
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Proof. Consider the morphism ¢ : A/6; x A/ —— A/O with ¢(a/01,b/02) = ¢/6 such that
(a,c) € 61 and (c,b) € 02. The existence of this map follows from the fact 6; o o = 1. The
uniqueness of this map follows from noting 6; A 62 = 8. The last remaining task is to show the
map is bijective and preserves operations, which is clear. ]

Again we emphasize, that we only write 7 x 65 = 1 whenever the product exists and the
value is v. It should be mentioned that the relation # = a x 3 is not lattice-theoretic, because
a X (3 cannot be determined by considering the lattice Con A alone. An easy example of this
is C3, where C), is the n-element chain lattice. It has two congruences 6; and 05 that satisfies
01V Oy, =1and 6; Ay =0 but 81 o 85 # 0 o 6;. Furthermore, note the lattice Cy x C5 has a
congruence lattice isomorphic to Con(C3), but Cy x Cs is a decomposable lattice while Cs is
an indecomposable lattice.

The next lemma demonstrates that congruences are indeed a productive way of studying fac-
torization problems as we do not lose any information. Lemma 1.3.6 and Lemma 1.3.8 are
more properties of direct products of congruences.

Lemma 1.3.5. Direct product decompositions of 0 in Con A are in one-to-one correspondence
with isomorphism classes of direct product representations of A.

Proof. Suppose f: A =, [T A; is a direct product decomposition. Then

i€l
0= HO@'

in Con A where a; = ker(p; o f) and p; is the projection map from [[ A; onto A;. Also, note
el
whenever 0 = [] a; for congruences «; on A, then
el

A~ HA/ai.
il
O

Knowing how to transform a direct product factorization into the language of congruences,
we now proceed to connect these ideas of direct sums to give more insight and tools to manip-
ulate congruences. This connection is shown in Lemma 1.3.7.

Lemma 1.3.6. If 0 = [[;c;a; then 0 = \,c; 05 and o V N{oy : k #i} =1

Proof. 1If 0 = [[;c; c, then it follows by definition that their meet is 0. Given (a,b) € Ax A and
some fixed i € I. Let ¢ € Al such that ¢; = a and ¢, = b if k # i. Then by definition there is a
d € A such that (d,cj) € o for each j € I. In particular, (a,d) € a; and (b,d) € /\k# ap. O

Lemma 1.3.7. If 0 =[], a; for some congruences o; on A, then in the dual of Con A we
have

a1 Pas®...Pa, =1.

Proof. By Lemma 1.3.6 we have 0 = A,.;a; and o; V A{ay : B # i} = 1. So in the dual
lattice we have 1 = \/;c;o; and a; A \/{ag : k& # i} = 0. Thus by Definition 1.2.7 we have
a1 ®as®...PDa, =1. ]
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Lemma 1.3.8. Suppose A is an algebra with an one-element subalgebra. If o, 3,0 are congru-

ences on A such that a x 0 = 3 x 0 then AJa~ A/f.

Proof. Suppose {1} is an one-element subalgebra of A. Let B denote the subalgebra {y € A :
(y,1) € 6} of A, where a|p denotes the restriction of congruence a on subalgebra B. Now for
each = € A there is an element y such that

T @ Y 0 1,

since €« 0§ = oV = 1. This gives a well-defined map ¢ between A/« and B/a|p, mapping
z/a —ylalp (if z/a = 2//d/, (/,y') € a and (y/,1) € 0 then (y,y') € a A 6 giving
y/alp = y'/alp). Injectivity and surjectivity are immediate. Also the fact that {1} is an one-
element subuniverse gives that ¢ is a homomorphism. Hence ¢ is an isomorphism. Thus A/«
and B/(a|p) are isomorphic structures. Similarly, A/3 and B/(8|p) are isomorphic structures.
Note anNf =ax6=0x6=pn6 giving B/(a|g) = (B)/(B|B), which proves

Aja=B/(a|p) = B/(B]p) = A/S.
O

Remember that an algebra A is directly indecomposable if and only if [A] > 1 and whenever
A~ B x C then |B| =1 or |C| = 1. We are interested in factorising algebras into directly
indecomposable algebras, so we need a similar notion for congruences.

Lemma 1.3.9. For all 0 € Con A, A/0 is directly indecomposable if and only if 0 # 1 and
whenever 0 = a x B thena=1 or 3 =1.

Proof. This follows immediately from recalling § = a x  implies A/ ~ A/a x A/B. And
whenever A/0 ~ B x C then congruences #; and 6y exist such that

0 =01 x 0o,
and A/6y ~ B, A/0; ~ C. O]
Now we are ready to define what it means for a congruence to be directly indecomposable.

Definition 1.3.10. We say that congruence 6 is directly indecomposable iff algebraic struc-
ture A/0 is directly indecomposable. O

Thus from Lemma 1.3.9 it follows that 6 is a directly indecomposable congruence on A
iff & # 1 and whenever § = o x § then @« = 1 or § = 1 in Con A. Now that we have a
language to study direct product factorizations in terms of congruences, it makes sense to find
fertile ways of studying the congruence lattice of a given algebra. We direct our attention to
congruence-distributive, congruence-modular and congruence-permutable algebras.

Definition 1.3.11. We say algebra A is congruence-distributive or congruence-modular
iff the associated congruence lattice Con A is distributive or modular respectively. ]

In [BK47] it was shown that every algebra in a variety with a ternary majority term
M (z,y,z) such that M(z,z,y) = M(z,y,x) = M(y,x,x) = x is congruence-distributive.
Considering the term M (x,y,z) = (zVy)A(zV 2) A (yV z) it follows readily that every lattice
is congruence-distributive. Interestingly, Jonsson also showed in [Jon67] that every algebra in a
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variety V' is congruence-distributive if and only if there are ternary terms p; (z, y, 2), p2(x,y, 2), . . .

such that
pi(z,y,x) = x foralli<n,
pi(x,y,2) = =,
pa(®,y,2) = 2z
pi(x,z,y) = pis1(z,x,y) forieven and i < mn,
pi(z,y,y) = piyi(x,y,y) foriodd and i <n.

Similar conditions for congruence-modular varieties can be found in in [Day69] and [Gum81]. It
should be mentioned again that every congruence-distributive algebra is congruence-modular,
but the converse does not hold.

The next definition uses congruences again to introduce another useful class of algebras known
as congruence-permutable algebras. They include important structures like groups and rings.

Definition 1.3.12. Suppose « and ( are binary relations on algebraic structure A. Then

(i) By a o™ 8 where n > 1 we mean the relation a o f o «... which is a relation product
alternating between o and 3 with n factors. Thus ao! 8 = a and ao” 3 = ao(Bo" ).

(ii) We say a and ( n-permute where n > 2 iff 0" = 0" a.

(iii) Algebra A is said to be n-permutable iff every pair of congruences of A n-permute. If
algebra A is 2-permutable, we also say it is permutable or congruence permutable.

O]

A.I. Mal’cev [Mal54] proved that every algebra in a variety with a ternary term p(x,y, z)
such that p(z,z,y) = y and p(x,y,y) = z for all elements = and y is congruence-permutable.
It is actually an if and only if condition. This Mal’cev condition allows the reader to construct
many algebras that are congruence-permutable. It also provides a simple reason why groups
(consider the term p(x,y,2) = zy~'z), rings (consider the term p(z,y,2) = = —y + z) and
quasigroups (consider the term p(x,y, z) = (z/(y\y)).(y\z)) are congruence-permutable.

Given two congruences « and 3, we clearly have a vV § > « o 3, however the concepts of join
and permutable coincides for permutable algebras. And it should be highlighted that with per-
mutable algebras the concept of factorization is lattice-theoretic, that isax g =0iff avg =1
and a A 8 = 0. Thus knowing the congruence lattice of a permutable algebra can reveal many
of its factorization properties: For example if A is permutable and Con(A) = C3 x Cy (where
C), is the n-element lattice chain) then A is decomposable. We end this section by showing
that every permutable algebra is congruence-modular, but first we need Lemma 1.3.13.

Lemma 1.3.13. (i) For evenn, if ao™ 3 C o™, then the congruences a and 3 n-permute.
(ii) If an algebra A is n-permutable, then A is n + 1-permutable.

Proof. (i) If p is a binary relation, like a congruence on an algebraic structure, let p’ denote
the converse relation of p, that is the relation

p'={(z,y): (y,2) € p}.
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Notice that for any two binary relations p and 7 that (po7)" = 7/ 0 p’ and for even k > 0
that (po¥ ) = (/) o¥ (p). Since a, 3 are binary relations that are reflexive we have that

6on a = ,8/ On O/
= (ao"B)
C (Bo"a)
— O/ On ﬁl

ao™ .
Therefore a o™ 3 = 3 o™ o and these congruences n-permute.

(i) Thus a o™ B =ao(Bo"a)=ao (ao” ) = ao™ 3. In a similar fashion we can show
that 30"t o = B 0™ a. Therefore algebraic structure A is n 4 l1-permutable.
O

Theorem 1.3.14. If an algebra A is permutable, then A is 3-permutable. If A is 3-permutable,
then A is congruence-modular.

Proof. The first result follows by Lemma 1.3.13. For the second result suppose A is 3-
permutable. Also «, 3,5 € Con A such that o < . It remains to show that oV (8 A ) >
B A (aV ). Suppose (a,b) € BA (aV (). Hence (a,b) € § and (a,b) € aVd=aodoa. So
there exists ¢,d € A such that (a,c) € «, (¢,d) € § and (d,b) € a.

a—S 0 g«

Using a < 3 we obtain (¢,d) € 5. Thus (¢,d) € B A § which now shows that (a,b) € aV (8 A
J). O
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Chapter 2

A Few Unique Factorization Results

In this chapter we finally prove some unique factorization results. This chapter includes par-
tial answers to which congruence-permutable/congruence-modular algebras possess the unique
factorization property.

2.1 Congruence-permutable algebras

Here we take the results from the previous chapter together and reproduce a unique factoriza-
tion theorem for congruence-permutable algebras due to the American mathematician Garrett
Birkhoff [Bir48] published in 1948. Another interesting proof of this theorem can be found in
[MMT].

Before proving the first unique factorization result, we quickly recall the definition of a one-
element subalgebra. Simple examples of one-element subalgebras include the set containing
the identity element of any group.

Definition 2.1.1. We say B = {a} is a one-element subalgebra of A iff B is closed under all
the fundamental operations of A.

Theorem 2.1.2. Suppose that A is a congruence-permutable algebra whose congruence lattice
has finite height. If A has a one-element subalgebra then A is uniquely factorable.

Proof. The congruence lattice of A is a modular lattice by Theorem 1.3.14. Also A has no
infinite direct decomposition, because Con A has finite height by Lemma 1.3.5. Suppose now

A~ ﬁAi ~ ﬁ Bj,
i=1 j=1

for some directly indecomposable algebras A; and B;. Lemma 1.3.5 yields directly indecom-
posable congruences o, 3; such that

0= Hai = H Bj
=1 i=1

and A/a; ~ A; and A/fB; ~ Bj. Note that the dual of a modular lattice of finite height is still
a modular lattice of finite height. Thus by Lemma 1.3.7 we have in the dual lattice of Con A
that

0 Par®.. Qap=1=00FD...0 Gy,
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for some indecomposable congruences «; and ;. Applying Theorem 1.2.10 we have m = n. In
this proof we showed a relabelling exist for all £ such that

a1 Ba®...Ban=a1Pa2PB... Dar_1PBagrDBbpyr1 Bbrra P ... Dby
Thus after a relabelling we can assume
ap ©Op =1= 05, ® O
for some congruences 6, for each k in the dual of Con A. Thus in the lattice Con A we get

ag X 0 = ap ANO = Bk N0k, = Pi X ay.. Therefore by Lemma 1.3.8 we get A ~ A/ ~ A/ =~
By, for each k. ]

We commented earlier that every group, ring or quasi-group is congruence-permutable.
Therefore by this theorem we have that every group or ring whose congruence lattice is of fi-
nite height is uniquely factorable. Also every quasigroup that has a congruence lattice of finite
height and contains a one-element subalgebra must be uniquely factorable.

It should be noted that all the conditions in this theorem cannot be dropped. In section
three of this chapter we give failures of the uniqueness property if just one of these conditions
is omitted. Thus this result by itself is not easily generalized.

2.2 Birkhoff-Ore Theorem

In this section we reproduce a major unique factorization result due to the Icelandic mathe-
matician Bjarni Jénsson [Jon66] for congruence-modular algebras. He carefully adapted the
Birkhoff-Ore Theorem! discussed in the previous section to produce a new unique factorization
theorem for finite congruence-modular structures.

2.2.1 More congruence theory

In this subsection we spend a little time proving three lemmas about congruences that will
be used in the next subsection. The following result is an important for finite algebras and is
vital in proving Theorem 2.2.6. Lemma 2.2.2 and Lemma 2.2.3 will respectively play roles in
proving Theorem 2.2.6 and Theorem 2.2.7.

Lemma 2.2.1. If A is a finite algebra and
axd =38xp=dAB=an
where o, o/, 3,3 € Con A then a x 3 exists and is equal to o x .

Proof. We may safely replace A by A/(a x o). So we only need to show the result holds
whenever o x o/ = 0. From the conditions it follows that A ~ A/a x A/a’ ~ A/ x A/B" and
that A can be embedded into A/o/ x A/ and A/ax A/F. If a =|A/al,b=|A/d|,c=|A/B|
and d = |A/f'], then we have the following equalities and inequalities

|A] = ab=cd,
4 < be,
Al < ad.

These inequalities imply that a = ¢,b = d, |A| = bc and hence the embedding A into A/a/ x A/
is an isomorphism. ]

!See [Bir4s).
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Lemma 2.2.2. Suppose 3,5 and v are elements of Con A. If A is congruence-modular and
B x B =~ x+" then the following conditions are equivalent:

(i) (BAy)o B =p"o(BA7).
(ii) BA(B o (BAY)oB) <.

Proof. To show (i) implies (ii) is a simple consequence of the modular law as seen in the
calculation below:

BAB o(BAY)oB) < BAB V(BAY)) by (i)
BAY)V(BAB)

= (BAY)VO

< 7

To prove (ii) implies (i) suppose (z,y) € (8A~)o". Therefore some element z exists such that
(x,2z) € BAvyand (y,z) € . Also fof’ = 3V ' =1 yields and element a such that (z,a) € '
and (y,a) € B. Hence (a,y) € BA (B o (BA7)o3) <~ so that (a,y) € B A+, showing that
(z,y) € B o (BA~). Therefore (B3A~v) o C ' o(BA~) and hence by Lemma 1.3.13 they are
actually equal. O

Lemma 2.2.3. Suppose 3,3,y and +' are elements of ConA. If 0 =3 x 3 =y x v, <~
and Bo~" =+"0f then =7 x (Bo7).

Proof. We first show yA (B0+") = . Noting yA (Bo+") > BA B = 3, we proceed to show that
YA (Bor) < B If (x,y) € yA (B o) then (z,y) € v and some element z exists such that
(x,z) € B and (z,y) € v/. Using v > [ we see that (x,z) € 7. Therefore (y,z) € vy A'. Thus
y =z and (z,y) € 3. Now it remains to show that yo (8o~ ) =1=(804")0".

yo(Bor) = yo(y op)
= (vo0)op
= vory
- 1.

Thus by Lemma 1.3.13 it follows that yo (80+') =1 = (804’) oy which finishes the proof. []

2.2.2 Jénsson’s Unique Factorization Theorem

In this subsection we retrace B. Jonsson’s original proof [Jon66] published in 1966. On our
journey to proving Theorem 2.2.7 we encounter two other unique factorization results (Theo-
rem 2.2.4 and Theorem 2.2.6) stated in terms of congruences.

Most unique factorization theorems make use of the fact that if two congruences o and f
on the same structure A have a common complement, then A/a ~ A/, provided A has an
one-element subalgebra. The next result heavily relies on this fact, combined with some sort
of exchange property.

Theorem 2.2.4. Let A be a congruence-modular lattice of finite height with a one-element
subalgebra. Suppose that, whenever B is a directly indecomposable congruence and

OZﬂXBI:7X7I7

a congruence ¢ exists such that 0 = ¢ x ' and either ¢ > v or ¢ > ~'. If A has the above
property, then A has the unique factorization property.
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Proof. Without loss of generality, assume m < n in the equation below. We proceed to show
by induction on m that if the factors 3; and +; are directly indecomposable and

0=01 xBaX...X B Xd=71X7Y2X... X% X0,

for some congruence ¢ then m = n and a bijection o exists such that A/f3; ~ A/fyo.(l-) for
i=1,2,...,m. If m =1 then

O0=FBXp=71X...7m X 9.
Thus A/B) ~ A/v1 X ... A/v,, by Lemma 1.3.8. Therefore n =1 and A/B; ~ A/~;, proving

the base case.

Let v/ = 49 X v3 X ..., X ¢. From consecutive applications of the hypothesis we find
&1, b2, ..., bm (each containing either v; or 4') such that

O0=¢1 X o X ... X i1 XBi X ... X B XPp=7yx7 (2.1)

for i = 2,3,...,m. If above holds, then by applying the property of Con A we know a congru-
ence ¢; exists containing ~ or 7/ such that

0=01 X P X ... X i X Bix1 X ... X B X p=7yx7 (2.2)

Considering the case when ¢ = m we have

0=0¢1 X P2 X ... X X @ (2.3)

Hence the direct product of all those ¢; larger than «; must be v; and the direct product of
those remaining factors (including ¢) must be /. Therefore ¢; = v; for some j < m, since
is indecomposable. Comparing successive values of 7 in Equation 2.3 we see that A/(3; ~ A/,

for all i. Thus A/B; ~ A/¢p; ~ A/y1 and B = 71, since B3; in 0= 1 X fo X ... 0j X ...[Bm X @
can be replaced by a congruence containing ; or 7/. The rest of the proof now follows by
induction replacing ¢ by ¢ x f3;. O

For the next theorem we introduce a new concept that singles out the most important
congruences on an algebra in terms of direct product factorizations.

Definition 2.2.5. Let FR(A,a) = {f: 5 € Con A and some 3’ exists such that « = 8 x '},
ie. FR(A,«a) is the set of all direct factors of the congruence « on the algebra A. O]

Theorem 2.2.6. Let A be a finite congruence-modular algebra and F be the smallest family of
congruences such that 0 € F and for all « € F and 3,y € FR(A, «) we have 3V vy € F. If for
every « € F and 3,3, € FR(A, «) the property oo = 3 x 3" implies (BA~)o ' =3 o (BA7Y),
then A is uniquely factorable.

Proof. We show whenever a € F and

a=Fxf x¢p=7xv x¢,

then congruences v and 1) exist such that

a=yxy xf x¢, y<v, <YL (2.4)

Observe the statement is trivial for &« = 0 or a = 1, where 1 is the top element in Con A.
Before continuing with induction we assume that the statement holds whenever « is replaced
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by a bigger member of F or ¢ is replaced by a smaller congruence. Note if 3 A+ A ¢ < o and
B ANy A ¢ < athen

BAYNS)ANB AYNP) < ala
a < o

This contradiction shows that there is three cases to treat. Case I: BAY A¢p = AyAd = a,
Case II: BAY AN¢p>aor Case I[II: B Ay Ao > a.

Case L If BAY ANp = yAB N¢p = a. By Lemma 2.2.1 we have a = v x 3 x ¢. Thus
Equation 2.4 holds with ¢ = v and ¢/ = 1. Here we used Lemma 2.2.1, which immediately
restricts us to finite algebras.

Case IL: If a < BAY A ¢. Define oy = BAY ANp, 1 = B,0] = a1 0,71 = a1 oy and
74 =7'. From the hypothesis and the modular law

BiABIANG = (a1oB)YAN(BAS)=arV(BAL A¢) =,
NAYIAG = (a10y)A(YANP) =1V (YAYAP) = 1.
Hence oy = 31 X 3] X ¢ =71 X v] X ¢. Now oo < ag € F. So we know 1) and 1)’ exist such that
OZl:wa,XBngb’ ’71§¢7 W’iﬁwl
Therefore
WAY Ao = (AP ANPoarof
= WAY AP)o(arVF)

= (WAY NP)o B
= 1,

and

WAYANBANG)VE = (DAY AB AP Va Ve
= WAY AL Var)) Ve
= 1,

and

YAYAB Ay = ag Af
= BAY ANQNS

= Q.

These calculations shows o = ¢ x ¢’ x ' x ¢. Also note a; £ 7. So we can strengthen this
case by selecting ¢ to contain ~y properly.

Case III: If o < B’ Ay A ¢. By applying the stronger version of Case II, we know there
are congruences 11 and v such that

a=Prx Py xy xd, f<i, <yl

26



According to Lemma 2.2.3 there is a congruence 3 such that 38’ = ¢} x 3. Thus
a =[x Bx (P x @) =1 x 7' x (Y1 x ¢).
If ¢} =1, then we have
a=pBxf x¢=11xyx¢

Now B A ¢1 A ¢ =« forces BA ¢ =a and 3 = 1. Thus 1) = v and ¥ = +' works. However if
B AW A ¢ > a then Case II produces 12 and 5 such that

a=1ox Py x B x ¢, P <thy, A <.

Observe 8 < 9. Thus ¢} # 1 and using Lemma 2.2.3 we find 7 such that ' = ¢}, x 7 and

a =1y x ' x (P x ¢) =7 x 7 x (¢ x ¢),

with ¢4 x ¢ < ¢. Another application of the induction hypothesis gives ¢3 and 95 such that

a:ngwéxﬁlxwéX(ﬁ: ’Y§¢3, igwé

Consequently Equation 2.4 holds with ¢ = ¢3 and ¢’ = 12 x 95. The only remaining case is
when ¢} # 1. If 9] # 1 then 1)1 x ¢ < ¢. Thus by the induction hypothesis we can produce 1,
and 9, such that

a:¢2x¢§x7x¢1x¢, 1 < o, ’Y’S‘/’é-

By Lemma 2.2.3 we can find 7 such that 4" = 1) x 7. Therefore

a =1y x B x (¥ x ¢) =7 x7 x (¢ x ¢).

Observe 94 # 1 as this would mean o = 3 x 8/ X ¢ = 13 x ' x ¢ which contradicts 5 < 1.
Thus ¢4 x ¢ < ¢ and the induction hypothesis applied to the above equation produce 13 and
Y4 such that

a=y3xyx B xpyx¢, y<iz, F< Uy

Therefore Equation 2.4 holds with ¢ = 3 and ¢ = ¢4 x 5.

These three cases together prove that Equation 2.4 holds for algebra A. Therefore, if o =0 =
Bx 3 = ~vx~'then a congruences 1, 1) exist by this result exist such that 0 = Sx 3’ = ¢ x¢'x 3
such that v < ¢ and 7/ < ¢'. By Lemma 1.3.8 it follows that A/3 ~ A/y x A/+'. Soif g
is directly indecomposable then the property in Theorem 2.2.4 holds and it follows that A is
uniquely factorable. O

Notice the similarity between the proofs of Lemma 1.2.9 and Theorem 2.2.6. Also the use of
Lemma 2.2.1 in Case I. Now we have the ingredients to prove the promised unique factorization
result for finite congruence-modular algebras [Jon66]. Another interesting proof of this result
can be found in [MMT].

Theorem 2.2.7. If A is finite with a one-element subalgebra and a modular-congruence lattice
then, A is uniquely factorable.
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Proof. Select o € F as defined in Theorem 2.2.6. If « = 3 x 3 = v x 7/ then 3,5,v and «/
are elements of F. Thus

BA(B o(BAy)ef) BA(BAY) V)
BAYV(BASR)
B Ay

Y-

(VAN VAN VAN VAN

From Lemma 2.2.2 we see that 3 A v and 3 permute. Thus by Theorem 2.2.4 it follows
that A is uniquely factorable. O

Therefore all finite congruence-modular structures that have a one-element subalgebra must
be uniquely factorable. For example every finite group or finite ring has the unique factorization
property. Also every finite lattice is congruence-distributive and hence congruence-modular and
therefore possesses this property too. Just like Theorem 2.1.2 every condition is necessary. We
demonstrate this by giving examples of failures in the next section.

2.3 Counter-examples

The first two sections have a natural generalization : If Con A is a modular lattice of finite
height and A has a one-element subalgebra, must A be uniquely factorable? The three examples
found in [MMT] here demonstrate that if one those conditions is removed then A may fail to
have the UFP.

Example 2.3.1. Suppose A = {a,b,c,d} is an algebra with 2 unary functions f,g as in-
dicated below. We see that 6; = {(a,a),(a,b),(b,b),(b,a),(cc),(c,d),(d,c),(d,d)}, 02 =
{(a,), (a,a), (&,), (e, ), (b, b), (b, ), (d, b), (d, )} and O = {(a, d), (@, @), (d, @), (d, ), (b,B), (b,),
(¢,b),(c,c)} are congruences on A. Observe that A ~ A/6; x A/fy ~ A/0; x AJO3 ~
A/03 x A/6y, but none of A/0y, A/O2, A/05 are isomorphic to one another.

f

qQ<——
gl 9
C%

f

b

d

Notice in this example that A does not have an one-element subalgebra, but A is finite and
hence Con A is finite or of finite height. A simple calculation shows Con A is permutable hence
also congruence-modular. Therefore the condition that A must have an one-element subalgebra
is necessary.

Example 2.3.2. For every natural number n, let A, be the n-element semigroup and ¢ € A,
such that z.y = ¢ for any x,y € A,. Let B, denote the 2n-element groupoid with the multi-
plication table shown below:

It turns out As x Bs ~ A3 x B, where each factor is a directly indecomposable algebra. There-
fore it is a commutative semigroup that does not possess the unique factorization property,
since all the factors are not isomorphic to one another.

This example illustrates that the condition of modularity is necessary, since finite algebra
Ay X Bsg is not congruence-modular. Therefore also not congruence-permutable, but possess a
one-element subalgebra.
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Figure 2.1: A depiction of an algebra that fails the UFP.

Example 2.3.3. Let V be a 4-dimensional vector space over the field of rational numbers with
{z,y, z,u} as a basis. Let P and @ be infinite disjoint sets of prime numbers with 5 ¢ P U Q.
Let R and S be the set of all square-free positive integers whose prime factors belong to P and
Q respectively. If

A = {%x+gy+g(x+y):a,b,cGZ,rER,SGS},

B {%z—i—%u—i—g(z—i—u):a,b,ceZ,reR,seS},

Cc = {%(293—#2)ﬂ—g(y—f—?)u)—|—§(2x+2y—|—z+6u):a,b,CEZ,TER,SGS}7

D = {217z +92)+ 2(y+2u) + £(172 4+ 2y + 92 + 4u) 1 a,b,c € Z,r € R, s € S},

then it can be shown that A, B,C and D are directly indecomposable abelian groups. Put

¥ = 204z
Y = y+3u
7 = 1749z
v = y+2u.

Note that {2/, ¢/, 2/, u'} is also basis for V, since

xr = 92/ -7
y = —2y’—|—3u'
z = —172' 4+ 27
u = y/_u/’
and that
C = {9 +% + @' +2):a,bceZreRseS],
D = {2 +b% + (' +2u)a,b,c€EZ,r R, s€S}.
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It is clear that A~ B and C ~ D and AN B = {0} = CND. Note

= 9 —ZeCuD
= -2 +3/e€CuUD
172" +2/ eCuUD

z =
uw = 3y —-ueCuD
T+y 9 1
5 = 5(2x+2y+z—|—6u)—5(17x+2y+9z—|—4u)—3y—10u6C’UD
1 8
u—5|—z = 5(17m+2y+92+4u)—5(2$+2y+z+6u)—%w+5y+9u€C’UD

Hence A+ B C C+D. Likewise it can be shown that C+D C A+ B. Therefore A+B =C+D
giving A2 ~ A+ B = C+D ~ C?. Next we proceed to show A % C. Assume for a contradiction
¢ : A——> (' is an isomorphism. Note that the only elements v € A with the property that
€A < re Rwherer €Zisv=xorv= —uz, since it is clear v = kx for some integer k.
However if k # +1 then take any r € R. Then T = %f € A giving kr € R. Likewise if kr € R we
get k*r € R, which is impossible if |k| > 1, since R is square-free, proving the claim. Likewise
it can be shown the only elements w € C' with the property that > € B <= r € R where
reZisw=2a orw=—z'. Thus ¢(z) € {2/, —2'}. Likewise we can show ¢(y) € {v/,—v'}.

Hence ,

'ty

o((z+y)/5) ==+ ¢C.

Thus A # C but A% ~ C2.

This example due to Jonsson [Jon57] illustrates that the condition of finiteness or that the
congruence lattice is of finite height is necessary. Here Con A? is not of finite height, but
clearly congruence-permutable (it is a group), hence also congruence-modular.

2.4 Freese’s Unique Factorization Theorem

This section explores Freese’s [Frel, Fre2| attempt at answering the open problem whether the
common generalization of Theorem 1.2.10 and Theorem 2.2.7 holds:

If Con A is a modular lattice of finite height and A has an one-element subalgebra, must A
be uniquely factorable?

He found a substitute condition, for Lemma 2.2.1 (this was important in the proof of The-
orem 2.2.7) to establish his own unique factorization result.

Definition 2.4.1. We say structure A has Property P if for any congruences «, o, 3,3
whenever

axd =38xp=dAB=anp
then a x 3 exists and is equal to a x . O

In [MMT] the authors showed whenever Con A is a modular lattice of finite height where
Property P can be proven then the generalization is valid. We start by proving a simple lemma
concerning congruences.

Lemma 2.4.2. Let L be a modular lattice of equivalence relations with elements o, ¢ and 3.
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(i) If a, & permute and a Ao/ < 3 < a' then o and 3 permute.
(1) If o, permute and o < B < aV ' then o and B permute.

Proof. For part (i) suppose (z,z) € ao . Thus an element y exists such that (z,y) € a and
(y,2) € . Therefore (z,2) € aV 3 < aV o and an element y' exists such that the relations in
the following diagram holds:

By modularity we get (z,y') € &’ A (aV B) = (e Ad’)V B = (3. Therefore (z,z) € f o« and
the result follows by Lemma 1.3.13. Proof of part (ii) is similar. O

Definition 2.4.3. Suppose FL(x,2',y,y’) is a free lattice on the four generators x,z’,y,y’.
Define maps oy, and 3y, on the set {a,a’,b,b'} to the free lattice F L(x,x',y,y’) such that Bp(a) =

, fo(a’) = 2', Bo(b) =y, Bo(V') =y and
Bni1(a) = x A [Bu(b) V Bul(a)] A [Br(b) V B (0] A [Bula) V Bu(b')].

Note the definition of 3, on b,b',d’ is symmetric, ., is defined dually.

For each n, an(b) or Bu(a) is a term in the language of lattices. We let ak(b) be the in-
terpretation of this term in lattice L under the substitution x = a,y = b,x’ = a’ and y' = V'.

Similarly for 5L (a). O

The next lemma will use the lattice depicted in Figure 2.2, which we label M}.

Figure 2.2: My lattice.

The following result is due to R. Mckenzie [Mck72b] and is needed for Lemma 2.4.5.

Lemma 2.4.4. If f is the unique homomorphism on the free lattice FL(x,x',y,y") to My such
that f(x) = a, f(y) = b, f(z') = a' and f(y') =V then f(z) > w iff z > BE(w) for some n
where w € {a,a’,b,b'}, the set of atoms of My.

Proof. If z > BE(w) then f(z) > f(BE%(w)) = w, since inductively on n it turns out f(BL(w)) =
w. For the converse, we use induction on the length of expression z. For z = x,2,y or v/ the
claim is obvious. To proceed we treat two cases :
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Case I. Let z = €1 A eg for some smaller expressions e; and eg. If f(2) > w then f(e;) > w and
f(e2) > w. By the induction hypothesis we have e; > 8% (w) for some n and ey > % (w) for

some m. Noting BF(w) > BE(w) if r > s we have z = e A eg > Bfwx(m n) (w).

Case II. Let z = e1 V ey for some smaller expressions e; and es. If f(2) = f(e1 Vea) > w,
then f(e1) > w, f(ez) > w which means e; V ey > e1 or ea > B (w) for some n. The other
remaining possibility is f(e;) = w; and f(e2) = we where w,w; and wy are all distinct. Then
by the induction hypothesis we have e V ea > BL (wy) v BL(wy) for some m and n. Hence
z=e1Vey > ﬁrl)/uzz(m,n) (wl) V ﬁ’r&mx(m,ﬂ) (U)Q) > ﬁrl;Lax(m,n)+1<w)' ]

Using this Lemma we can proof the next result which is needed for Theorem 2.4.6.

Lemma 2.4.5. Suppose L is a lattice generated by x,y,z’',y’. Let a,b,a’,b’ again be the atoms
of My. The map g(x) = a,g(y) = b,g(z') = da’ and g(y') =V can be extended to a homomor-
phism of L into My if and only if BL(a) £ ak(b) for all n > 0.

Proof. If 3% (a) < al(b) for some n then a = g(8%(a)) < g(ak(b)) = bif g was a homomorphism.
This contradiction gives the one direction. For the other direction suppose g is a homomorphism
and that 8% (a) < ak(b) for some n. Using Lemma 2.4.4 we get a < g(ak(b)) = b which is the
desired contradiction. O

Theorem 2.4.6. Suppose J is a modular lattice of finite height with equivalence relations
a, o, 3 and B satisfying

axd =3xp=dANB=anf.

If there is no homomorphism of the sublattice of J generated by {c, 3,d/, '} onto My then «
and 3’ permute.

Proof. Let L be the lattice generated by {«, 8,0/, 8'}. If

ahNd =aNB=anf =d AB=d AF =8N
then a dimension argument shows

avVd =avpB=avf =dvpB=dva =8Vvp

making L ~ My, contrary to the hypothesis. Therefore we may assume without loss of gener-
ality o/ A 3" > 0. Let

a=aV(dAF), B=pV(dAR).

and L; be the lattice generated by {d&, 3,0/, 3'}. Note 0=ax o’ =3xF =a' AF=anp.
As in Lemma 2.4.5, we let 821 be the interpretation of this term in L; under the substitution
r=d&1 =a,y=034y =/. Since L does not have M, as a homomorphic image, some n
exists such that the following relation holds :

B (a) < oy (b). (2.5)
Before we return to Equation 2.5 we will show that

7 (a) = By (a) v (' A B). (2.6)
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Using induction on n and modularity we easily obtain 3,,+1(a) = B,(a)V (&’ AF') in L and L;.
From this we can conclude f,,11(a) = By(a) A (Bn(a’) V Bp(V)) in L and L. Modularity easily
gives BL1(a) > BE(a) Vv (/v 3'). Using induction on n the next calculation establishes equality.

h(Byti(a)) = h(By (@) + h(By (@) v By (V) — h(By () V By (')
= [h(By(a)) +h(a’ AB)] + [M(By(a) V By () + h(a/ A B)]
~[n(Bx(a) v By (a')) + h(a’ A )]
h(Bys1(a)) + h(a/ A G
= h(Ba(a) V(' AB)).

Hence Equation 2.6 gives
Brt(a) = Br(b)V (e AF)
o (0) V (o' A )
ol (b).

n

VARVAY

Therefore by Lemma 2.4.5, L1 does not have M, as a homomorphic image. Thus by induction
on the height of the lattice we can conclude & and [ permute. This fact with Lemma 2.4.2
gives

avp = avp
= aof
= [aVv(a'AF)]op
= [ao(a' A @) of
= aof.

O

As an immediate consequence of this theorem, we have Freese’s [Frel, Fre2] Unique Factor-
ization Theorem.

Corollary 2.4.7. Algebra A is said to have property Q if for any congruence o, o', 3 and (3’
on A, if

axd =3xpf=dANB=anf,

and there is no homomorphism of the sublattice of J generated by {«, 3,0/, '} onto My, then
a and 3 permute. If A is a congruence-modular lattice of finite height with an one-element
subalgebra with property Q, then A is uniquely factorable.

How does this result shine light on the unsolved problem : Does an algebra with a congruence-
modular lattice of finite height with an one-element subalgebra have the UFP? It seems that
this unsolved problem hinges on deducing Property P. Hypothetically speaking, if Property
P holds for all infinite algebras then it must hold for an infinite set A with a binary opera-
tion - such that = -y = z. Therefore Con A = Eq A and we stripped the algebraic problem
down to an easier set-theoretic problem. Unfortunately Ralph Freese found an example [Fre2]
of a congruence-modular lattice of finite height that does not possess Property P, but is still
uniquely factorable. So even though it seems that Property P is important, it is not vital for
a structure to have the unique factorization property. Hence the door is still open for new
attacks to this generalization.
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Chapter 3

Zero-algebras

By 1947 it was already known that every finite group with or without operators has, up to
isomorphism, an unique represention as a direct product of directly indecomposable subgroups.
For groups without operators compare [Kro70], [MWO09], [Rem11] and [Spe27]. For groups with
operators see [Sch28]. Another proof can be found in [Fit34].

Inspired by these group theoretic results, Bjarni Jonsson extended them in his doctoral thesis
[JT47] (under the supervision of Alfred Tarski) to a wider class of structures. He focussed on
structures known as zero-algebras. We say (4,0, +, F1, F»,...) is a zero-algebra, an alge-
bra with a zero or a Jonsson-Tarski algebra if it has a one-element subalgebra {0} and
a binary operation + such that for all x € A we have x + 0 = £ = 0 4+ x. Thus groups, rings,
lattices and H-spaces in algebraic topology are all examples of zero-algebras.

In this chapter we prove that any finite zero-algebra is uniquely factorable, giving all the
other operators Fi, Fs, ... more or less a free ride. Before we do this we introduce the notions
of inner products and central subuniverses. After a series of lemmas (as modified from [MMT]
and [JT47]) we establish something stronger which consequently proves that every finite zero-
algebra is uniquely factorable.

We close this chapter by studying similar structures known as structures almost without zero-
divisors. Following Ivan Chajda’s [Cha76] arguments we produce an expected unique factor-
ization result which does not require any finiteness.

3.1 Inner products

The idea of inner products is a well-studied concept for groups and was the earliest technique
used to prove their unique factorization property. Here we demonstrate that the idea of inner
products can be extended to zero-algebras, as explored in [Kro70], [MWO09], [Rem11], [Spe27]
and [Sch28]. The next result illustrates how to transform any direct product factorization into
an inner product factorization.

Lemma 3.1.1. If A is a zero-algebra and A ~ ]| A}, then subalgebras A; of A exist such
that A; ~ Al and A ~ [, A;. Furthermore, for any a € A we can write a = Y ;| a; for
unique elements a; € A;. Also, if a; € A; then Y i ja; = > 0y ag(;) for any permutation o of
the set {1,2,...,n}. Lastly, for every fundamental operation F of arity r, if ar =y 1, ag; for
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some ai € A and ag; € A; then
n
F(ay,as,...,a;) = Z F(aii,a2i, ..., ari).
=1
Proof. Suppose ¢ : [ ; A, —— A is an isomorphism. For each ¢, put
A; =1{4(0,...,a,...,0):a € AL}

Therefore A; ~ A} and A; C A for all i. Suppose ¢~ 1(a) = (a},...,a],) where a} € AL, If a; =
#(0,...,a},...,0) for each i then a = 37" | a;. Note the expression > ; a; does not depend
on bracketing or rearrangement. Uniqueness follows from the fact that this representation is
unique in [];* | AL, For the last claim follows from the bijection ¢. O

Before we give an official definition of inner product, we provide one example to demonstrate
the previous result. The reader shoulder take note that the concepts of inner products will only
apply to this chapter.

Example 3.1.2. Note that the cyclic group with 6 elements Zg is isomorphic to Zy x Zs and
that subalgebras {0,3},{0,2,4} of Zg are respectively isomorphic to Zy and Zs.

3
In this chapter >  a; means (a; + a2) + a3 and need not be a; + (a2 + a3) as we do not
i=1
always have associativity. However 0 4+ a + 0 = a no matter how the brackets are arranged.
This behaviour is captured in a manner by the idea of inner product.

Definition 3.1.3. Suppose {A1, Ay,..., A} is a collection of subalgebras of A such that for
each a € A there are unique elements a; € A; such that a = (((a1 +a2) +az) +...) =>.1 a;
(that is brackets been omitted by association on the left in > | a;). Suppose a; € A; and that
o is a permutation on the set {1,2,...,n}, then

Z a; = Z aa(i) .
i=1 =1

If for every fundamental operation F of arity r and any a, € A where ay =Y.' | aj; for some
ar; € A; we have

n
F(al)a27‘ . '7a’r‘) = ZF(ali7a2i7 .. ‘7ari)7
=1

then we say A is an inner product of the subalgebras A; and denote this by A = ], A;.
(Be careful not to confuse this idea with direct products, even though we use the same symbol.)
O

Suppose {A1, As,..., An} is a collection of subalgebras of A such that A = ], A4;. If
a € Athen a=>3 ", a; for unique a; € A;. Let f; : A—— A be maps such that f;(a) = a;. It
is easily established these maps are all endomorphisms with f;(A) = A;. They also satisfy the
following conditions :

1= fi (3.1)
fifi = 0= f;f; whenever i # j, (3.2)

where 1 is ids. Here fg is shorthand for f o g. By analogy with abelian group theory we
abbreviate f1 @ ... @ f, = 1 if f; are endomorphisms satisfying Equations (3.1) — (3.3). To
summarize, we now have a natural way of turning any direct product factorization into a set
of endomorphisms. The converse is also true, as seen from the next lemma.
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Lemma 3.1.4. If f1, fo,..., fn are endomorphisms on zero-algebra A satisfying Equations
(3.1) — (3.3) then

A=11rA).
=1

Proof. By Equation 3.3 you get a = > | fi(a) where fi(a) € f;(A) for each 1 < i < n. Also if

n
0=
i=1
where a; € f;(A) for each i, then using Equation 3.1 and Equation 3.2 you get

fila) = Z fi(a;)
i=1
fila) = filai) = a;.
Thus the representation is unique. O

Endomorphisms will play an essential role, hence it would be wise to list a few elementary
properties about them. For the next lemma End A denotes the set of all endomorphisms of
zero-algebra A.

Lemma 3.1.5. Suppose A is a zero-algebra and a,b,c,d are any functions from A to A. Let
s, t, f,f'.9,9',h,h' be endomorphisms of A such that 1= f® f'=g® ¢ =h®h'. Then
(1)

a(be) = (ab)e, (a +b)c = ac+ be,

al =1la=a, a+0=0+a=a,

s(a+b) = sa + sb, 0a =0 = s0,

where 1 is the identity map x — x and 0 is the map that takes x — 0.
(i1) If fa= fb and f'a = f'b then a = b.

(iii) fs+ f't € End A.

(iv) s+ hfgf't € EndA.

(v) a+hfgf'b="hfgf'b+a.

(vi) (a+hfgf'b)+c=a+ (hfgf'b+c).

(vii) There is a function x : A—> A such that x + hfgf'b = 0.

(viii) If ¢ = hfgf'd or c is a finite sum of maps of this form then c is cancellative, that is
a+c=>b+c impliesa =>.

(iz) fg'fg= faf'g.
(x) fofg'f=fd'faf.

Proof. Assertion (i) is obvious. The second assertion is immediate from a = fa + f'a = fb+
f'b =b. For the third assertion, let F' be any n-ary operation on A and z1,...,z, € A. We need
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to show that o = (fs + f't)(F(x1,...,2,)) and S = F(fs(z1) + f't(x1),. .., fs(xn) + ft(xy))
are equal.

fB) = fE(fs(z1) + f't(z1), ..., fs(zn) + ft(zn))
F(fs(z1) + [ f'H(@1), -, f2s(xn) + [ 1H(xn))

F(f%s(z1), ..., f2s(zn))

(f25)F(z1,...,20))

(f%s+ ff'OF (21, .., 20))

= f(a).

Similarly we can show f'(8) = f/(«). From (ii) it follows that & = . Thus fs + f't € End A.

Define A, ¢,1 and § to be the expression in the line that precedes it in the following cal-
culations:

fa+(fo+fo) = flfa+ (fo+ fol+ f'lfa+ (f'o+ fo)l
= [fPa+ (ffo+ POl +[f' fa+ (ff'b+ ffc)]
= [fa+(0+ fo)] + [0+ (f'b+0)]
= (fa+fe)+ f'b
= A\
fa+(gf'b+fe) = glfa+(gf'b+ fo)l+d'[fa+ (gf'b+ fe)]
= g\ +4'fla+c)
a+(fgf'b+c) = fla+ (faf'o+ fo)l+ flla+ (faf'b+c)
= f(¢)+ f'la+c)
= q/;
a+ (hfgf'v+c) = hla+ (hfgf'b+c)]+ Ha+ (hgf'b+c)]
= h()+h(a+c)
= .

Putting a = s,b =t,c = 0 in the equation above, we get
s+hfgf't="h()+h(s+t).

Thus assertion (iv) holds by applying assertion (iii). By very smilar calculations we can also
show that

f'b+ fa) + fe,
gf'b+ fa) + fe,
faf'b+a)+ec,

(
(
(
(hfgf'b+a)+c.

> & >
I

Thus a + (hfgf'b+c¢) = (hfgf'b+ a) + c. Letting ¢ = 0 we get assertion (v). From this we
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readily obtain assertion (vi). For assertion (vii) use 2 = hfg’ f'b, since

x+hfgf'b = hfgdf'b+hfgf'd
= hf(g' +9)f'd
= hf1f'b
= hff'd
= h0b
= 0.

n
Assume ¢ = ) h;f;g; fld; for some functions. Assertions (v) and (vi) shows it does not matter
i=1
how this sum is associated. Using (vii) we have for each i an inverse x; = h;f;g;fld;. Put
y=(...(x1+x2)+...2,. Using (v) and (vi) we see that for any a € A that (a +c¢) +y = a.

Therefore ¢ is cancellative. For assertion (ix) we first note

f9fg+1dfg=rd(f+1)g=rdlg=fgg=0,
faf'g+1dfg=flg+d) flg=f1fg=ffg=0.

Using the fact that f¢’f’g is cancellative, it follows that f¢'fg = fgf'g. Applying assertion (ix)
twice we get fgfg' f = fgf'gf = fg'fgf. Hence endomorphisms fgf and fg¢'f commute. [J

We end this section with a simple cancellation theorem about inner direct products. This
will used to prove Jonsson-Tarski Theorem, the major theorem of this chapter.

Theorem 3.1.6. If B,C, D, E and F are subalgebras of zero-algebra A such that A = B x C' X
D=ExCxF then BxD~FE x F'.

Proof. Select b € B and d € D. Define map ¢ : B x D——=F X F such that ¢(b+d) =e+ f
ifb4+0+d= e+ c+ f for unique elements e € E,c € C' and f € F. Similarly, select e € E
and f € F. If e+ 0+ f = b+ ¢+ d for unique elements b € B,c € C' and d € D then let
Y : Ex F——= B x D be a map such that (e + f) = b+ d. Both maps are easily seen to be
homomorphisms.

Select b € B and d € D. Suppose b+d = e+ c+ f for some e € E,c € C and f € F and
e+ f=b+c+ f forsomet € B, € C and f' € F. Thus ¥(¢(b+d)) =v(e+ f) =V +d.
On the other hand, by Lemma 3.1.1 we have b+ 0+d=b+d=e+c+ f=(e+ f)+c=
W+ +d)+c=b+(c+)+d. Therefore b=1 and d = d’, since b’ € B,c+ ¢ € C and
d' € D. Hence (¢(b+d)) = b+ d. Similarly, we can show ¥ (¢(e+ f)) = (e+ f) for any e € E
and f € F. These maps can be restricted to give the desired isomorphism. ]

Here we should highlight that this is a very simple cancellation theorem and does not
constitute a proof that B x C ~ B x D = (' ~ D for zero-algebras B,C and D. Therefore
the implication B x C' ~ B x D is weaker than B x C' = B x D. B. Jénsson did however show
in [JT47] that B x C >~ B x D = C =~ D holds whenever B is a finite algebra.

3.2 Central subuniverses

The study of groups had clearly shown that the properties of their direct product decomposition
depends to some extent on their center. See [Spe27] for groups without operators and [Kor37]
for groups with operators. Here we undertake to extend this concept to zero-algebras.

'For groups this was shown in [Kur32].
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Definition 3.2.1. We say B is a central subuniverse of zero-algebra A iff B is a subuniverse
and for all b € B, an element b € B exists such that

b+b=0,

and for all ay,...,a, € A and all by,...,b, € B we have

F(ay +by,...) = F(a,...)+ F(b1,...),

for every A-operation F' of arity n. We also say element b € A is said to be central iff b lies in
some central subuniverse. O

The next lemma shows if C' is a central subuniverse of zero-algebra A, then (C,+) is an
abelian group.

Lemma 3.2.2. Central elements commute with every element and associate with every two
elements.

Proof. 1f d is a central element then d+a = (0+d)+ (a+0) = (0+a)+ (d+0) = a+d. Hence
central elements commute with every element of A. Let t(a,d,b) = (a+d) + b and r(a,d,b) =
a+(d+b) be the ternary terms. If d is central we have t(a, d,b) = t(a,0,b)+t(0,d,0) = (a+b)+d
and r(a,d,b) =r(a,0,b) +r(0,d,0) = (a + b) + d. Hence associativity. O

Lemma 3.2.3. The subuniverse generated by two central subuniverses is again a central sub-
UNIVETSE.

Proof. Suppose P, (@ are central subuniverses of A. Let R be the subuniverse generated by P
and Q. Let » € R. Then r = t(p,q) for some term ¢ and p € P! and ¢ € Q” for some index
sets I and J. Since P, Q are central subuniverses, we can find ];7 € P! and q_; € @’ such that
p+p =0and §+q =0. Let v’ = t(];/,q_;) By Lemma 3.2.2 and the fact that P, Q are central
subuniverses we get

rr = 5+t d)
= t(p,0) +t(0,q) + t(»,0) + t(0,¢)
= #(5,0) +t(p/,0) + (0,9 + t(0,¢)
= 0.

Also if r; € R! then r; = t;(p;, ;) for some terms t; and elements p; and ¢. Then for every
fundamental operation F', using Lemma 3.2.2 and that fact that P,(Q are central subuniverses
we get

F(ay+r,...) = F(ai+ti(pi,qi),-..)
= F(ap +t:1(p1,0) +t(0,q1),...)
= F(a1 +t:1(p1,0),...) + F(t1(0,Gi),...)
= F(ay,...)+ F(t1(pi,0),...) + F(t1(0,G1),...)
= F(a,...)+ F(t1(pi,¢i),---)
= Fl(ay,...)+ F(r,...)
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Definition 3.2.4. We say C(A) or C is the center of A if it is the union of all central
subuniverses of A. This is also known as the Jonsson-Tarski center?. O

To get a feeling for this notion, we provide three examples.
Example 3.2.5.

e If Ais a group or a ring, then C is the center in the usual sense. That is C' = {c € A :
a+c=c+afor all a € A} in the group case, since by Lemma 3.2.2 every element must
commute and this set is clearly a central subuniverse.

In the ring case, the center is {¢ € A : a.c = 0 = c.afor all @ € A}. From the mul-
tiplication operation we see for b,b € C that (0 + 0).(b+ b) = 0.0 + b.b giving b.b = 0.
Similarly b.b = 0 for b,b € C. Also (0+b).(a+b) = 0.a+b.b and (a+b).(0+b) = a.0+b.b
for some element a € A shows a.b =0 = b.a.

o If (A,0,+,Fy, Fy,...) is a zero-algebra and a1 +a; =0 = az =0 forall a; € A
then {0} is the only central subuniverse and therefore C' = {0}. Lattices are examples of
structures which satisfy such a condition where + will be the join operation.

e Let (A,+) be an abelian group with more than one element. If a is not the identity
element, define a fundamental operation F' on it for every countable sequence of elements
as

0 if the sequence ai, as,... has finitely many distinct terms,
a otherwise.

Flay,as,...) :{

It is easily shown that subgroup C of (A, +, F') is a central subuniverse if and only if C'
is finite. Hence the center of (A, +, F) is the set of all elements of finite order. Thus, if A
has infinitely many elements of a finite order, then the center of (A4, +, F') is not a central
subuniverse. If the element a is of infinite order, then this center is not even a subuniverse.

As seen from the last example, the center of an zero-algebra need not be a subuniverse if
we allow operations to be infinitary operations. The next lemma from [JT47] shows that this
does not happen if all the operations are finite.

Lemma 3.2.6. If the operations of A are finitary, then the central subuniverse is always a
subuniverse.

Proof. Suppose F'is an operation of arity n and that c1, co, ..., ¢, € C the center of the algebra.
Then ¢; € B; for some central subuniverses B;. Applying Lemma 3.2.3 n — 1 times and we see
why F(ci,co,...,¢p) € C. O

The next lemma gives the relevance of the center to direct decompositions. As always
assume f, f’, g and ¢’ are of endomorphisms on a zero-algebra A.

Lemma 3.2.7. If 1 = f & f' = g® ¢ then f maps the center of A into itself and fgf' maps
all of A into the center of A.

2The term ”center” is also used in the theory of lattices [Bir48] and rings [Jac43] with a different meaning.
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Proof. Let C denote the center of A. For b € C we know there is a b € C such that b+ b = 0.
Thus f(b) + f(b) = f(b+b) = f(0) = 0. Now we have to show that a = 3 where

a=F(a1 + f(b1),...),
0= F(al,...) —l—F(f(bl),)

for elements a;,b; € A. This follows since f(a) = f(8) and f'(a) = f'(3). Therefore f(b) is
central if b is central. For the second part of the result consider the set B = fgf’(A). Let

= F(al + fgf/(bl))' : ')7
0= F(Cbl, .. ) + F(fgf/(bl), . . )

Note that f'(y) = f'(d). By applying f and f’ we see that

F(f(ar) + f'(b1),...) = F(f(a1),...) + F(f'(b1),...).

Apply g and ¢’ we see that

F(f(a1) +gf'(b1),...) = F(f(a1),...) + F(gf'(b1),...).

Applying f and f’ on both sides we obtain

F(f(ax) + fgf'(br),..) = F(f(ar),...) + F(fgf'(br),...).

This means that f(vy) = f(6). Hence v = §. Finally, consider the set D = B + B’ where
B’ = f¢'f'(A). Note that D also has this property and that fgf'(b) + f¢'f'(b) = 0. Therefore
fgf'(a) is central for all a € A. O

3.3 More endomorphisms

In this section we collect the results from the previous two sections with a few new lemmas
involving endomorphisms to show that every zero-algebra with a finite center is uniquely fac-
torable. To achieve this we ultimately intend to compare two direct factorizations of a given
zero-algebra A. Now before we do this we explore more connections between endomorphisms
and inner products.

Lemma 3.3.1. If f, ', ¢, are endomorphisms of zero-algebra A such that 1 = f & f' =
dBY® [ and ¢+ = f then f(A) = ¢p(A) x P(A).
Proof. Assume x € ¢(A), that is x = ¢(y) for some y € A. Then
z=9¢(y) = (¢ +)o(y) = foly) = f(z).
Hence = € f(A). Therefore ¢(A) C f(A). In a similar fashion it follows that ¥(A) C f(A).
If f(x) = a+ b, where a € ¢(A) and b € ¥(A) then ¢(z) = ¢(f(x)) = ¢(a+b) =a nd
P(A) a

(b)) = ¥ (f(x)) = ¥(a+ b) = b. For every n-ary operation F' and aq,as, ..
b1,ba, ..., by € ¥(A) we have

F(a1+b1,a2+bg,...,an+bn):F(al,ag,...,an)+F(b1,bg,...,bn),
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since

gi)(F(al+b1,a2+b2,...,an+bn)) = gb(F(al,ag,...,an)+F(b1,b2,...,bn)),
Y(F (a1 +b1,a2 +bay ... a0+ b)) = (F(ay,a2,...,an) + F(b1,ba,...,0,)),
f(F(al+b1,a2+b2,...,an—|—bn)) = f(F(al,az,...,an)—|—F(bl,b2,...,bn)).

Together these results conclude that f(A) = ¢(A) x ¥(A). O

The following lemma was proved for groups by H. Fitting in 1934 and later by Jerzy Los
for zero-algebras, but first we recall what it means for a map to be idempotent.

Definition 3.3.2. A function ¢ : A—— A is said to be idempotent iff ¢? = ¢. O

Lemma 3.3.3. If ¢ = (fgf)" is idempotent then there is an endomorphism 1 of zero-algebra
A such that f =¢p+1 and 1 =D Y P f'.

Proof. Put
¢=(fg' N+ (faf) +...+ (faf)" "]
From Lemma 3.1.5 (vi) it follows that no more parentheses are needed. From Lemma 3.1.5

(iv) se we see that ¢ is an endomorphism of A. Next we show ¢+ ¢ = f. To do this, we apply
Lemma 3.1.5 (v) and (vi).

g+¢ = (Fd L+ (faf)+-. .+ (Faf)" '+ (faf)"
= (fdH+faf)+ .-+ g 21+ [f9 F(fa )" + (fa.)"]
= (fdH+Faf)+ .-+ Fan)" 21+ [(fd'F+ faf)(fa )" ]
= (fdNL+Fgf)+- -+ (FaH" ]+ (Faf)"

Inductively we may continue and obtain g + ¢ = f¢'f(1) + fgf = f. Similarly we can show
¢+ q = f. We now take ¢? to be the desired 1. From Lemma 3.1.5 (x) we have ¢¢p = 1¢.
Next we show ¢ = 0. First note

O+ dq = 04" + ¢°q = 6 + dad = dq(q + ¢) = ¢af = ¢g = 0+ ¢q.
Since ¢q is cancellative we obtain ¢ = 0. To obtain ¢? = 1) we first show
¢ =0+¢"=90¢+q¢* = (0 +q)* = f’ = ¢.

Hence 42 = ¢* = ¢ = ¢> = . Now ¢f = ¢ff = 0. Likewise it can be shown that
Pf'= f'é = f'4b =0. All that remains now is to prove that ¢ + v = f. First observe

d+oq = ¢+ g
= ¢(o+4q)
= of
= ¢
Therefore ¢+ = p+q* = (p+dq)+q* = ¢+ (dq+q*) = (0*+dq)+(99+¢*) = (p+¢)* = f* = |
using (vi) from Lemma 3.1.5. O

The next lemma tells us slightly more than the previous lemma.
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Lemma 3.3.4. Let 1 = f@ f=g&g. Ifn>1 and (fgf)" = f then an endomorphism
exist such that the following three equations hold:

= (9f9)" +7,
1 = (gf9)"dvdg,
1 = (fg)"a[(fof)" g +1f.

Proof. Tt follows immediately that (gfg)™ is idempotent. So the facts about 1 follows from
Lemma 3.3.3 with the roles of f and g reversed. For the final equation we note that (fg)”
is idempotent since (fgf)"™ = f. The second summand is idempotent since it is of the form
(fh+1)f" for some endomorphism h. Next we calculate the composition of the summands.

[(fgf)" g +11f - (fg)" = 0.

(Fo)* - 1(faf)" g + 1 = [(faH" g + (Faf)" " glf
= (fgf)" 'f
— 0.

Finally we show that the two summands really do add up to 1 by applying (vi) from Lemma
3.1.5.

(fo)" +[(fof)" 'g +10f = [(fo)"+ (Faf)" g f1+f
)" Hfg+ fg'f+
" H(faf + faf )+ fo 1+ f
= (fo)" 'Waf + (Faf' + fd NI+ f
)" faf +0)+ f
= f+/f
1.

O]

The next two lemmas are useful observations about the map (fgf)™ and will assist us in
proving our final lemma, Lemma 3.3.7.

Lemma 3.3.5. If (fgf)" = f for some positive integer n then algebras B,C, D and D’ exist
such that A= B x D and C = B x D" where 1 = f @ f' = g® g for some endomorphisms
f.9,9 on zero-algebra A. In fact,

B = f(4)
C = g(A)
D = ([(fgfH)" g +11)(A)
D' = y(A)

works, where ¢ as the same as the one from Lemma 3.3.4.

Proof. From Lemma 3.1.4, Lemma 3.3.1 and Lemma 3.3.4 we get

9(4) = (9f9)"(A) x ¥(4)
A = (fo)(A) x ((faf)" ' + 1 )(A).
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So the result will follow if we can show f(A) = ( 9)(A) = (fg)"(A)

( =
f(A) 2 (f9)(A) 2 (F9)"(A) 2 9((f9)"(A)) §1 9)"(A), using the fa(t

(9f9)"(A). Note
= 2
endomorphism h on A. Let ¢ : (gfg)"(A)—=(fg =

h(A) for any
) = (fg

(A) such that ¢((gfg)" )(z). Note
(9f9)"(x) = (9f9)" (") = (f9)(x) = f(gf9)"(x) = f(gf)"(z) = (fg)(2'). Thus ¢ is a well-
defined bijective homomorphism. Also fg(A) C f(A) = (fgf)"(A) = fa(fgf)" *(A) C fg(A).

Hence fg(A) = f(A). O

Lemma 3.3.6. For all positive integers n, we have (fgf)"(A) U (fg'f)"(A) # {0} if f is a
non-zero map where 1 = f & f' = g® ¢’ for some endomorphisms f, f',g,9 on zero-algebra A.

Proof. We first treat the case n = 1. Note fgf(a) + f¢'f(a) = f(a). Hence the result holds
for this case. Let n be the smallest integer for which (fgf)"(A) U (f¢'f)"(A) = {0}. Using
Lemma 3.1.5 part (x) we have

(Faf)" Ma) = (fgf)" "(faf(x)+ fd' f(x))
(fgf)" (@) + (fg.)" ' (fg' ()
(faf)" ' (fd'f(2))

(fa )" M (fd F)(faf (@) + fg' f(x))
(fa )" (fd F)*(x)

(Faf)" M fg' )" (x)
— 0

In a similar fashion we obtain (fg’f)" !(x) = 0. This contradicts the fact that n is the smallest
integer such that (fgf)"(A) = (f¢'f)"(A) = {0}. Therefore no such n exists, completing the
proof. O

Lemma 3.3.7. If A is a zero-algebra with a finite center and A= B x B’ = C x C" for some
directly indecomposable algebra B then algebras D and D' exist such that A = B x D and either
C=BxD orC'"=BxD'.

Proof. Asalways, let 1 = f@ f' = gdg where f(A) = B, f'(A) = B',g(A) = C and ¢'(A) = C".
For m > 3, let

han = (fgf) + ...+ (fgf)™ >

Using Lemma 3.2.7, it is a map of the center into itself. Since the center is finite, we must have
R = hyk (as maps defined on the center) for some m and k > 1. Since the range of gfg’ is
contained in the center, we have

hmgfq f = hmirgfq f.
Observe
hmgfg' f+ (fof)" = hmgfd f+ (Fof)" (g +9)f
= hmgfg'f+ ((Fof)" afd f+ (fo£)™)

= (hm+ (fgf)" Nafd f+ (fo£)™
= hmi19fd' f+ (fof)™

Repeating this calculation k times, we obtain h,gfg'f + (f9f)™ = hmsrgfg'f + (fgf)™r.
Cancelling off we obtain (fgf)™ = (fgf)™** as maps on A. A similar calculations yields
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(fg' f)" = (fg' f)r* for some r and s > 1. Choosing n larger than both m and r and divisible
by k and s we obviously have (fgf)?" = (fgf)" and (fg¢'f)*>" = (f¢'f)".

Thus by Lemma 3.3.6 we may assume (fgf)"(A) # {0}. Since (fgf)" is idempotent we
have by Lemma 3.3.3 that 1 = (fgf)" @ ¢ @ f’ for some ¢ with (fgf)" + ¢ = f. Applying
Lemma 3.3.1 we get f(A) = (fgf)"(A) x ¥(A). Knowing f(A) is directly indecomposable and

(f9f)"(A) # {0} we must have f(A) = (fg/)"(A).

We proceed to claim (fgf)" = f. Choose y € A. Now f(y) = (fgf)"(x) for some z.
)

Then (fgf)"(y) = (f9£)"(f (W) = (f9/)"(faf)"(x) = (fgf)"(x) = f(y) justifying our claim.
Lemma 3.3.5 concludes the proof. O

Jonssén-Tarski Theorem. Every zero-algebra with a finite center has an unique factoriza-
tion, provided that each of its direct factors is decomposable into a finite product of indecom-
posable algebras.

Proof. Suppose A is a zero-algebra with a finite center such that

for some directly indecomposable algebras A’ B;» and n < m. We prove this theorem by

17
induction on n by showing m = n and after renumbering A} ~ B}. The theorem is clearly true
for n = 1, that is when A is a directly indecomposable algebra. Now we continue by supposing
it holds for all smaller values of n. By Lemma 3.1.1 we know there are subalgebras A;, B; of A

with A; ~ A} (for each 7),B; ~ Bj (for each j) such that

i=1 j=1

Apply Lemma 3.3.7 with B = Ay, B' = [[[_, A;,C = By and " = [[/_, Bj. Thus A=D x B
and either C = B x D’ or C' = B x D’ for some subalgebras D and D’. In both cases we have
D ~ B’ by Theorem 3.1.6.

Case I :If C = Bx D' then D’ = 1 making B; = C' = B, since C is directly indecomposable. If
B were trivial, then it contradicts the fact that B is directly indecomposable. Hence A; ~ Bj.
Also A= B xD=CxD =C xC' By Theorem 3.1.6 it follows that C' ~ D ~ B’. The
induction hypothesis gives m — 1 = n — 1 and a renumbering that completes this case.

CaseI1: If ¢’ = Bx D' then A = Bx B'=C x(C' = C x Bx D'. By Theorem 3.1.6
it follows that B’ ~ C x D’. Suppose D’ = Hi:l Dy for some directly indecomposable alge-
bras Dy. As B’ and C' have m — 1,n — 1 indecomposable factors respectively, it follows by
induction that {As,..., A,} is an rearrangement of {Bj, D1,..., Dy} and {Bs,...,B,} is an
rerrangement of {Ay, D1, ..., Dy} of zero-algebras up to isomorphism and n = m. O

Corollary 3.3.8. Every finite zero-algebra is uniquely factorable.

The Jénsson-Tarski Theorem explains why every group, ring or lattice with a finite center
has the unique factorization property. In particular it proves that every finite group, ring or
lattice is uniquely factorable. This theorem also allows us to modify the type of a structure to
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produce more examples of algebras that is unique factorable.

It should be observed that Theorem 3.3 and Corollary 3.3.8 is still valid if a binary term
operation + (that is definable in terms of the basic operations) exists such that {0} is an one-
element subuniverse and all elements x obey x +0 =2 =0+ .

The approach in this chapter is more modern than the original proof of Jénsson found in
[JT47]. We utilised ideas of inner products and endomorphisms. These techniques seem to be
intrinsic to zero-algebras and can not easily be applied to other structures as illustrated with
the next example.

Example 3.3.9. Suppose A = {a,b, ¢,d} is an algebra with 2 unary functions F, G as depicted
below.

A

a
GJ G
c

~—Fd

Although this algebra is not directly indecomposable, the only endomorphism on it is the
identity morphism. This example illustrates why the techniques in this section are not useful
in general.

3.4 Algebras almost without zero-divisors

Finiteness seems to be an important criteria for most of these results. This is no surprise, be-
cause for every finite structure we can guarantee at least one direct product decomposition into
directly indecomposable algebras, but not for infinite structures. This section explores Ivan
Chajda’s [Cha76]unique factorization result which bears some resemblance to zero-algebras but
has no finiteness restrictions.

In this section we concentrate on algebras almost without zero-divisors, that is a zero alge-
bra with an extra operation which allows us to produce Ivan Chajda’s unique factorization
result [Cha76]. Theorem 3.4.7 will play a major role for producing this factorization result, but
first some new concepts.

Definition 3.4.1. Algebra (A,0,+, f) is said to be almost without zero-divisors if it has
a nullary element 0 and two operations + and f which has arity 2 and n respectively such that

(i) a+0=a=0+a forallac A

(ii) for all a,...,a, € A

fla1,...,an) =0iff a; =0 for some j € {1,2,...,n}.
O

Example 3.4.2. An interesting example of finite algebras almost without zero-divisors are
(Zp, [, hin, gn) where f(a,b) = a+b, hpy(a,b) = a+b+m and gn(ai,...,a,) =[] a; for some
ring Z, where p is a prime number. If m # 0 then these algebras almost without zero-divisors
are not examples of zero-algebras.
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Definition 3.4.3. Let pr; denote the projection of [[ A; onto the direct factor A;. O
el

Lemma 3.4.4. An algebraic structure almost without zero-divisors is directly indecomposable

over the class of structures almost without zero-divisors.

Proof. Suppose A = [] A; with |I| > 2 and |4;| > 1 for all i. Select i1,iy € I where i1 # i.
el

Choose a € A such that pri(a) = 0if k € I — {i1} and pr;,(a) # 0. Choose o’ € A such

that pri(a’) = 0 if k € I — {i2} and pry,(a’) # 0. Thus both a and @' are non-zero with

f(a,...,a,a’) = 0. This contradiction completes the proof. O

Definition 3.4.5. Let {4; : i € I} be a collection of structures without zero-divisors of the
same type and A = [] A; for some algebra A. Let A; denote the structure [] A;- where A} = A;

i€l jel
and A’ = {0} whenever j € I —i. O
Lemma 3.4.6. Let {A; : ¢ € I} be similar algebraic structures almost without zero-divisors
and A =[] 4.
el

(i) Suppose ay,...,an € A If for all i € I there is at least one j € {1,2...,n} such that
pri(a;) = 0 then f(ai,...,a,) = 0.

(ii) Suppose a,a’ € A with either pri;(a) =0 or pri(a’) =0 for each i € I. Thena+b=b+a
and pri(a+b) = pri(a) or pri(a+b) = pri(b) for each i € I.

(iii) A; for each i € I are also algebraic structures almost without zero-divisors of the same
type.

Proof. (i) For each ¢ € I we have

pri(f(alv"'van)) = f(pri(al),...,pm(an))
= flpri(ar),...,pri(aj-1),0,pri(aj+1), ..., pri(an))
= 0.

Hence f(a1,...,a,) = 0. For (ii) note for each ¢ € I that pri(a)+pri(a’) = pri(a’)+pri(a). Thus
pri(a+a’) = pri(a’+a) for each i € I and hence a+a’ = a'+a. It is evident pri(a+ad’) = pri(a)
or pri(a’) from the fact pr;(a) = 0 or pri(a’) = 0. The last claim is obvious. O

Theorem 3.4.7. Suppose (A;)icr and (Bj)jey are similar algebraic structures almost without
zero-divisors. If ¢ is an isomorphism from [[ A; onto [] B;j then an injection o : J —1

i€l jes
Bj C ¢(A,j))-

Proof. Fix some j € J and choose b € B; — {0}. Put b; = pr;(b). Then b; # 0 and pri(b) =0

for k # j. Realising ¢ is an isomorphism we have an unique element a € [[ A; = A such that
el

exists such that

¢(a) = b. Hence for some o(j) € I we have pr,(j)(a) # 0. Put ay;) = pry(j)(a). Let c be an
element of A such that pr;(c) = pri(a) for all 4 ;é o(j) and pry(;)(c) = 0. By Lemma 3.4.6 we
get ay(jy +c=a.

Lemma 3.4.6 gives f(a,(j), .,¢) = 0. Therefore

0= ¢(O) = ¢(f(ao(j)7ca R C)) = f(¢(ao(j))a ¢(c)’ KR ¢(C))




Thus 0 = pr;(0) = f(prj(¢(@s))), pri(p(c)), ..., pri(¢(c)). Hence prj(é(ay(;))) = 0or prj(¢(c)) =
0 for each j € J.

If ¢(a,(;)) € B; then for some j # j we have prj/(¢(ay(;))) # 0 which implies prj (¢(c)) = 0.
So b = ¢(a) = ¢(as(j) + ¢) = P(as(;)) + ¢(c) but 0 = prji(b) = prj(¢(as(;))) + pry(d(c)) =
prj(¢(@y(;))) # 0. This is a contradiction. Assuming ¢(c) ¢ B; we can reach a contradiction
with a snmlar argument. Thus we must have ¢(a,(;)) € B;j and ¢(c) € B;
Therefore prj (¢(aq(j))) = 0 = prj(¢(c)) if j' # j. Earlier we showed either pr;(é(a,(;))) = 0 or
prj(¢(c)) = 0. Thus either ¢(a,(;)) = 0 or ¢(c) = 0. Suppose ¢(c) # 0 then ¢(a,(;)) = 0. Then
b= ¢(a) = ¢(ay(j)+c) = ¢(c). Hence a = c as ¢ is an isomorphism. Therefore 0 = pr,;)(c) and
To(j)(@) = ay(j) # 0. This contradiction yields ¢(c) = 0. So ¢(a) = ¢(a,(;)) + ¢(c) = ¢(To(;))
which implies @ = @,(j). Thus far we have showed for each b € B; — {0} there is an index
o(j) € I and an element @, ;) € Ay(;) with ¢(a,(;)) = b.

Next we will show the index o(j) is the same for all b € Bj. Let by,by € Bj — {0}.
the previous paragraph there is i;,72 € I and elements a@;, € A;, and a;, € A;, such that
¢(a;,) = by and ¢(a;,) = by. Clearly a@;, # 0 # G;,. If i1 # i2 then by Lemma 3.4.6 we have

f(b1>b2a---vb2) = ¢(f(ai1>ai2v--'aaz‘2)) = ¢(0) =0.

Lemma 3.4.6 part (iii) gives f(b1,ba,...,b2) # 0 which is a contradiction. Therefore i; = is.
Hence there is an unique index o(j) € I such that for each b € B; — {0} there is a € A,(;
satisfying ¢(a) = b. If b =0, let a = 0 as ¢(a) = b and 0 € A,(;). Thus ¢(A,(;)) 2 Bj. As
j € J was arbitrary, this fact is true for every element in the set .J.

Now we show this map is unique. Suppose B; C ¢(A;,) and B; C ¢(A;,) for some iy,iy € I
and j € J. Choose b € Bj —{0}. Then b = qﬁ(a“) = ¢(ai,) where a;, € AZ1 and a;, € A;,. This
is impossible if i1 # is. Hence there is only one map from ¢ : J——=1 with the desired properties.

It only remains to show the map is injective. To do this suppose ¢ € I and ji,j2 € J such
that le - ¢(A,‘),Bj2 - ¢(Az) and j1 7& jQ. Select bj1 S le — {0} and bj2 € Bj2 — {0} Then
there exist some aj,as € A; such that ¢(a1) = b;, and ¢(az) = b;,. Note a3 # 0 # az. By

Lemma 3.4.6 (iii) we know A; is almost without zero-divisors. Thus f(a1,as,...,az) # 0, but
0= f(biy,biy,-..,biy) = &(f(a1,a2,...,a2)) # ¢(0) = 0 by Lemma 3.4.6 (i). This contradiction
completes the proof. ]

Now we are ready to prove I. Chajda’s [Cha76] result. It should be highlighted that this
result do not require {0} to be a subuniverse and is applicable to the algebras in Example 3.4.2.
We can even take the product of a finite collection of them and form a larger algebra which
still has the UFP. However Theorem 3.3 can not be used directly to prove this fact and thus a
new method was found to produce structures with the UFP.

Theorem 3.4.8. If an algebraic structure is directly decomposable into structures almost with-
out zero-divisors, then the factorization over the class of structures almost without zero-divisors
18 unique.

Proof. Suppose A ~ [[ A; ~ [] B; where each A; and B; are algebraic structures almost
il jeJ
without zero-divisors. By Lemma 3.4.4 it follows each A; and B; are directly indecomposable.
Suppose ¢ is an isomorphism from [] A; onto [[ B;j. By Theorem 3.4.7 we know an injective
il jeJ
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map o : J — I exist such that for each j € J we have
and an injective map 7 : I —— J exist such that for each ¢ € I we have

¢~ (By(j)) 2 Ai.

Note A; N Ay = {0} if i # . Hence o(7(i)) = . Similarly we can show 7(o(j)) = j. Thus
¢(As(j)) = Bj and ¢(B.(;)) = A;. Hence 7 and o are bijections proving that A; ~ B.; for
each i € I.
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Chapter 4

Refinement properties

Having had some success with finite structures, we now continue our investigation of the unique
factorization property aka UFP to study infinite algebras. Mathematicians quickly realised the
UFP notion was insufficient to study these larger structures and they resolved this problem
by introducing the new ideas of refinement, strict refinement and the intermediate refinement
property. This chapter studies and connects these concepts. By building on previous techniques
we proceed to show that every finite congruence distributive algebra is uniquely factorable. On
our journey we also encounter other unique factorization results.

4.1 Decomposition functions

We commence this section by giving the precise definition of the term refinement which is a
natural extension of the unique factorization property for infinite algebras. We also introduce
the stronger concept of strict refinement. These concepts were introduced and brought to
prominence when C. Chang [Cha61, Cha67], B. Jénsson, A. Tarski [CJT]| and R. Mckenzie
[Mck71] decided to tackle infinite algebras.

Definition 4.1.1. Algebra A has the refinement property for direct factorization iff if

whenever
A~ HBi o~ H Cj,
iel jeJ
Dz‘j and Cj ~ Hie[ Dl] ]

then algebras D;; exist such that B; ~ II jeJ

Definition 4.1.2. Algebra A has the strict refinement property whenever we have

()==II/%== II’W

icl jeJ
in Con A, then congruences d;; exist such that 3; = [[;c; dij and v; = [[;; 6ij- O

Note that a finite structure is uniquely factorizable into directly indecomposable algebras if
and only if it has the refinement property. The Klein four-group, the smallest non-cyclic group,
illustrates that even for finite structures the refinement property does not necessarily imply the
strict refinement property, however the converse is always true, as we will see shortly.

Theorem 4.1.3. If algebra A has the strict refinement property then

(i) A has the refinement property.

(i) If 0 = [[;c; i = HjeJ Bj where each oy, 3; are directly indecomposable congruences then
the sets {o; i € I} and {f;:j € J} are identical.

(117) If 0 = ae X &' then A/« has the strict refinement property.
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Proof. Assume for directly indecomposable algebras A;, B; we have
A~ H A; ~ H B;.
icl jeJ

Thus congruences «;, §; exist such that A/a; ~ A; for each i € I, B/f; ~ Bj for each j € J
and

By the strict refinement property we can find congruences ¢;; such that o; = Hje 7 0i; and
B; = I1;cr 9ij.- Hence
Ai ~ HA/(S’LJ and Bj ~ HB/&J

jeJ iel
The second and third part of the result follows immediately from the definition of strict refine-
ment. O

Lemma 4.1.4. Let « be a congruence on algebra A such that for alli € I and all j € J, 3;,7;
and d;; are congruences on A such that

a=]]6=]]w
icl jeJ
and for all i € I and j € J we have
Bi =165 and~; =] 6,
jedJ iel
then 6;j = Bioyj =00 foralli €l and j € J.

Proof. Fix p € I and ¢ € J. Let M = {(p,j) : j € J} and N = {(i,q) : i € I}. Then
M NN ={(p,q)}. Therefore
II

(i,7)EAUB
exists by Lemma 1.3.1, since oo =[] d;;.
iel,jed
If (z,y) € [T  6ij, then from above we know z € M exists such that (z,z) € d;; for
(4,5)EMNN
all (i,7) € M and (y,z) € 6;; for all (i,j) € N. Thus  [[  0;; C [ 60 [ 4.
(4.5)eMNN (i.9)eM (.5)EN

Also note H 6@']‘ - H 5ij and H 5ij - H 5zg Thus H 5@' o H (Sij -

(1,j)eM (1,j)EMNN (1,j)EN (1,j)eMNN (1,5)eM (t,j)EN

[T  6ij. Therefore

(i,j)EMNN

Bpoyg = H dij 0 H 0ij

(4,5)eM (¢,4)eN
- H 5ij
(3,5)EMNN
= Opg-
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To further our study of refinement properties we take a brief detour into decomposition
functions. They will serve roughly the same role as the endomorphisms associated with a
direct decomposition of an algebra with a zero element as investigated in the previous chapter.

Definition 4.1.5. A decomposition function f on algebra A is a homomorphism f :
A% — > A such that f(z,2) =z and

f(f(:v,y),z) = f(‘rvz> = f(x7f(ya Z))

If f is a decomposition function we define f,(x) to be f(z,v) and f](y) to be f(u,y). Suppose
a and o are congruences such that a x o’ = 0. Define the function f, o : A? —— A such that
fa,or(z,y) = w where w is the unique element such that (z,w) € a and (w,y) € . O

We will shortly see that decomposition functions are easier to manipulate then the alge-
braic structures themselves. Using decomposition functions we can capture direct product
factorization properties as demonstrated with the example below.

Example 4.1.6. Suppose ¢ is an isomorphism from A to B x C. For all z,y € A with
#(x) = (b1, c1) and ¢(y) = (b, c2), let f(x,y) = ¢~ (b1, c2). A simple calculation shows that f
is a decomposition function with ¢(A) = B x C. O

Obviously if f is a decomposition function and we put g(x,y) to be f(y,z) then g is also a
decomposition function. The following lemma demonstrates the importance of decomposition
functions.

Lemma 4.1.7. If f is a decomposition function then ker f, and ker f], are congruences on A
that are independent of the choice of u and v. The correspondences

(O[,O/) = foz,o/

f — (ker f,, ker fl)

gives a bijection and its inverse between the set of pairs (a,a’) € Con A2 with a x o/ =0 and
the set of decomposition functions on A.

Proof. We first show that the correspondence is independent on the choice of v and v. Let
v, o' € A If (x,y) € ker f, = fu(z) = fuly) = fl(z,v) = fly,v) = [f(f(z,v),v) =
f(f(y,v),v) = f(z,v') = f(y,v') = (x,y) € ker f,,. Thus ker f, = ker f,/. Similarly, it
can be shown that ker f], = ker f!, for all u,u’ € A.

Before we show the correspondence is a bijection, we show that the maps have the correct
co-domains. It is clear ker f, is an equivalence relation. Say F is a m-ary operation and
(wi,yi) € ker frw,.0) = ker f, for 1 < i < n. The following calculation establishes that
ker f, is a congruence.

f(F(x1,29,...,20), F(v,v,...,0)) = F(f(z1,v),..., f(zn,0))
(f(y1,0)s- -+ f (Yns 0))

= f(F(y1,---,yn), F(v,...,0)).

Next we show f, o is a decomposition function. Clearly f, o (x,z) = 2. Suppose fu o (2,y) =
w = (z,w) € a,(wy) €d. If fo(w,z) =t = (w,t) € aand (t,z) € ¢/. By transitivity
we have (z,t) € o and hence fy o/(x,2) =t. Thus fo o (fao(2,9),2) = fao (2, 2). Similarly
we can show fo o/ (2, fa,o/ (Y, 2)) = fa.o(z,2).

1,V
1,V
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Let f be shorthand for f, .. Suppose F'is a n-ary operation and (x1,y1), (x2,y2), .-, (Tn,Yn) €
A%, Suppose f(z;,y;) = 2 for each i. Thus (z;,2;) € a and (2;,y;) € o for each i. Therefore
(F(z1,...,2n), F(21,...,2n)) € aand (F(z1,...,2n), F(y1,...,yn)) € &/. Thus

F(f(xi,01), - f(@n,un) = Flz1,...,20)
= f(F(z1,.. . 20), F(y1,. .. Yn)).

Suppose f is a decomposition function of algebra A. Let (z,y) € ker f, N ker f/. Then
(x,y) € ker f, and (z,y) € ker f]. The next calculation shows that ker f, N ker f, = 0.

ro= f

1 | | | I |
o S S

Let (a,b) € A%. Note (a, f(a,b)) € ker f, since f(f(a,b),v) = f(a,v) and (b, f(a,b)) € ker f/
since f(v, f(a,b)) = f(v,b). Hence ker f, o ker f; = 1. From the previous paragraph it follows
that ker f, x ker f] = 0.

Suppose (o, &) = foo, (B,6") — fap and fo o = fgp. Note (z,y) € a <= fou(z,y) =
y <= fap(r,y) =y <= (z,y) € 5. Hence a = (3. Similarly, it follows that o/ = .
Therefore the first map is injective. Suppose now, ker f, = ker g, and ker f; = kerg,,. If
(x,2) € ker f, = kerg, and (z,y) = ker f], = kerg,, then f(z,y) = z = g(x,y), by the
independence of v and u. So the second map is also injective. Thus by the Cantor-Schroder-
Bernstein Theorem it follows that the correspondence is indeed bijective.

Finally, noting (a,b) € a < faa( b)) = fau(bb) = ((a,b),(b,b)) € ker f, o and
(a,b) € / = fouw(a,b) = fou(a,a) ((a,b),(a,a)) € ker f/, ., completes the corre-
spondence. O

If A is an algebra with a zero and u = v = 0 then f,, f,, are f, f’ as studied in the previous
chapter. If A has an one-element subalgebra {e} then f., f. are endomorphisms on A, but
in general f,, f/, may not be. We list some elementary properties of decomposition functions
without proof.

Lemma 4.1.8. If f is a decomposition function and a,b,c,d,e € A then the following state-
ments all hold:

(i) fa(a) =

(ii) fafo(c) = falc).
(iii) fofo(c) = fo (D).
(i) falc) = c iff folc) =
(v) falc) =
(vi) fa(c) =

fo(d) implies fe(c) = fe(d).
fa(d) iff fo(c) = fo(d).
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(vii) fa(c) = fald) and fi(c) = f1(d) iff ¢ = d.

Before we continue to show that the strict refinement property is equivalent to the assertion
that factor congruences form a Boolean sublattice on Con A, we quickly prove a result that
will assist in this task.

Lemma 4.1.9. If 0 = [[;c; ; then the map
K H a5
iel-K
is a (0,1)-morphism from the Boolean lattice of subsets of I into Con A.

Proof. The hard part is to show the map preserves join and meet, that is for any subsets A
and B of I that the following are true:

H o = Hai/\Hai,
I-A I-B

I-ANB
[l o = [[ev o
I-AUB I—-A I-B

Using

it turns out that it is enough to show that whenever 0 = o x 3 X vy X 6, then

(axB)AN(axy)=axx7, (4.1)

(axB)V(axvy)=a. (4.2)

Equation (4.1) is obvious, because r x s = r A s and clearly (o x ) U (a x 7) < a. For
the reverse suppose (z,y) € a. Knowing that a x # x 7 exists we can find u such that
(u,x) € o, (u,x) € B, (u,y) € v. Therefore (z,u) € a x B using transitivity. Hence (u,y) € «
giving (u,y) € a x . Thus (z,y) € (o x B) V (o x 7y) proving Equation (4.2). O

Before we give an equivalent list of statements, we recall a definition from Chapter 2.

Definition 4.1.10. For algebra A, « is a factor congruence iff 0 = a x o/ for some congruence
o' on A. O

Theorem 4.1.11. For any algebra A the following statements are equivalent:
(i) A has the strict refinement property.

(ii) A as the strict refinement property for finite index sets I,J.
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(iii) The set of factor congruences of A forms a Boolean lattice.
(v) If0=ax o =g x [ for some a,d,3,3 € Con A then (aV ) Ao’ <.

(v) If0=axa =3 x [ for somea,d,3,5 € Con', A then ao(a/ N3) = (¢/ ANB) o and
B<(AB)V a.

(vi) fogv = gufv for all decomposition functions f,g and all v € A.
(vii) There exists v € A such that f,g, = gufu for all decomposition functions f and g.

(viii) For any decomposition functions f,g and ai,as,as,aq € A there exists v € A such that
fogu(a;) = gufolai) and flgy(a;) = gufl(a;) for alli € {1,2,3,4}.

Proof. (i) = (ii) = (iti) = () (since (a VB Ad = (aANd)V (BA) < PB),
(iit) = (v) and (vi) = (vii) = (viii) are obvious. Assume (vii) and suppose
0 = [LiesBi = [ljesv;- Define 6;; = 3 vV ¢;. To prove (i) it is sufficient to show that
[Ljes6ij = Bi and [];c; 0ij = ;-

By Lemma 4.1.7 there is a function f; : A ——= A such that §; = ker f; = ker f, for some
v. Likewise v; = kerg; for some function g; : A —— A. By (vii) every f; commutes
with g;. Next we show &;; = kerg;f; = kerfig;. Note ker f; C kerg;f; = ker f;g; and
that kerg; C ker fig; = kerg;fi;. Thus 6;; = ker f; V ker g; C ker g;f;. For the reverse if
(x,y) € ker fig; we have

ker g; ker f; ker f; ker g;
r — gj(z) — figi(x) = fig;(y) — 9;(y) — ¥.

So ker fig; C ker f; V ker gj = 0;;. Certainly fi(z) = fi(y) iff g;fi(x) = g;fi(y) for all j.
So Njeyd;; = Bi. It remains to show for all a € A7 there is a b € A with fig;(b) = fig;(a;) for
all j € J. This follows from the existence of element b € A with g;(b) = g;(a;) for all j which
in turn is immediate from the existence of Hje 77 A similar argument shows [[,.; d;; exists
and is equal to ;.

Assume (iv) and we will show f,g,(x) = gy fy(z) for any decomposition functions f,g and
any v € A. Take o = ker f,, o/ = ker f], 8 = ker g, and ' = kerg). Thus0=axa' =3xf.
Now we proceed to proof the following two claims:

Claim 1: (fvgv(ﬁ)agva(x)) €.

folz) ——z—2 g, (2) = fogu(a).

/

o) —— v =2 f,9,(x).

So (fu(x), fogu(x)) € (aVB)AQ. Therefore (f,(x), fogu(x)) € B. Moreover (f,(x), gy fv(x)) € B.
Thus by transitivity (f,g.(x), g fo(x)) € B.

Claim 2: (fugu(x), gufo(2)) € B'.

fvgv(x) = gv(x) i v.

/

Jogu() “—w.
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So (fugu(z),v) € & A (aV B). Therefore (fygu(x),u) € 3. Also (v,g,fy(z)) € . Thus
(fogu(x), gufu(x)) € B’ by transitivity.

We now assume assertion (v) and prove (iv). Note o 3> ao (B Ad'). Also
ao(BAd) > aV(BAL)
> B
Therefore ao (BA ') > aof giving ao (BAa') =aoF. Also
foa < ((@AB)Va)oa
— (' AB)oa)on
— (@Ap)oa
= aof.

Thus oV = aoff = foa. Hence (aVB)Ad' = (aofB)Ad = (ao(BA)) AN < o/ NS < B, since
if (z,2) € (o (BAQ)) AN/ then a y exists such that (z,2) € o, (z,y) € @ and (y,2) € A .
Thus (z,y) € o giving (z,y) € o A @ = 0 which implies 2 = y and (z, 2) € (.

Finally assume (viii). To prove (v) we first show o and o/ A commute if 0 = a x o/ = 3 x 3.
Let f and g be the decomposition functions associated with « and 3 respectively. Suppose
(x,y) € ao(a’ AB). Thus (z,z) € a and (z,y) € & A (3 for some z, which means (z,y) € 3.
Since z is the unique element such that (z,z) € a and (z,y) € o/ we have z = f(x,y). Suppose
u = f(y,x) and select v € A such that

fvgv(t) = gva(t) and lezgv(t) = gvf{,(t)

for t = x,y,z,u. Notice f,(2) = fo(x), fl(2) = fl(v), fo(u) = fu(y), fl(u) = fl(x) and
9v(2) = gu(y). Therefore

fvgv(u) = Gufo(u

[ T
S 2
=2 T
I\ <

= gufulz
= fvgv(x)'

Also flgu(u) = gufi(u) = gugy(z) = fy90(x). Hence it follows that g, (u) = g(z) and (u,z) € .
Thus we have (z,y) € (&’ A 8) o a. This establishes that o and o/ A  commute.

It remains to show that 3 < ao (o’ A 3). Suppose (z,y) € B and z = f(z,y). Select v € A
such that
fvgv(t) = gva(t) and lezgv(t) = gvf{,(t)

for t = z,y,2. Observe gy(z) = gu(y), fu(x) = fu(z) and fi(y) = f,(2). Hence fug,(y) =
fvgv(x) = gva(x) = gva(x) = fvgv(z) and le;gv(y) = gufq,;(y) = gqul;(z) = fq/;gv(z)~ Therefore
9u(y) = gu(z) or equivalently (y, z) € 3. Thus (z,y) € ao (¢’ A 3), because

o o' NG
x z Y.
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Corollary 4.1.12. If Con A is distributive then A has the strict refinement property.
Proof. Note when Con A is distributive then condition (iv) of Theorem 4.1.11 holds. O]

Corollary 4.1.13. If A is an algebra with a zero and if the centre of A is {0} then A has the
strict refinement property.

Proof. We only need to show fg = gf whenever 1 = f& f' = g®¢'. By Lemma 3.1.5 fgf’, f'gf
are both maps of A into the centre. Thus fgf' = f'gf.

fo = fa(f+1)
faf + faf
faf +f'af
(f+1)fg
= g/

O

Corollary 4.1.14. FEvery partially ordered set with a top and a bottom has the strict refinement
property.

Proof. Let P be a partially ordered set with a top and a bottom such that P ~ Q x Q. Let f
be the associated decomposition function. Then f( o) (a,a’) = (a,0) = (a,a’) A (1,0), showing
fo(x) = x Ay for some y € P. Hence by Theorem 4.1.11 (vi) the result follows. O

In [FT52] we find a necessary and sufficient condition for an algebra to be a Boolean factor
algebra, that is the set of factor congruences forms a Boolean lattice. They showed this happens
whenever for every factor congruence « there is an unique congruence o’ such that 0 = a x /.
Therefore by Theorem 4.1.11 these algebras also has the strict refinement property.

4.2 Intermediate refinement property

Now we introduce and investigate a property that is weaker than the strict refinement property.
This property with some additional conditions will still imply that a given structure has the
refinement property.

Definition 4.2.1. (A,v) is said to have the intermediate refinement property iff the two
formulas f,g,(x) = v and g, f,(x) = v are equivalent for each = € A and for all decomposition
functions f and g, where structure A is an algebraic structure or an relational structure. [

Note if A has the strict refinement property then (A, v) has the intermediate refinement
property for every element v of A. The following theorem translate this property to the language
of congruences.

Theorem 4.2.2. For any v € A the following conditions are equivalent:
(i) (A,v) has the intermediate refinement property.
(ii) F0=axa' =B x 3 thenv/((aoB) A (a0 ) = v/B.
(iti) If 0 =ax o' =3 x 3 thenv/((ao B) A(a' 0 3)) Cuv/S.
(w) If0=ax o =pxpF thenv/((aof)Nd) Cv/B.
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() If0=axda = x [ thenv/BCv/(ao(a ANB)) Cv/((a/ NB)oa).

Proof. Clearly (iii) implies (iv) and (i7) and (iit) are equivalent. Imitating the proof in The-
orem 4.1.11 we can show (v) implies (iv). We now assume (iv) holds and show (iii). Assume
(v,2) € (a0 B)A(a’0f3). Thus (v,z) € o and (v, ) € a’o3. So elements m, n exists such that
(v,m) € a, (m,x) € B,(v,n) € & and (n,z) € B. Therefore (m,n) € B giving (v,n) € ao f.
Noting (v,n) € o we get (v,n) € (aoB) Aad’. By (iv) we get (v,n) € § giving (v,z) € (3, since
(m,n) € .

Assume (i) and we show (v) holds. Suppose 0 = a x o/ = 8 x /. Let f and g be the
associated decomposition functions. Suppose z € v/3 and put z = f(v,z). Thus f/g,(z) =

fogo(v) = v = guf}(x) = gu(2). Hence g,(2) = gu(x) and (z,2) € B giving (v,z) € avo (o’ A ).

To show the second part let z € v/(ao (&/ A B)). Thus (v,2) € a and (z,2) € &/ NS
where z = f(v,z). Put y = f(z,v). This gives f,gv(2) = gufu(2) = gufufi,(z) = v. Therefore
9v(y) = gufu(x) = v. Consequently (v,y) € § indicating that (v, x) € (a/ A 3) o .

Assume (7i7) and we show (7). For 2 € A the following conditions are equivalent :

fogo(@) =v, (gu(x),v) €, (v,x)€(aAp)oB, zecv/(anfB)op).

Similarly for f,g,(x) = v. It therefore suffices to show that v/((a A S") o) =v/(Bo (a ).
Suppose z € v/((a A ') o 3). Then (v,z) € a A3 and (z,x) € ( for some element z € A.
Knowing o’ o @ = 1 there is an unique y € A such that (v,y) € o and (y,z) € a. Thus
(v,y) € &/ A (a0 3). Therefore (v,y) € 3 showing (i) holds. O

Before we prove Theorem 4.2.6 due to [CJT], the major result in this subsection, we first
establish two lemmas to assist in this task.

Lemma 4.2.3. Suppose v € A and (A,v) has the intermediate refinement property. If 0 =
[Lic; s = B x 3" for some congruences then v/3 = (\;c;v/(as o B).

Proof. 1t is evident that v/(a; o ) > v/B3. Therefore (,.;v/(aj08) > v/3. For the remainder
of the proof suppose = € (,c;v/(a; o 8). Thus for each i € I we have x € v/(a; o 3) or in
other words an element y; exist such that (v,y;) € «; and (y;,2) € . Using the fact that
some element z € A exists such that (v,z) € §' and (z,2) € 8 we have (v, z) € 3’ A (a; 0 ).
Therefore (v, z) € a; for each i € I. Consequently v = z and (v,z) € (.

We need the following definition for the next lemma.

Definition 4.2.4. An element v in algebra A is said to be idempotent iff for every funda-
mental operation F' it satisfies the equation F'(v,...,v) = v.

Lemma 4.2.5. If v € A is an idempotent element and 0 = « X o for some congruences on
algebra A then v/a ~ A/d/.

Proof. 1t follows that v/« is a subalgebra of A as v is an idempotent element. Let ¢ :
v/a—— A/a’ such that ¢(z) = x/a’. We first show this map is bijective as its clear that the
map is a homomorphism. If y € A then an element z exist such that (v, z) € « and (z,y) € o/.
Thus ¢(z) = z/a’ = y/a’ and the map is onto. If ¢(z) = ¢(y) then (x,y) € a Ao’ = 0. Hence
x = y and the map is injective completing the proof. O

Theorem 4.2.6. If algebra A possess an idempotent element v such that (A,v) has the inter-
mediate refinement property then algebra A has the refinement property.
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Proof. Suppose

A:HB,-:HC];

iel jeJ

Then congruences f3;,7; exists such that A/3; ~ B; for each ¢ € I and A/vy; ~ C; for each

j € J and
OZH@':H%‘-

el jed

Let B,= [I Biand7,= T[] ;. Alsolet 34,7, be the restriction of 3,,7, to v/7; and
o iel—{p} jeJ—{da}
v/ By respectively. By Lemma 4.2.5 we have for each p € I and ¢ € J that

B, ~A/B), ~ U/Fp.

It turns out 0, 5 = HJ’ypj (since v/3, = 'ﬂJ'ypj and if = € U/FPJ then (z;,v) € B, for all
J€ je
j € J. Using [] 7; = 0 we see there is an element u such that (x;,u) € v; for all j € J. Thus
jeJ
(u,v) € B, 0~; for each j, showing (u,v) € 3, by Lemma 4.2.3. Hence (z;,u) € 7,; for each
j € J) giving
By ~v/fp =~ H(U/ﬁp)/%’j'
Jje€J
Similarly we can show

Cq =~ H(U/’Tq)/ﬂiq‘
el
Put By = T[] Bigand ¥pg= T[] 7pj- Again by Lemma 4.2.5 we have
iel—{p} jeJ—{q}

V/Bpa = (v/70)/Bpas 0/ Tpa = (v/Bp) /Vpq-

Hence by Lemma 4.2.3 we have

B, ~ Hv/@, qunv/@.

jedJ il

Thus A will have the refinement property if we can show v/Bp; = v/¥pg. Now z € v/Fpq is
equivalent to each of the following statements:

v/ Bpa;

v/Biq for all i € I —{p},

v/7q and x € v/p; for all i € I — {p},

v/v; and x € v/f; for all i € I — {p} and j € J — {q}.

8 8 8 8
m M M Mm

By symmetry the condition z € v/7,4 is equivalent to the last statement and therefore the
conclusion follows. O
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Chapter 5

More refinement properties

This chapter studies the class of relational structures. These structures are frequent in math-
ematics and need special consideration. Here we devote some space to them. We mostly deal
with structures with binary operations satisfying certain equations and discover more refine-
ment properties. In particular, we show that every connected partially ordered set has the strict
refinement property. Using decomposition functions, we illustrate techniques to produce more
structures with the refinement property. We end this chapter with a result that consequently
proves that every finite connected symmetric binary structure is unique factorable.

5.1 Special binary structures

This section develops techniques published by C. Chang, B. Jénsson and A. Tarski [CJT]
to study factorization properties of relational structures. Using decomposition functions in a
clever way, we will produce more refinement properties for certain classes of binary structures.

Definition 5.1.1. Let 2™y be the concatenation of the m-termed sequence x and the n-termed
sequence y, that is by ™y we denote the sequence (z1,...,Tm,y1,...,Yyn). If R and S are two
relations then RS is the relation consisting of all sequences "y where z € R and y € S. If
n > 1 and R is a relation of rank n then P(R) and Q(R) are the n — 1-ary relations such that

P(R) = {zc A" ':27{y} € R for some y € A},
QR) = {zcA" .z {yl € Rforallyc A}.

Let I; j, = {x € A" : x; = x;} for all i < j < n. Lastly, if R is an n-ary relation and ¢ is a
permutation of the set {1,2,...,n} then define ¢(R) to be the n-ary relation consisting of all
the sequences ¢(z) = (T4(1), Tp2), - - - » Th(n)) Where z € R. O

Definition 5.1.2. For any relational algebra A, let W(A) denote the intersection of all families
§ of relations having the following properties:

(i) R € § for every relation R of algebra A, A™ € § for every positive integer n and I; j,, € §
for all natural numbers 4, j and n where i < j < n.

(ii) For any n-ary relation R with n > 1, if R € § then P(R) € § and Q(R) € §.
(iii) If R is an n-ary relation, ¢ a permutation of the set {1,2,...,n} and R € § then ¢(R) € §.

(iv) For any relations R, S € § we have RS € § and if R and S are relations of the same
rank, then RNS e Fand RUS € §.

O
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Lemma 5.1.3. Suppose R C A™ and R € V(A). Let f be decomposition function on A and
x,y € A". Let zj, = f(z,yi) for 1 <k <n. Ifx,y € R then z = (21,22,...,2,) € R.

Proof. Let § be the class of relations with the property in the corollary. A simple calculation
shows all the conditions of previous definition hold for §. Whence R € W(A) C §F. O

Before we prove our first strict refinement theorem, we need some additional concepts for
structures with a binary relation.

Definition 5.1.4. Let (A, R) be an algebra with a binary relation R. A relation R is said to
be symmetric iff for all z,y € A whenever (z,y) € R then (y,z) € R. Element x of the binary
structure is called anti-symmetric iff (z,y) € R and (y,x) € R together imply = = y for each
y € A. Algebra (A, x) is said to be anti-symmetric iff z is an anti-symmetric element of A.
A relation R is said to be anti-symmetric iff every element z is anti-symmetric. Elements
x and y are said to be n-connected whenever (z,y) € R® = Ro Ro...o R (R appears n
times). A relation R is said to be connected iff any two elements z,y € A are n-connected
for some positive integer n. A relation R is said to be transitive iff whenever (z,y), (y,2) € R
then (z,z) € R. Lastly, a relation R is said to be a partial order iff relation R is reflexive,
anti-symmetric and transitive.

Now we are ready to establish a strict refinement result (due to [CJT]) that every connected
symmetric binary relational structure with an anti-symmetric element has the strict refinement

property.

Theorem 5.1.5. If ¥(A) contains a symmetric and connected binary relation R and an ele-
ment v such that (A,v) is anti-symmetric with respect to R then (A,v) has the intermediate
refinement property.

Proof. Let =g or = be the smallest equivalence relation such that it contains the set {(z,y) :
(z,y) € R and (y,z) € R}. Observe x = v implies that = v, since v is an anti-symmetric
element. For u € A let C(u) be the set of all elements z € A such that f,g,(x) = gy fu(x) for
all decomposition functions f, g.

If we can establish that whenever = and u are n-connected then x € C(u) then the theorem
follows readily, since connectedness gives that C(v) = A. If f, g are decomposition functions
and x € A is such that f,g,(x) = v then g, f,(xz) = v and therefore g, f,(z) = v proving that
(A, v) has the intermediate refinement property.

Before we proceed we observe for any decomposition function f on A and z,y, z,2',y', u,w € A
the following statements are all true :

If (z,2") € R, (y,y') € R then (f(z,y), f(2',y')) € R.
If (z,y) € R then (fu(z), fu(y)) € R.
If (z,2) € R, (y, 2) € R then (f(z,y),2) € R.

(1)
(2)
(3)
(4) If z =2’y =y then f(z,y) = f(2",y).
(5)
(6)
(7)

2
3

5) If (fu(x), fu(y)) € R and (f(2), f,(y) € R then (z,y) € R.
If fu(z) = fu(y) and fi(z) = f,(y) then z = y.

If z,u € C(w) and fu(2), gufu(z) € C(w) for all decomposition functions f, g then = €
C(u).

6
7
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Most of the observations are immediate from definition. If x = 2’ then there are elements
x = ri,re,...,r, = &’ such that (r;,ri41) € R and (ri41,7) € R for 1 < i < n. Hence
(f(risy), f(rix1,v)) € R and (f(ri+1,9), f(r5,y)) € R and therefore f(x,y) = f(2',y). Adapt-
ing this argument one more time we can prove claim (2). Now we prove claim (8). By several
applications of the hypothesis we get fugw fugu(z) = gu fw fugu(®) = guw fwgu(z) = fugwgu(®) =
fwgw(iv) = gwfw(l‘) = gwfwfu(x) = fwgwfu(l') = fwgwgufu(x) and fé;gwfugu(x) = gwfqlugufu(l') =

guwft,(0) = guwft fu(®) = fl9wfu(®) = fl,gwgufu(x). Therefore by claim (7) we have g, f,,(z) =
fugu(x) and hence x € C(u). To complete the proof we show by induction that

If x and u are (R, n) connected then z € C'(u). (5.1)

We start the proof with the case n = 1, that is (z,u) are (R, 1) connected. Assume without
loss of generality (u,z) € R. Thus by claim (2) we have (u, fu(z)) € R and (fu(x),x) € R.
Hence (gufu(®), fu(z)) € R and (gufu(z),gu(z)) € R giving (gufu(z), f(gu(), fu(r)) € R.

From f(gu(z), fu(z)) = f(gu(z),u) = fugu(z) we get (fugu(z), gufu(z)) € R. Similarly we can
show (gufu(z), fugu(z)) € R and hence z € C(u).

Assume that statement 5.1 holds whenever n is replaced by a smaller integer. If z and u
are (R,n) connected then elements x = rg,r1,...,7, = u such that either (r;, ;1) or (rit1,7;)
are R-related. Put w = r,,—1. Assume without loss of generality (w,u) € R. Thus z,u € C(w).
By claim (7) it is enough to show that f,(z), g, fu(x) € C(w) for any decomposition functions
f, 9. We deal with two cases:

Case 1 : For some j < n — 1 we have (rj41,7;) € R. Let v} = f,(r;) if i < j otherwise let
i = fu(ri). By the hypothesis we have w and f,(x) are (R,n—1)-connected. Let ;' = gy, fu(7;)
if ¢ < j otherwise let 7/ = gy fu(7;). Again we have w and g, f,(x) are (R,n — 1)-connected.
Thus fu(x)vgufu(-r) € O(w)

Case 2 : Suppose (rj,7j4+1) € R for all j. Let ri = fu(r;) and r] = gy fu(r;) for all i. Ap-
plying Case 1 we infer that both f,(z) and g, f.(z) belong to C'(w). O

The conditions on R is necessary as there exist structures with a symmetric and symmetric
binary relations R that is not uniquely factorable. See Example 7.2.14. We continue this
chapter by giving more examples of structures with the strict refinement property due to
Chang, Jénsson and Tarski [CJT].

Corollary 5.1.6. Let + be a binary operation on A such that x +x = x for all x € A. If for
all z,y € A one of the following condition holds:

(i) There exists z € A suchthatx +z=z4+x=x andy+z=z+y=y
(i1) There exists z € A such thatx + z=z+x=zandy+z=z2+y==2
then A has the refinement property.

Proof. Let R = {(z,y) € A2 : o +y =y + a2 = x}. It is readily seen that the conditions in
Theorem 5.1.5 are satisfied and by Theorem 4.2.6 the conclusion follows. O

Definition 5.1.7. If R is a binary relation let T(R) = {(z,y) : (z,2) € R < (y,2) €
R and (z,2) € R < (z,y) € R}. We say R is thin iff T(R) is the equality relation. O

The proof of the following theorem is similar to the proof of Theorem 5.1.5. This turns out
to be a stronger result than [Hasb1] where Hashimoto proved that every connected partially
ordered set has the refinement property.
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Theorem 5.1.8. If (A, R) is a thin connected symmetric binary relational structure then A
has the strict refinement property.

Corollary 5.1.9. Every connected partially ordered set has the strict refinement property.

Earlier we studied Jonsson-Tarski algebras. They are algebraic systems with a binary
operation + and a zero element O such that 0 +x = x +0 = z for all z € A. In particular
we showed whenever A is centerless then A has strict refinement property. We proceed now to
prove more refinement properties by looking at the five properties below, where fixed element
v takes over the rol of 0. We say element v has property F; if

P) forallz e A,v+x=2a+w.

Py) forallz,y € A, v+(z+y) = (v+2)+y,z+(v+y) = (z4+v)+y and 2+ (y+v) = (z+y)+v.

forallz € Aif v+ 2 =v+v then z = v.

(P1)
(P2)
(P3) forall 2,y € Aif v+ 2 = v +y then = y.
(Fy)
(Ps)

Ps) forallz,y e Aifr+y=v+vthenz =y =wv.

Lemma 5.1.10. Suppose + is a binary relation in W(A) such that v is an element satisfying
property Py. Then for all decomposition functions f,g on A we have

(i) folz) + fi(z) =v+a.

(it) fogufi(x) + fogufi(z) = v+ 0.
(iii) fogofi(2) + gofu(@) = flgufo(x) + fogo(z).
(w) folx)+ fi(y) = fi(y) + folz).

(v) e +y=y+ziff fo(xr) +y=y+ fu(x) and f,(x) +y =y + fi(z).
(vi) x+y=y+z iff fo(x)+ fo(y) = fo(y) + fo(z) and fy(z) + fi(y) = fily) + fo(=).

(Uii) fvgvfz/;(x) +y=y+ fvgvfé(w)-

Proof. By Lemma 5.1.3 we see f,(z) + fu(y) = foto(z +y). Thus fu(z) + fi(z) = f(z,v) +
flo,2) = f(x+v,v+z) = f(v+x,v+2) = v+x giving (i). To prove (ii) we apply (i) and get
fogufo(@) + fogufo(@) = foro(gufi(@) + 90 f0(@)) = foro(v + fi(@)) = fo(v) + fufi(@) = v+ 0.

The third claim follows from the following calculation :
fvgqul;(x) + gva(x) = f gvf{; T ,'U) + f(gva(x)agva(x»

(g0 fy(@)
f(gvf{;(w') + gufo(),v + g fu())
F(goro(f3(2) + fu(@)), g fu(z) + V)
(
(

f ngrv(U =+ I‘),gva(l‘) + U)
Jfv+ gv(ﬂi),gva(fv) + U)

= f(v,gva(:r)) + f(gv(x)a 'U)
= fogufo(®) + fugu(z).
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Using P we get fu(z) + fi(y) = f(z +v,0+y) = f(o+ 2,y +v) = fi(y) + fo(z). Thus (iv)
holds. To prove (v) we first assume x + y = y + . Hence

fo@)+y = f(z,0)+ f(y,9)
= flz+y,v+y)
= fly+z,y+v)
= f(y,y) + f(=z,v)
= y‘i‘fv(x)-

Similarly we can show f/(z) +y = y + f,(x). For the second half assume y commutes with
fo(z) and f}(x).Thus

r+y=fly,y) + f(fol), fo(x) = fly + folz),y + f(2)),
y+ax=f(fol@), fL(x) + fly,y) = f(fol@) +y, fi(z) + ).

For claim (vi) we apply (v) and (iv). Finally by (iv) we have f](z) commutes with f,(y). Thus
Jogufi(z) also commutes with f,(y). Similarly we can show f,g,f,(z) also commutes with
11 (y). Hence by (vi) we have that f,g,f}(x) commutes with y. O

Theorem 5.1.11. Suppose + is a binary operation in W(A) and v is an element of A satis-
fying Py and Py. Then (A,v) has the intermediate refinement property if and only if for all
decomposition functions f,g and © € A we have f,g,f1(z) = v.

Proof. If (A, v) has the intermediate refinement property then g, f,(z) = v implies f,g,(z) = v.
Since gy fo f1,(2) = u we have f,,g, f1,(z) = v. Conversely assume [, g, f}(x) = v and g, f,(z) = v.
Then v +v = v+ fyg,(x) by Lemma 5.1.10. Thus by Pj it follows that v = f,g,(z). O

Theorem 5.1.12. Suppose + is a binary operation in V(A) and v is an idempotent element
of A satisifying P and Ps, then algebra A has the refinement property.

Proof. By Lemma 5.1.10 we have f,g, f,(z)+ fug, fi(xz) = v+wv for any decomposition functions
f and g. Hence f,g,f,(x) = v by property P5. Consequently by Theorem 5.1.11 it follows that
(A, v) has the intermediate refinement property giving the conclusion. O

Theorem 5.1.13. Suppose + is a binary operation in W(A) and v is an element of A satisfying
Py and Ps. Then (A,v) has the intermediate refinement property if and only if A has the strict
refinement property.

Proof. If (A,v) has the intermediate refinement property then f,g,f,(x) = v for any decom-
position functions f, g and elements x € A. Thus by Lemma 5.1.10 (iii) we have v + g, f,(z) =
v+ fogu(x). Hence by Ps it follows that g, f,(x) = fygu(x). By Theorem 4.1.11 we get that A
has the strict refinement property. The reverse implication is true for every structure A. [

Theorem 5.1.14. Suppose + is a binary operation in V(A) and v is an element of A satisfying
P, Py and Ps then A has the strict refinement property.

Proof. From the proof of Theorem 5.1.12 we see that (A, v) has the intermediate refinement
property. Therefore the conclusion follows by Theorem 5.1.13. O

Lemma 5.1.15. Suppose + is a binary operation in W(A) and v is an element of A satisfying
Py. If f,g are decomposition functions and z € A then the conditions of Py also hold when v

is replaced by fogufi(2).
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Proof. We will shortly prove that the following three statements are true for any decomposition
functions f, ¢ and z,y, z € A.

(1) (+y)+z=a+(y+2)if and only if (fo(z) + fo(y)) + fo(2) = fu(@) + (fo(y) + fu(2))
and (f}(z) + fi(W) + f1(2) = fi(@) + (fi(y) + [3(2)).

(2) (folz) + fo(y) + fi(2) = fu(@) + (fo(y) + f1(2))-
B) If(x+y) +z=x+ (y+2) then (x +y) + fuo(2) =2+ (y + f.(2)).

Here we mean ,y, 2 associate iff (z-+y)+2 = -+ (y+2). Note fufugufl(2) = foguf}(2), Ffuguf)(2) =
vand f](x), fl(y),v associate. So if these three statements hold then showing x, y and f,g, f1(2)
associate reduces to showing f,(x), fu(y) and f,g,f}(z) associate. By (2) we know that
fo(@), fu(y), f)(2) associate. Finally two applications of (3) gives the desired conclusion. Thus

it remains to show these three statements are all true.

Put u = (v+v)+v=v+ (v+v). Thus

fu((x+y)+z) = (fv($)+fv(y))+fv(z)a
fu(x+(y+z)) = fv(x)+(fv(y)+fv(z))‘
We also get similar formulas with f, replaced with f;. From these formulas we can conclude

statement (1). The formulas below are true whenever one of the elements involved is v. Thus
these calculations proof statement (2).

fullz +y) + 2) (fo(@) + fo(y)) + fo(2),
ful+(y+2) = fol@)+ (foly) + fu(2)),
Wty +2) = (file) + L) + i),
fule+y+2) = fil)+ (i) + £i(2).
Lastly these calculations establishes claim (3)
ful(z 4 y) + fu(2)) (fo(@) + fo(y)) + fo(2),
fule +(y+ fu(2)) = folz) + (f (y)+fu( )
full@+y) + fu(2)) = (fol@)+ fo(w) +
fule + W+ fu(2)) = fole)+ (foly) + )

O]

Lemma 5.1.16. Suppose + is a binary operation in W(A) and v is an element of A satisfying
P, P, and P3. If f,g are decomposition functions and z € A then the conditions of P3 also
hold when v is replaced by fug,f)(2).

Proof. Assume that f,g,f.(z) + 2 = foguf,(2) +y. By adding f,g, f/(z) on the left and using
Lemma 5.1.15 and Lemma 5.1.10 (ii) we obtain that (v + u) + z = (u + u) + y. Consequently
by property P3 the result now follows. O

Theorem 5.1.17. Suppose + is a binary operation in V(A) and v is an element of A satisfying
Py, P> and Ps. Furthermore if there are no elements ¢,d in A such that ¢ #v and c+d=v+v
and the conditions Py, P, and P53 are all satisfied when v is replaced by ¢ then A has the strict
refinement property.
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Proof. For some decomposition functions let ¢ = f,g,f}(z) and d = f,g,f/(2). Then ¢+ d =
v + v by Lemma 5.1.10 (ii). Thus by Lemma 5.1.10 (vii), Lemma 5.1.15 and Lemma 5.1.16
we have that P;, P» and P3 are true when v is replaced by c¢. Therefore ¢ = uw and according
to Theorem 5.1.11 it follows that (A, v) has the intermediate refinement property. Applying
Theorem 5.1.13 we get the desired result. O

Theorem 5.1.18. Suppose (A,+) is an algebra with a single binary operation + and it has
exactly one element v such that xt+v =v+x. If v+v = v then A has the refinement property.

Proof. Define the binary relation R on A via (z,y) € Riff x +y = y + x. It is clear the T(R)-
class of v is a singleton. Since (v,z) € R we see that (A, R) is a connected symmetric binary
relation. Thus ((A4, R),v) has the intermediate refinement property. If f is a decomposition
function on (A, +) then f is a decomposition function on (A, R), since if ((a,b), (c,d)) € R?
then f(a,b) + f(c,d) = f(a+c¢,b+d) = f(c+a,d+b) = f(c,d) + f(a,b). Thus (A,v) has the
intermediate refinement property. Noting v is idempotent it follows that A has the refinement
property. ]

5.2 Another refinement theorem

The last result illustrates why every finite connected symmetric binary structure is uniquely
factorable. This result is due to R. Mckenzie [MMT] and it only requires one of the T'(R)
classes to be finite. Compare this result with Theorem 5.1.5.

Lemma 5.2.1. For any non-empty finite sets I and J, if g;, hj are natural numbers such that
119 =11%:
icl jed

then natural numbers k;; exist such that

gi = H Kij,

jeJ

hj =] kij-

il

and

Proof. The proof is by induction on |I| + |J|. Clearly this result holds for |I| =1 = |J|. To
continue we select an element x € I if |I| > 1. (A similar calculation can be done if |J| > 1).
By the properties of natural numbers we can find k;; such that k;; is a factor of h; for each

j € J and
H k:r:j = Yz-
jeJ
A possible way is to select ky1 = gcd(gy, h1), koo = gcd(ga/kz1, h2), kzz = gcd(kxfizﬂ,hg), el

etc if J ={1,2,3,...,m}. Applying the induction hypothesis now on I — {z} and J with the
new h’; = h;/ky; the result follows. O

This result can also be seen as an immediate consequence of the Fundamental Theorem of
Arithmetic. This Lemma will be useful in the next proof.

Theorem 5.2.2. If (A, R) is a connected symmetric binary structure and if one equivalence
class of T(R) is finite then A has the refinement property.
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Proof. Suppose A g [[ B; and A g [I Cj. For this proof we use the notation : for any bi-
il Jj€J

nary structure E let E be the quotient structure of E by the special equivalence relation T'(R).

The natural map ¢ : E——=F is a homomorphism and if (a,b) € T(R) in E then (a,b) € Rin E.

It is also easy to verify that there are isomorphisms ¢ : A—— [[ B; and v : A —— ] C;
icl jeg
such that the following diagram commutes.

>

Likewise there is a similar diagram for ¢ and 1. For cach ¢ let B; be the factor relation of A,
that is the kernel of p; o ¢ (with p; the projection of H B; onto B;). Also let 75 be the factor
relation of A that is the kernel of p; o ¢ (with p; thleelprojection of H Cj onto Cj). Clearly
0= H B = H 7;. By the thinness of A and Theorem 5.1.5 we kn]oi; that A has the strict
reﬁnéfr]lent prjoepjerty.

So there exist congruences @ on A such that 3; = % and 7; = [] d;5. Let D;; be the quo-
jeJ il
tient structure A/d;;. So there are isomorphisms N\ : B;

—
S
o)
=
o,
=
Q
—
S

such that for each ¢ and 7 we have
pj o Aiopiod=p;ofop;o.

Hence the following maps from A to [] D;; are the same
ij

¢ o’ — X

iel i€l ij
P P! — B -
RS § FORNL, | [orty § )
jeJ jeJ ij

where X is the map that takes (b; : i € I) to (dij : i € I,j € J) where djj is defined by

Aj(b;) = (dij)jes. Similar for f. Now for each x € [1Di; we define
ij
F(z) = [(Xo6") '[z]]
F(z) = |(mo6”)"[x]]

That is the cardinal of the pre-images of « under either X o § or fio 6”7 . Thus F(z) is just the
cardinality of a =-class of the original structure A. For each y € B; and z € C; let

Gily) = 16" Iyl
Hj(z) = ’973[2]’.



Therefore by definition we have

where z,; is the element of [] D;; with z,;(i) = z(i,j) for each j and z;, is the element of
icl

[T Di; defined by z;.(j) = 2(i,5). Let Card be the collection of cardinal numbers. Knowing

jedJ

F(z) is finite for some = we can show that there exist cardinal functions

Kij . Ez‘j e C’a’r’d,

for each 7 and j such that
~1 .
G () =[] &),
Jj€J
for each i and y € [[ D;; and
JjeJ

H; (1571 (2)) = [ Kis (=),
el
for each j and z € [] Dj;.
el

Given the cardinal functions K;; we can now construct structures D;; which will prove the
refinement property. Fix i € I and j € J. Let Z = {Z, : x € D;;} be a disjoint family of sets
such that |Z,| = K;j(z) for each z € bij. We define the universe of D;; to be UZ and define
0;; : D;j — D;j via 0;;(z) = x where Z, is the unique Z that contains z. Lastly we define
R to be the largest binary relation on D;; such that 0;; is a homomorphism. That is rRx' in
D;; if zRz' in D;j for each z € Z, and 2’ € Z,. (Its easy to verify that the kernel of 6;; is the
=relation of D;;. Thus justifying the notation of ﬁzj)

Next we deﬁne g@ . H Dij e H Ei]’ by gi((yj)ng) = (Oij(yj))jej given that Yy = (yj)jej S

o jeJ JjEJ
[T Di;.
JjeJ

67 )| = 1165 w)l
JjeJ
= [ Ki(y)
jeJ
G\ ()
1678 ()

In otherwords if \;(z) = y then 6 (z) is a subset of B; that is equipotent with the subset of
0;(y). Define \; : B; — [[ D;; to be any function that maps ¢; '(z) bijectively to 6; *(x)
jeJ
to 0; ' (\i(x)) for each x € B;. Then ); will be a bijection of B; with [] D;; such that
JjeJ

Hgo)\jzxioei.
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It is readily checked that each )\; maps the binary structure B; isomorphically onto [],.; D;j.

By symmetry we can also show that C; ~ [] D;. O
Jje€J
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Chapter 6

Idempotent algebras

Another important open problem for finite algebras asks whether every finite idempotent al-
gebra have the unique factorization property? Recall an algebra A is said to be idempotent
iff every fundamental operation F' satisfies the equation F(z,...,z) = z. Simple examples
include any lattice. This question was asked by A. Tarski in the middle of the 20th century
and have been a challenging problem ever since (especially for algebras with more than one
operation). Earlier we showed that this claim holds for finite lattices and for finite idempotent
congruence-modular algebras.

Even for the simple case of idempotent groupoids the problem remains unsolved. None of
the earlier techniques seems to be easily adapted to solve this problem. This chapter concen-
trates on the only major result known in this area regarding idempotent semigroups. Our first
objective is to recreate the beautiful theory found in Mckenzie’s paper [Mck72]. After that
we apply these results to prove that every finite idempotent semigroup, that is an algebraic
structure with a binary operation + where the identities (z+y)+2z =z +(y+2) and x+z =z
are both true, has the refinement property.

6.1 More refinement results

The method introduced in this section is based on older refinement theory invented by Chang,
Jénsson and Tarski in [Cha61],[Cha67],[CJT], [Jon66] and [JT47]. This was later improved by
Mckenzie in [Mck68] and [Mck71]. The main consequence of this section is Theorem 6.1.13.
However to understand this important refinement result we have to introduce some new defin-
itions. We define the concept of the product of two classes of algebraic structures of the same
type and the idea of D-ideals.

Definition 6.1.1. A class K of algebras (of the same similarity type) is said to be algebraic
if for each of its members, it contains every structure isomorphic to it. O

Definition 6.1.2. By A[B] we mean the substructure B of algebra A. By (A, R) we mean
the expansion of structure A, by adding one more fundamental relation R to it. If A ~ Bx C
then we say B is a direct factor of A and we denote this by B || A. Lastly, let DF(A) be the
set, of all decomposition functions on algebra A, as explained in Definition 4.1.5. 0

For the following definition we assume K, K; and Ky are non-empty algebraic classes of
algebras of some fixed type such that K1 U Ky C K and class K is closed under the operations
of taking direct factors of an algebra and the direct product of two algebras.

Definition 6.1.3. We write K = K; x K if the following are all true:
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(1) Suppose A ~ [[,c;Aiand A€ K. Then A € Kjiff foralli € I, A; € Kj, for j =1orj = 2.

(2) Whenever A € K, there are algebras k1A € K and koA € Ko such that A ~ k1 A X ko A.
Furthermore if A ~ A1 X Ay and Ay € K1, Ay € Ky then A1 ~ k1A and Ay ~ ko A.

When this happens we say that K, Ko are complementary factor classes of K. Note

k1 can be considered as a map from K to K7 and ko as a map from K to Ko. O
Corollary 6.1.4. Let K = K1 x Ky. If A€ K and A ~ [[;,.; Ai then kjA ~ [[.c; kjAi for
j=1orj=2.

Proof. The following calculation establishes this fact.
A ~ l{?lA X kQA,
A ~ HklA’L X HkQAZ
i€l el
O

Corollary 6.1.5. Let K = K1 x Ko. Then K1 and Ko are both closed under finite products
and direct factors. Furthermore, if A € K then A € K; <= kjA~A < k3_jA~1 for
j=1,2.

Proof. The first observation is clear and hence we conclude 1 € K N K1 N Ks. The second
observation is now immediate from the fact that A ~ 1 x A. O

Corollary 6.1.6. Let K = K1 X Ko and A € K. Then A has the refinement property iff both
k1A and koA have the refinement property.

Proof. Obvious from definitions and the fact that A ~ k1 A x ko A. O

Next we introduce the notion of D-ideals.

Definition 6.1.7. Let A(A) be the class of relations R over algebraic structure A such that
every direct product decomposition
A~]JA

iel
can be expanded to
(A, R) ~](A4: Ri)
il
for some relation (R;);e;r with the same rank as R. O

By definition it follows that A(A) always includes all the fundamental operations and
relations. It is also closed under most basic set-theoretic operations on relations: intersection,
permutation of variables, directed union of finitary relations, etc. Lastly whenever the relations
on the algebra are such that only the trivial decomposition exists then every relation over A
belongs to A(A). In the following definition we use notation g,, fx, g, as explained in Definition
4.1.5.

Definition 6.1.8. Let A be some structure. By a D-equivalence of structure A we mean an
equivalence relation F that belongs to A(A) such that for any f,g € DF(A) and any elements
z,y € A we have

TEgy f2gy.
By a D-ideal we mean a set U that is of the form U = x/E for some x € A and D-equivalence
E. O
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Lemma 6.1.9. Let A g Ay X Ao and U be any D-ideal of A. Then there exist D-ideals Uy in
Ay and Uy in Ao such that

¢
(A, U) = (A1,U1) x (A2, Us)
and consequently
¢
A[U] ~ Al[Ul] X AQ[UQ]

Proof. Say ¢(x) = (x1,22) and U = z/E for some D-equivalence E. Setting U; = x1/E; and
Us = x9/Ey works, where the D-equivalence E splits into E7 and Fs. O

Lemma 6.1.10. Let U = (\{U; : t € T} where each Uy is a D-ideal of A for allt € T. Then
U is a D-ideal in A if it is non-empty.
Proof. Let Uy = x;/E; for some D-equivalences Ey. If v € (| Uy and E = (] E; then U =

teT teT
z/E. O

Theorem 6.1.11. Suppose A is a structure with U as a D-ideal. Also assume that
1 ¢
A~ H A~ H B;.
icl jeJ

Then there exist algebraic structures Cy, Dj, A; j, B j (for alli € 1,5 € J) satisfying the follow-
ing conditions for alli € I and j € J:

Cp [l A[U]  and Dy || AU],

o(Cp x 4p) = H Bypj,
jeJ
¢ (Dgx By) = HAi,qa
i€l
P(Cp x Apg) = DgXx Bpg.

Proof. By definition there is a D-equivalence F on structure A and an element x € A such that
U = z/E. From the fact that £ € A(A) there are unique equivalence relations Ej;, F; such
that

(A, E) £ T[4 B) £ T[(B;, ).

iel JjeJ
Let ¢(z) = (a;)icr and ¢(¢(x)) = (b;)jes. Then we have

AU & [T Ailai/E:] L 1 B;lb;/Fjl.

icl jeJ
Now put
¢ = I Adesmi
iel—{p}
D, = ]| Bilb/F.
jeJ—{qa}

Hence the first condition of the theorem follows readily. To satisfy the middle two conditions
we are forced to define B, ; as the j-th image of ¢(C) x A,), a substructure of B;. Likewise let
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A; 4 be the i-th projection of ¢~1(D, x B,). The last formula follows immediately if we prove
that the middle two hold, since ¢(C), x A, 4)g C ¢(Cp X Ap)q € Bpg. By symmetry we only
need to prove the first formula. By definition we already have ¢(C), x A,) C [] jes Bpj- So it
suffices to show that

o ([ Brs) S ¢ (Cp x 4p).

jeJ

This can be stated in terms of decomposition functions. For a fixed p € I define f € DF(A)

as follows: (e) for i
_ )i or i # p;
v(f(,y))i = { P(y)p fori=p.

For each j € J define ¢/ € DF(A) as follows:

_ . for j' = j;
sugi oy ={ ooy

So the second condition is equivalent to showing for every y € A such that for all j € J
there exists u; satisfying fr,9’(y,uj)Exo then fr yExo. From f.,¢%(y,u;)Exo it follows that
fv9? (y,u;)E fyxo since f,fz, = fy. By the fact that E is a D-equivalence we have for all j € J
that

yEg) fy9° (y,uj)Eg fyo.
By definition of the decomposition functions we have yFE gg fyxoforallj € J <= yEf,xqg <
feoyExo as desired. O

Theorem 6.1.12. Let A € K and K = K| X Ky. If A has a D-ideal U such that A[U] € K
then koA has the refinement property.

Proof. Note A[U] ~ A1[U1] x A3]Us] for some D-ideals Uy, Us and As[Us] € K. So we may
safely assume A € K5 and deduce the refinement property. Suppose

A~ H A; ~ H B;.
il jeJ
By Theorem 6.1.11 there are structures such that
Cp X Ap ~ HBp’j’
jedJ

H Ai,qv

iel
CpxApy =~ Dyx DBy,

D, x B,

1

Then all Cy, D, € K; and hence kyC)p ~ 1 ~ ko D,. From the fact that A € K> it follows that
koA, ~ A, and koB,; ~ B,. Applying the k3 operator to the above formulas we obtain the
common refinement:

Ap ~ HkQBpJ,
jeJ

Bq >~ HkQAi,qa
el

kQAp qg = k‘ngg.

)
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Theorem 6.1.13. Let K = K x K5. Assume that each member of K1 has the refinement
property and every A € Ky has a D-ideal such that A[U] € Ki. Then every member of K
possesses the refinement property.

Proof. Let A € K. Then A ~ k1A x ks A. Thus k1A € Ky and has the refinement property.
By Theorem 6.1.12 we know that koA also has the refinement property. O

Next we provide a few examples of D-ideals. We conclude this section by providing a way
of producing many more D-ideals.

Example 6.1.14.
e The centre of any group or center of any ring is a D-ideal.

e Suppose (A,-) is a binary algebra with an element a € A such that ax = za for all x € A.
Then the set of all such “central elements” forms a D-ideal with the corresponding D-
equivalence F where xEFy <= for all z the relations zz = zx and yz = zy are equivalent.

e Suppose (A,-) is a binary algebra with an element u € A such that ux = u = xu for
all z. Then the set of all elements y such that xy = v = yx forms a D-ideal with the
corresponding D-equivalence E where xEy <= Vz[zz = u <= yz = uand zz =
u <= zy = ul.

Definition 6.1.15. For any a-ary relation S (where « is an ordinal) on a set A we define the
quasi-identity relation =g on A as follows : u ~, v iff for every ordinal 0 < ¢ < « the formulas
S(z(6/u)) and S(z(6/v)) are equivalent. (x(§/2) is the sequence obtained by replacing the ¢
term x5 by z in sequence x.) ]

Definition 6.1.16. Let S be any a-ary relation on a set A. We say that relation S is special
if it is possible to partition « into two disjoint sets, ie. « = I U J so that both binary relations
Sr = S*|§* and Sy = g*]S* are connected over A’ and A’ respectively. We write Sy(z,y) with
z € Al and y € A7 to mean z Uy and S, to mean y Uz where y € A7 and z € AL, ]

Example 6.1.17. In the second example the equivalence E is ~g where S is the special binary
relation S(zg,x1) iff zox1 = z12¢. In the third example the equivalence E is ~g where S is the
special binary relation S(zg, z1) iff zoz; = w.

As a consequence of the next result, it follows immediately that both these quasi-identity
relations defined in the previous examples are D-equivalences. This result will be stated without
proof as some undeveloped machinery is needed.

Theorem 6.1.18. Let A be a structure and assume that S is a special relation over A and
that S € A(A). Then =g is a D-equivalence on A. Furthermore for all f,g € DF(A) and for
all x,y € A we have

J292Y s 9u fzY-

It should be noted that it is clear that ~g is an equivalence and belongs to A(A). Also
Y = fy9y92y =5 Gyfygzy (if the final part of theorem is true). Thus ~g is a D-equivalence. A
similar result can be found in [Mck71].
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6.2 Applications to semigroups

This section is completely devoted to idempotent semigroups, that is a semigroup satisfying
the identity x +a = x. They are also labelled as bands in literature by Clifford and Preston in
[Cli61]. We use the theory developed in the previous section to yield a result that will show why
every finite band is uniquely factorable. To achieve this goal, we need the following equivalence
relation to produce D-ideals.

Definition 6.2.1. For every band A we define the congruence ~ 4 as the relation a ~ b <=
Ve,yc€ Awehavex +a+y=x+b+y. O

Note brackets are not needed in the definition due to associativity. Next we show the
importance of this equivalence relation.

Lemma 6.2.2. If A is a band then ~4 is a D-equivalence.

Proof. Let S be the ternary relation such that S(xzg,x1,22) <= x4+ x1 + 22 = x0 + 2.
By definition we have S € A(A). Next we show that S is special with o = 3,1 = {1} and
J ={0,2}. Now S} is the relation over A where

Sr(z,y) <= FJu,vsuchthat u+ x+v=u+vandu+y+v=u+o.

From idempotency we have z + 2z +y = 2 +y = = + y + y and conclude that S; is indeed
connected. Now S is the binary relation on A such that

Sy(z,y) <= Fu such that xo +u+ x; = xo+ 1 and yo +u + y1 = Yo + y1.

From the fact that S;(z, (zo,y1)) and Sy((zo,y1),y) we see that S; is also connected. So
by Theorem 6.1.18 it follows immediately that =g is a D-equivalence. It turns out that ~g
and ~4 are equal and hence the result follows. (For the harder part assume (u,v) lies in ~g.
Thus v + v + v = u. Next a simple calculation shows t+v =2z 4+v+v =2+ u+ v and
v+y =v+v+y = v+u+ty. Finally we obtain z+v+y = (z4+u+v)+v+ (v+u+y) = z+u+ty,
giving (u,v) lies in ~4.) O

This naturally leads to the known concept of a rectangular band: That is, an idempotent
semigroup satisfying the identity z +y + 2 = z + z for all z,y,2z € A. Also note that if U is
a D-ideal of the D-equivalence ~4 then A[U] is a rectangular band. It should be mentioned
that not all rectangular bands have the refinement property, but shortly we will see that finite
rectangular bands however does.

Definition 6.2.3. B85 is the class consisting of all finite rectangular bands.

B" is the class of all finite right-zero semigroups, ie. those satisfying the identity z + y = y.
B! is the class of all finite left-zero semigroups, ie. those satisfying the identity = + vy = .

B is the class of all bands A such that at least one of the structures A[U] (where U is an
/2 4-coset) is finite.

B* is the class of all A € B such that every direct factor belonging to B9 is isomorphic to 1,
the trivial band with one element. O

Definition 6.2.4. Suppose A € ‘B.

(i) Define #'(A) to be the smallest congruence § on A such that A/f is a left-zero semigroup.
Analogously 0"(A) is the smallest congruence 6 on A such that A/6 is a right-zero semigroup.

(i) Let P,Q € A/0(A). We write P L Q if there is a bijection ¢ : P ——= @ satisfying
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both y + ¢(x) = y + = and ¢(z + y) = ¢(z) + y for all x € P and y € A. Analogously for
P,Q € A/0"(A) we write P < Q@ if there is a bijection ¢ : P——= @ such that ¢(z) +y=x+y
and ¢(y +x) =y + ¢(z) for all x € P and y € A.

(iii) We define I(A) to be the largest cardinal that divides the cardinals of the sets {Q €

A/OY(A): P L Q}. Analogously r(A) is the largest cardinal that for each P € A/0"(A) divides
the cardinals of the sets {Q € A/0"(A): P ~ Q} for each P € A/0'(A).

(iv) Lastly, define x(A) to be the pair of cardinals (I(A),r(A)). O
Lemma 6.2.5. For each A € B, x(A) is a pair of positive integers.

Proof. By definition we know there is a finite ~4-coset U. Choose P, € A/#'(A) and P, €
A/0"(A) meeting U. If P, L Q or P, ~ Q then z ~4 ¢(z) for each z in the domain of ¢. Hence
@ also meets U and both the sets {Q : P, L Q} and {Q : P, < Q} are finite. O

Before we give a classical result about finite bands, we need the following definition.

Definition 6.2.6. For each positive integer n let L, be a fixed left-zero semigroup and R,, be
a fixed right-zero semigroup each with a n-element subuniverse. O

Lemma 6.2.7. Let A € B85 and m,n are positive integers. Then x(Ly X Ryp) = (m,n) and
X(A) >~ Ly, x Ry, iff x(4) = (m,n).

Proof. Suppose A £ L., x R,. Now 6'(A) is generated by the pairs {(z,z +v) : z,y € A}.
It follows trivially that 6'(A)(x,y) iff ¢ (x) and v (y) have the same first component. Thus
Y(z/0'(A)) = {a} x R, where a is the first component of 1 (x). Select x,y € L, and let
¢ : /0 (A) —=y/0'(A) such that ¢(x,a) = (y,a). Then it follows that (c,d) + ¢(z,b) =
(c,d) + (x,b) and ¢((z,b) + (c,d)) = ¢(x,b) + (c,d). Therefore x/6'(A) L y/0'(A) and hence
[(A) = m. In a similar fashion we can show r(A) = n.

For the reverse direction suppose A € B an select and element e € A. Then we define

Al = {z4e:xe Al
A" = {e+z:xe A}

From (z+e)+ (2’ +e) =+ (e+2'+¢e) = 2+ (e+e) = x+e we see that A is indeed a left-zero
semigroup. In a similar fashion we can show that A" is a right-zero semigroup. Next we show

AL Alx AT where ¢(x) = (r+e,e+x). Noting (z+e)+(y+e) = (z+e+y)+e=x+y+eand
(e+x)+(e+y) = e+(x+e+y) = et+x+y it follows that ¢ is indeed a homomorphism. If ¢(z) =
¢(2') then x+e =2'+eand e+x = e+2'. Hence x = (x+e)+(e+x) = (' +e)+ (' +z) = 2'.
Surjectivity follows from the fact that ¢(x +y) = (x +y+e,e+xz+y) = (x+e,e+y). Hence
¢ is an isomorphism. Lastly suppose x(A4) = (m,n). If A ~ L; x Rs (such a decomposition
exists by the previous paragraph) then x(A) = (¢,s) = (m,n). Thus t = m and s = n and the
result follows. O]

Lemma 6.2.8. If A,B € B then x(A x B) = x(A) x x(B). That is [(A x B) =1(A) x [(B)
and r(A x B) =r(A) x r(B).
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Proof. We proof this for ‘left’ numbers as the proof for ‘right’ numbers is dual. We start by
showing

6'(A x B) = 0'(A) x 6'(B).
0'(A x B) is the congruence generated by all the pairs {(z,z +y) : z,y € A x B}. So all
the pairs {(a,b),(a + ¢,b) : a,c € Aand b € B} and {(a,b),(a,b+d) : a € Aand b,d € B}
generates it. The set of these pairs turns out to be a generating set for #/( A) x !(B). Therefore
there is a natural isomorphism

o:(A/0(A) x B/8'(B)) ~ (A x B)/8'(A x B)

where o(P,Q) = PxQ with P € A/0'(A) and Q € B/0'(B). Next we show if P;, P, € A/6'(A)

and Q1,Qs € B/6Y(B) then Pi x Q1 & Py x Qo in Ax B iff P & Py in A and Q1 & Qs in B.
From this we conclude the result for ‘left’ numbers using a simple combinatorial argument.

The “if” part is clear. For the converse suppose ¢ : P x Q1 é Py, x Q2. We will show
there exist maps f : P, ——= P, and g : Q1 —— Q2 such that ¢(a,b) = (f(a),g(b)) when a € P;

and b € ()1. In so doing we get f: Py é Pryand g: Q4 é Q2. To establish this we need to show
¢(a,b) and ¢(a,b’) have the same first part. Also ¢(a,b) and ¢(a’,b) have the same second part
where a,a’ € P; and b,b’ € Q1. Suppose a € A and b,d € B. If ¢(a,b) = (u,v) then

¢(a,b) = ¢((a,b) + (a,b)) = ¢(a,b) + (a,b) = (u+ a,v + b)

and
o(a,b+d) = ¢((a,b) + (a,d)) = ¢(a,b) + (a,d) = (u+ a,v + d).

Hence ¢(a,b) and ¢(a,b+ d) share the same first part. Noting that @ is connected under the
relation {(b,b+d) : b € Q1 and d € A} it follows that for any a € P; and b,b' € Q1 that ¢(a,b)
and ¢(a,b’) share the same first part. In a similar way we can show if a,a’ € P; and b € Q4
that ¢(a,b) and ¢(a’,b) have the same second part. O

Lemma 6.2.9. Suppose A € B and C,D € B. If Ax C ~ Ax D then C ~ D.

Proof. By Lemma 6.2.7 it is enough to show it holds for A = L,, and A = R,, where m and
n are positive integers. We assume the former (the proof for the latter is similar); that is,
¢: Ly xC~ L, x D. By Lemma 6.2.8 we have a natural isomorphism

0 : Ly x C/0Y(C) ~ Ly, x D/6'(D)

where o(z, P) = (y,Q) iff p({z} x P) = {y} x Q since Ly, =~ Ly,/0'(L,,). Using this iso-
morphism we have two ways of partitioning L,, x C/6'(C) into m-element subsets. Firstly
put (z1, P1) and (z2, P») into the same class if P, = P,. For the second way put (z1, P;) and
(z2, P2) in the same class if o(x1, P;) and o(x2, P,) have the same second component. By a
result of De Bruijn [Bru47] there exists a common selector set T C L,, x C/0'(C), that is for
each partition, T" has exactly one member from each class.

Note if b € C then there is an unique z € L,, and P € C/¢(C) such that b € P and
(z,P) € T. Define ¢ : C'——= D such that (b) is the second part of ¢(x,b) where z € L,, and
bec PcC/0(C) and (z,P) € T. This map turns out to be the desired isomorphism. O

Lemma 6.2.10. If A € B and x(A) = (m,n), then there exists B € B* such that A ~
Ly, X Ry, x B. Moreover if A~ C x D where C € B and D € B* then C ~ L,, x R, and
D~ B.
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Proof. We start off by showing if A € B and I(A) = m then L,, | A. By definition of [(A)
there is a set T C A/0'(A) and a bijective map

0 Ly x T —> AJ0'(A)

such that o(x,p) L Pforalze L,, and all P € T. Let B = A[UT] be a subalgebra of A,
where UT is the set containing all the elements of A used in T'. For each pair (x, P) € L, x T

choose ¢, py : P 4 o(x, P). Then the map ¢ : L,, Xx B—— A defined by
QS(-T’ y) = ¢(x,P) (y)

for z € L,, and y € P € T is a bijection. In fact this map is an isomorphism. Dually we can
show if A € B and r(A) = n then R, || A. From these results it follows that if B € B then
B e %> iff x(B) = (1,1).

To finish the proof suppose A € B and x(A4) = (m,n). Thus there exists B’ € B such that
A~ L, x Band x(B') = (1,n). Also B’ = R,, x B where B € B*. Hence A~ L,, x R, x B
where B € B*. Finally, suppose A ~ C x D with C' € 85 and D € B*. By Lemma 6.2.8 we
have x(C) = (m,n) and hence C ~ L, x R,,. By Lemma 6.2.9 we obtain B ~ D. O

Lemma 6.2.11. Assume A € B and A ~ [[,c; Ai. Then A € BY iff A; € BY for all i e 1.
Likewise A € B* iff A; € B* foralli e 1.

Proof. The only part that does not follow immediately is to show that if A; € B* for all i € T
then A ~ [[,c; A; € B*. To prove this we use the the fact that A contains a finite ~-coset.
Hence there is a finite set ' C I such that

B = H A;
i€l—-F

has a l-element m-coset. If B ~ C' x D and C € B and |C| > 1 then every ~-coset of B
would have more than 1 element. Therefore B € B* and

A ~ BxHAi
i€EF

X(4) = x(B) x [] x(4).

iEF
So x(4) = (1,1) and A € B*. O
Theorem 6.2.12. Fach of %D,%T,%l, B and B* is an algebraic class which is closed under
finite direct products and direct factors. Furthermore B = B85 x B* and BY = B! x B".

Proof. Follows immediately from Lemma 6.2.7, Lemma 6.2.10 and Lemma 6.2.11. 0

Now we have the necessary tools to prove the following theorem [Mck72] which trivally
explains why every finite band is uniquely factorable.

Theorem 6.2.13. If A is a band with one of its ~4-cosets finite then A has the refinement
property.

Proof. Clearly a finite left-zero or right-zero semigroup has the refinement property. Also each
A € B has a D-ideal U satisfying A[U] € B5. So by Theorem 6.1.12 it follows that %8 has the
refinement property. ]

Corollary 6.2.14. FEvery finite band has the unique factorization property.
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Chapter 7

Other related properties

In this chapter we divert our attention from studying unique factorization properties to in-
vestigating related factorization properties. Our main focus will be on the following three
implications (for some positive integer k). These fundamental questions concerning direct
products were raised for groups, boolean algebras and arbitrary structures by Sikorski [Sik48],
Tarski [Tar48, Tar49] and Kaplanski [Kap54] respectively.

AF~BF — A~B,
AxC~Bx(C — A~B,
A~AxBx(C = A~AxB.

If A¥ or A x C has the unique factorization property then the first two implications are
trivially true. However these three conclusions do not generally hold for infinite algebras'. This
chapter will showcase conditions when it does occur. Even the cancellation property may fail
for infinite or finite algebras as demonstrated with these examples:

Example 7.0.15. Let A = Zy and B = Zsy X Zo X Zs X ... be two abelian groups. It is clear
that A x B ~ B? but A # B.

Example 7.0.16. Let A and B be algebras with the same underlying set {a,b} and unary
functions f and g respectively such that f(a) = g(b) = a and f(b) = g(a) = b. A simple
calculation shows A x B ~ B2, but A # B.

Suprisingly Lovész [Lov67] showed that the first implication holds for any finite structure.
He furthermore showed the cancellation law (which prominently features in many unique fac-
torization results) holds whenever C' has an one-element subuniverse. We follow this beautiful
counting argument in the first section. The second section contains ideas from equational the-
ory to prove these results in a fresh, maybe more enlightening way. The third section, like
Mckenzie [Mck71], concentrates on denumerable structures (that is finite or countably infinite
structures). Using simple set theory arguments we prove that whenever B or C' is finite then
the third implication follows. As a fitting end to this chapter, we use a result established twice
here to produce another unique factorization theorem for certain varieties.

7.1 kth roots and cancellation

The main goal of this section is to show that whenever A and B are finite structures then
Ak ~ BF — A ~ B if k is some positive integer. We proceed by modifying the arguments

'See [Jon57] for groups and [Han57, Kin53] for Boolean algebras.
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found in [Lov67, Lov71] by showing these results holds in certain important categories. This
is motivated by the next definition and example. Lastly some attention is paid to cancellation
results.

Definition 7.1.1. We call a category L a Lovasz category if it closed under products, closed
under pullbacks, for all objects A and B the set hom(A, B) is finite, each morphism up to
isomorphism has an unique epi-mono factorization and if f : A ——= A is a monomorphism
or epimorphism then f is an isomorphism and lastly the collection of non-isomorphic objects
forms a set with some ordinal (that is it is not a proper class). Let 1y, denote the terminal
object of this category. O

Example 7.1.2. Let C be a category of all the finite algebraic structures of a given similarity
type (that is they have the same fundamental operations). It is easily shown (or see [Mac]|)
that this is a simple way of producing a plethora of Lovész categories using universal algebras.

The next lemma is crucial and gives a connection between homomorphisms and monomor-
phisms in Lovéasz categories.

Lemma 7.1.3. For a fixed object B in Lovdsz category . we have that the system of cardinals
{|lhom(A, B)| : A € L} is determined by the system of cardinals {|mono(A, B)| : A € L}, that
is if you know all the cardinals hom(A, B) you can determine all the cardinals mono(A, B).

The converse is also true, that is if you know all the cardinals mono(A, B) you can determine
all the cardinals hom(A, B).

Proof. First recall that every homomorphism f : A ——= B factors uniquely as
Ao " B,
where e is an epimorphism and m is an embedding. Thus it follows that
|lhom(A, B)| = > |mono(C, B)|. (7.1)
e:A—C,e 1s epi

Next we define the order C' < A if there is an epimorphism from object A to object C. It is
certainly clear this order is a partial order and the least element is the terminal object. Hence
doing induction on this partial order will complete the proof. For the converse, rewrite equation
(7.1) as

Imono(A, B)| = |hom(A, B)| — > Imono(C, B)|.
C is an epi-image of 4,C#A
Again by induction on |A| the result follows. O]

Therefore in the case where L is the category of finite structures of a fixed type we conclude
that for every finite structure A there exists integers ug(6 € Con A) such that for all finite
structures B of the same type

jmono(A,B)| = Y pglhom(A/6,B)|.
gcCon A

It is interesting to observe that these integers pg depend only on the congruence lattice and
the procedure? to extract them is known as Mébius inversion.

2See [Gra].
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For a given Lovész category L, let {A; : i < a} be a collection of all structures inl. up to
isomorphism for some ordinal . Now for any object B we define h;(B) = |hom(A;, B)|. Fi-
nally, let hA(B) be the entire sequence {h;(B) : i < a} of cardinals. Now we are ready to prove
our first major result which will assist in solving the problems posed in the beginning.

Theorem 7.1.4. Let I be a Lovdsz category with objects A and B.
(i) h(A) = h(B) < A~ B.
(ii) For alli < o we have hi(A x B) = h;(A) x h;(B).

(111) If hom(1y, A) > 0 then h;i(A) > 0 for all i < .

Proof. For the first part, note that by definition h is isomorphism invariant, that is A ~ B
implies h(A) = h(B). On the other hand if h(A) = h(B) then by Lemma 7.1.3 mono(A, B) =
mono(A, A) > 1. In a similar fashion we can show mono(B, A) > 1. Therefore A ~ B. Part
(ii) is immediate from the categorial definition of products. For part (iii) recall 1y, is a terminal
object, ie. hom(A;,1r) =1 for all i < a. O

Corollary 7.1.5. Suppose A, B,C and D are objects of Lovdsz category L.
(i) If k is a positive integer and A* ~ B* then A ~ B.
(i) If there is a homomorphism from D to C and A x C ~ B x C then Ax D ~ B x D.

(111) If hom(1y,C) >0 and A x C ~ B x C then A ~ B.

Proof. (i) Using universal properties of products we have for any ordinal i that (h;(A))* =

hi(AF) = hi(B*) = (hsy(B))*. Thus h;(A) = h;(B) for all ordinals i. Hence A ~ B by Theorem
7.1.4.

(ii) Note h(D,C) > 0 implies h;(D) = 0 if h;(C) = 0. By part (ii) of Theorem 7.1.4 we
have h;(A).hi(C) = h;(B).hi(C). From the previous remark it follows that h;(A).h;(D) =
h;(B).h;(D). Hence by Theorem 7.1.4 we have A x D ~ B x D.

(iii) Either note h;(C') # 0 for all i or using part (ii) of this corollary. Hence its an imme-
diate conclusion that 1, x A ~ 1, x B or in other words A ~ B. ]

This beautiful corollary makes a strong general statement about many finite structures.
For example, if A, B and C are finite groups (maybe non-abelian) such that A°> ~ B® or
A x C ~ B x C then A~ B, since hom(1y,,C) > 0 holds for groups.

Now for the remainder of this section we continue studying factorization properties in terms
of categorical concepts. We first translate the idea of isotopy which is needed to understand
Lovasz Isotopy Lemma.

Definition 7.1.6. Suppose C is a category closed under finite products. If there is an isomor-
phism ¢ : A x C ——= B x C' that makes the following diagram commute

AxCi>B><C
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where 7y is the second projection map, then we say object A is isotopic to object B over C
and denote this by A ~¢ B. d

Using simple categorical arguments we prove a theorem which nearly looks like a cancellation
theorem. This result was preceeded by J.D.H. Smith [Smi76] who proved under the hypothesis
that A, B and C are finite structures and contained in a permutable variety that AxC ~ BxC
implies A and B are isotopic.

Theorem 7.1.7. Lovdsz Isotopy Lemma
If A, B and C are objects in Lovdsz category L then Ax C ~ B x C <= A~¢ B.

Proof. The reverse direction is obvious. For the direct implication we create a new category
L(C) for the object C. The objects in this category are the pairs (A, ¢) where ¢ is a homomor-
phism from A to C. A morphism in L(C) between the objects (A4, ¢) and (B, 1)) is a morphism
f+ A——= B such that ¢ = ¢ o f, that is a homorphism ¢ that makes the following diagram
commute:

If A is object in L then (A x C,p2) is an object in L(C) where py is the second coordinate
projection. We denote this object by Ac. It is known that products in L(C) correspond to
pullbacks in L. Also it can be checked that the product of A¢ and B¢ is isomorphic to (Ax B)¢.

Let {(Ai,¢i) : @ < a} be a list of all objects in category L(C) up to isomorphism for some
ordinal a.. Let h;(A, ¢) the the number of L(C') morphisms from (A;, ¢;) to (A, ¢), that is

hi(A, @) = |homuc)((Ai, ¢i), (A, 9))|

for some ordinal 7. It is easily checked that h;((A,¢) x (B,v)) = hi(A,¢) x hi(B,y) and
(A, ¢) ~ (B,v) iff hi(A,¢) = hi(B,v) for all i. Also note that for each i there is a L(C)
morphism f; : (A, ¢;) — C¢ using the universal property. Thus h;(C¢) # 0.

Suppose Ax C ~ BxC. Therefore in L(C) we have (AxC)¢c ~ (BxC)¢. So for each i we have
hi(Ac).hi(Cc) = hi(Be).hi(Ce). Knowing h;(C¢) is non-zero we deduce that h;(Ac) = hi(Bc)
for each i. Thus Ac ~ B¢ which is equivalent to saying A ~¢ B. O

It should be pointed out that the cancellation law also holds for structures other than those
that possessing an one-element subuniverse. L. Fuchs [Fuc67] proved that the infinite cyclic
group is cancellable in the class of all abelian groups. Here we proceed to apply Lovasz Isotopy
Lemma to algebraic structures (structures that only has fundamental operations) in conjunction
with the next lemma to produce structures that do not have an one-element subuniverse but
are still cancellable.

Lemma 7.1.8. If algebraic structure A is isotopic to algebraic structure B then there is a
bijective map ¢; for each fundamental operation f; (they are indexed by set I) and a bijection
¢ such that

Qsi(fiA(alv ce ,Cbn)) = sz(¢(a1)’ .- '7¢(an))’

foralli eI and ay,...,a, € A, where f; has rank n.
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Proof. Suppose A is isotopic to B over C. Thus for each 2 € C there is a bijection ¢, : A——=DB
such that the map ¢ : A x C —— B x C given by

(@, 2) = (¢z(a), z)

is an isomorphism. Select an arbitrary element ¢ € C. We proceed to show ¢(x) = ¢.(z) and
¢i(T) = bt (cp,....c) (T) Works.

(¢ff(c7c,...,c)(fiA(alva27'-‘7an)7fic(c7cv”'70)) = ¢(f{4(a17a27-~,an)7fzc(cvcv"‘7c))
P77 ((a1,0), (a2, ), .- -, (an, ©)))

fiBXC((QZ)C(al)a 6)7 (¢C(a2)v C)7 EER) (¢C(an)7 C))
(fiB(¢c(al)v ¢c(a2)7 ) d’c(an))v fz'c(cv Cyevnyy C))

O

Corollary 7.1.9. If C = (C, f) is a finite groupoid with elements c,d such that f(c,d) =
f(d,d) = f(d,c) = c then C is cancellable among finite algebras.

Proof. Let A = (A, f4) and B = (B, fP) be finite groupoids such that A x C ~ B x C.
By Lovész Isotopy Lemma we know A ~c B. Therefore for each z € C there is a bijection
¢ : A —— B such that the map ¢ : A x C——=B x C given by

(a,2) = (¢z(a), )

is an isomorphism between A x C and B x C. We claim ¢, is the desired isomorphism from A
to B. Invoking Lemma 7.1.8 we have

de(fH(a,a)) = [P(¢e(a), dald)),
¢e(fH(a,a)) = fP(¢ala), pa(a)),
de(fHa,a)) = [P(gala), pe(a)),

for all a,a’ € A. The next calculation proves why ¢, is an isomorphism.

de(fHa,d)) = ¢, dc(f(a,d)),

btz (fP (ala), ¢e(a))),
b (07 da(a), o7 de(d)),
FP(bety dala), pady  dcla)),
= [P(¢cla), pc(d)).

O]

The example below effortlessly manufactures a large collection of algebras that are can-
cellable among finite structures, but do not have one-element subuniverses.

Example 7.1.10. Let B = (B, A,V,” ) be a Boolean algebra. Define groupoid C = (B, f)
with f(z,y) = (x Ay)~. Then f(0,0) = f(0,1) = f(1,0) = 1 and by Corollary 7.1.9 it is
cancellable among finite structures of this type.
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7.2 Another proof

In this section we give another solution to the problem A* ~ B¥ — A ~ B. As an un-
dergraduate the author was asked to prove that for any finite abelian groups A and B that
A? ~ B2 — A ~ B. This classroom problem intrigued the author and inspired the techniques
found here, because it turns out to be true for any finite group, actually for any finite structure.

This fresh approach uses ideas from equational theory. These results will be applied to fi-
nite relational structures that may have an infinite set of finitary relations on the underlying
set. To achieve this task we adopt terminology from [EF99]. First we define some notation,
including the idea of a “counting function”, that is useful for Lemma 7.2.5.

Definition 7.2.1. Let X = {z1,...,z,} be a finite set of variables. We say ¢ is an atomic
formula if ¢ = 7(z4(1), . .., T(n)) Where 7 is some equation/relation of arity n and o is a map
from {1,2,...,n} to the set {1,2,...,m}. We denote Sx as the smallest set Z of formulas over
X such that Z includes all the atomic formulas over X as well as all x; = x; fori,j € {1,...,n}
and Z is closed under the NOT, OR and AND connectives. In fact Sx is the intersection of all
sets Z as described. For a given ¢ € Sy we use ¢(z1, 2, ..., Ty) if the order of the variables is
important. O

Definition 7.2.2. If the variables Z in a formula are interpreted a@ that is m-tuples of elements
of A then ¢ makes a statement about A. This statement may be true or false. If it is true, we
say ¢ is true of @ in A or in symbols A = ¢(@). O

Definition 7.2.3. Let T denote the class of all cardinal numbers. For each algebra A and set
of variables X we associate a “counting function” Cif : Sx — T sending each formula ¢ to
the number of solutions it has in A, ie. CX(¢) = [{@: A = ¢(a@)}|. O

Next is an example to ground these concepts before we continue listing some elementary
properties about the counting function.

Example 7.2.4. Let X = {x1,22}, A be the group of order 2 and B be the non-cyclic group
of order 4. If ¢ is the formula (23 = 23) A (z1 # 22) then C% (¢) = 2, since (0,0) and (0, 1) are
both solutions for (z1,72). Also Cx (¢) = 6.

Lemma 7.2.5. For all o, 3 € Sx we have
(i) Cj () + Cf (na) = |A%].
(i) C(a) + C(B) = C(aV p) + ClaAp).

Proof. (i) For each f: X ——= A it either satisfies the formula or not.
(ii) Let Sy be the set of solutions to the formula ¢. Thus Sypg = Sa N Sp and Sayvp = Sa U S5
and the result follows.

O

Note if A, X are finite and we know the value of C(¢) then we can calculate C'(—¢) using
Lemma 7.2.5 part (i). However when A is infinite this is no longer the case. This observation
indicates why finiteness is vital for this argument and breaks down otherwise.

In Example 7.2.4 we saw that C% (¢) x C%(¢) # Ca(¢) but A x A ~ B . As we are in-
terested in studying direct product properties we want to select the formulas that behave well
under the counting function.

84



Definition 7.2.6. Let Sx be the smallest set of formulas containing atomic formulas and
closed under the AND connective. ]

Lemma 7.2.7. Let ¢ € Sx then for any algebras A, B of the same type we have

(1) Caxp(¢) = Ca(¢) x Cp(9).
(i1) |[Hom(A, B)| > 0 and Ca(¢) > 0 implies Cp(¢) > 0.

The proof of Lemma 7.2.7 is straightforward and hence omitted. It should be noted that
Sy is not the complete set of ¢ where Caxp(¢) = Ca(¢) x Cg(¢) holds, but it is sufficient for
our goal.

Now Theorem 7.2.10 below may look simple but it can be used to proof these powerful re-
sults about finite algebras, mentioned in the beginning of this section, in a simple manner.
Before we prove this theorem we need a new definition and a lemma to assist us.

Definition 7.2.8. Let ¢(z1,22,...,2,) € Sx. By substituting ; with x; we can make a new
formula ¢(x; ~ x;) = ¢(x1,22,...,Tj—1,Ti, Tj41,. .. Ty) on the set X — {z;}. ]
Lemma 7.2.9. If ¢ = =(x; = z;) Np(z1,...,x,) where ¢ € Sx for X = {x1,...x,}, then for
any algebra A we have CX () = CX (¢) — Cf_{xj}(qb(xj ~ 1))

Proof. If you subtract all the solutions of ¢ in A from the solutions of ¢(x; ~» ;) in A you get
all the solutions of ¢ in A. O

Theorem 7.2.10. (i) If A, B are finite similar algebras which are not isomorphic then there
is a formula ¢ € Sx for some X such that Ca(¢) # Cp(¢).
(ii)) A~ B <= Cy =Cp.

Proof. (i) First we construct a formula ¢ such that C (¢) # Cx (¢). Let X be a set such that
|X| = |A|. Then a bijective function A : A —— X exists. Thus we have natural bijections
A" A" —— X™ for each natural number n. Let R,, be the set of all fundamental relations of
arity n. Put

§ = A H(6"(@),
neNyreR,;dacr

¢ = OA /\ —(z =2a).

r,x’ € X xF#x!

Clearly C(¢) > 1. In fact O (¢) = |Aut(A)|. If Ca(¢) = Cp(¢) then Cp(¢) > 1. Hence we
can embed algebra A into algebra B. Similarly we can show that we can also embed algebra
B into algebra A. Both being finite gives A ~ B. This contradiction proves the existence of a
formula ¢ with the desired property.

Now we proceed to modify ¢ to a formula (;3 € Sy for some Y. By construction of ¢ we
know a proposition ¢; and variables x;, x; exist such that

¢ ==(xi = x5) A ¢,
where ¢; has less negations then ¢. Using Lemma 7.2.9 we have Cf(%) - Cff_{“}(qh (x5 ~
1)) # X (61)~Cp (b1 (@i ~ 25)). Thus either CX (61) # Cu(X)(61) or 3~ (9n (s ~
xj)) # Cgf{zi}(gbl(:ni ~+ x;)). Observe ¢1 and ¢1(x; ~» x;) have fewer atomic subformulas

of the form —(z = z’) than ¢. Therefore continuing by induction on the number of atomic
subformulae completes the proof. O
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Therefore knowing C4 on Sx we can determine the algebra up to isomorphism and hence
calculate the counting function C'y completely. This is precisely what gets exploited in Corollary
7.2.12. Also the existence of an one-element subuniverse seems to be important for cancellation
results. This strange phenomenon are understood better in light of Corollary 7.2.12.

Definition 7.2.11. We say element x of algebra A is an reflexive element if for all relations r
we have r(z,z, ... (n times), z) if r has arity n. O

Corollary 7.2.12. Suppose A, B,C, D, E are finite relational algebras, that is algebras with
only fundamental relations.

(i) A¥ ~ B¥ — A~ B where k is a positive integer.

(ii)) Ax C~ B xC and |Hom(D,C)| >0 = AxD~BxD

(i1i) If E has an reflexive element then Ax E~ B x E — A~ B.

Proof. (i) If A # B then there is a ¢ € Sx (where ¢ € Sx for some X) such that C(¢) #
Cp(¢). Then Cy(p)™ # Cp(¢)" = Can(¢) # Cpn($). This contradiction gives the desired

result.

(ii) Since A x D % B x D then there is a ¢ € Sx such that Caxp(¢) # Cpxp(¢p) =—
Ca(¢).Cp(9) # Cp(¢).Cp(¢p) = Cal¢) # Cp(¢) and Cp(¢) > 0. Since [Hom(D,C)| >0
we have Cc(¢) > 0. So finally we get Caxc(¢) = Ca(¢).Co(p) # Cp(¢).Co(¢p) = Cpxc(d).

This contradiction gives the desired result.

(iii) The result follows from (ii) and Lemma 7.2.7. O

Using a natural way to transform a L-structure(a structure that potentially has both fun-
damental operations and fundamental relations) into a relational algebra(a structure that only
has fundamental relations) while retaining its direct product properties we can easily conclude
that these properties also hold for L-structures.

Corollary 7.2.13. Suppose A, B,C, D, E are finite L-structures.

(i) A¥ ~ B¥ — A~ B where k is a positive integer.

(i) Ax C~ B xC and |Hom(D,C)| >0 = AxD~BxD

(111) If E has an one-element subuniverse then Ax E~ B x E = A~ B.

The next example illustrates that the extra condition on the cancellation law in Corollary
7.2.13 is necessary.

Example 7.2.14. Let V be a two-element set {a, b} with binary relation R = {(a,a), (b,b)}
on it. Let W be a two-element set {c,d} with binary relation S = {(c,d), (d,c)} on it. It turns
out that V.x W ~W x W but V £ W.

7.3 Absorbing algebras

Here we develop independent results to answer the question whether A ~ A x B x (C —
A~ Ax B~ Ax(C. This curious problem was raised by C. Chang’s [Cha67] and answered
by Mckenzie [Mck71]. Obviously this implication becomes more interesting when dealing with
infinite structures. Unlike the other sections we strongly use ideas from set theory and even
borrow a concept from analysis theory, but first a concept that applies to infinite structures.

Definition 7.3.1. We say that algebra A absorbs algebra B iff A ~ B x A. Algebra A is said
to be infinitely divisible by B iff there are structures (Ay)ne, such that A ~ B x Ay and
A, ~ B x A, for each n € w. O
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Definition 7.3.2. We say two sequences = = (g, z1,2,...) and y = (yo,y1,Y2,-..) eventu-
ally agree if some integer n exists such that z,,, = y,, for all m > n. O

Now we are ready to connect the two notions of infinite divisibility and absorption. It
should be noted that Corollary 7.3.4 was proved for countable complete Boolean algebras by
Sikorski [Sik48] and Tarski [Tar48, Tar49).

Theorem 7.3.3. If countable algebra A is infinitely divisible by finite algebra B then A absorbs
B.

Proof. Assume A ~ B x Ag such that a — (fo(a), g(a)) for some maps fy and go. Also for each i
A; ~ Bx A;y1 such that a — (fi(a), gi(a)) for some maps f; and g;. Therefore ker f; xker g; = 0
for every 4 in the appropriate lattice. Define ¢¥_1 = id4 and

Vi = gioYi
¢; = fioi

for each i € w. Thus kerty C keryy C keriy C ... (since ¥;(a) = 1;(b) then g;119i(a) =
gi+19i(b) giving Yit1(a) = ¥it1(b)) and

0 = ker ¢g x ker ¢p1 X ker ¢po X ...ker ¢, X ker ), (7.2)
for each n € w and ¢,,(A) = B for each n € w. Therefore
0=0nNker¢oNkerepsN...

where 0 = Upe,, ker ¢p,. Thus
f:A—=A/0 x B*

where a — (a/60, (¢;(a) : i € w)) is an injective homomorphism.

If (bj) € BY and b; = ¢i(a) for i > n, then Equation 7.2 shows that there is an o’ € A
such that ¢;(a’) = b; for i < n and ¥, (a’) = ¥, (a). So for i > n we have ¢;(a’) = ¢;(a) = b;
and a'/0 = a/f. Thus whenever x € A/6 x B¥ is the same as f(a) except for finitely many
B-coordinates, then x = f(a’) for some a’ € A.

So far we have shown, up to isomorphism, A is a subalgebra of C'x B and if (¢, (bo, b1, b2,...)) €
A and b, = b; for all ¢ > n then (c, (by, by, bh,...)) € A.

Now for any function A : w —— w we can define a homomorphism
fa:CxBY—=Bx (Cx BY)

via
(C, (bo, bi,bs, .. )) — (bo, (C, b/\(o), b)\(l), .. ))

It turns out fy is an isomorphism between C' x B and B x (C' x B¥)) iff A maps w bijectively to
w —{0}. To finish this proof, we now explicitly construct a bijection \ with the extra property
that the resulting isomorphism f) maps A onto B x A.

To construct A, we use the fact that A is countable and B is finite. Let (a; : i € w) enu-
merate all the elements of A with element

al = (¢, (b%, Zi, o))
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in the above representation of A as a subalgebra of C' x B“. Since B is finite, there exists an
infinite set Jy C w such that b? = bg for all j,k € Jy. Proceeding in this manner we see the
existence of a nested sequence of infinite sets Jy D J; 2 Jo O ... such that for every ¢ we have
b;- = bi for all j, k € J;.

We now pick natural numbers n; such that 0 < ng < ny < ne < ... and such that n; € J; for
each i. Now we are ready to define A. If n does not occur in the sequence 0,n1,no,ns, ... then
A(n) = n, otherwise define A(0) = ng and A(n;) = n;41 for i € w. It is clear that A\ maps w
bijectively to w — {0} and hence f) : C x BY ——= B x (C x B“) is an isomorphism.

Now we show that fy(4) C B x A: Let a® = (c;, (b),b%,...)) be an arbitrary element of
A. If n > n; then either A(n) = n or n, A(n) are both elements of J;. This means bg\(n) = b, for

all n > N. Define fy(a’) = (b,a’) where o’ differs from a’ only in finitely many B-coordinates.
From an earlier observation it follows that f\(a) € B x A, so f\ maps A to B x A.

Now we show f\(A) maps A onto B x A: Take a typical element (b, a’) = (b, (¢, (b}, b, ...,))
of B x A and let N be such that bf\(n) = b}, for n > N. Now define
a = (d,(by,b,...)) € C x B¥

where ¢ = ¢, by = b, bg\(n) = b, for n < N and b%, = b/, for all other m. Since a’ and a’ only
differ in finitely many B-coordinates, we have a’ € A. Noting bf\(n) = b, for n > N, it follows
that f(a’) = (b,a’) which completes the proof. O

We conclude with two impressive corollaries of this theorem.

Corollary 7.3.4. Suppose A is countable and either B or C is finite. If A~ A x B x C then
A~ AxB.

Proof. Assume B is finite. Notice
A ~ Bx(AxO)
AxC =~ Bx(AxCxC)
AxCxC =~ Bx(AxCxCxCQC)

etc.
Thus A is infinitely divisible by B. By Theorem 7.3.3 it follows that A ~ A x B. Otherwise if
C is finite, we get A ~ A x C. Therefore A x B~ A x B x C ~ A. O

Corollary 7.3.5. Suppose B is countable and C is finite. If A~ B x C and B~ A x D then
A~ B.

Proof. A~ B x(C ~Ax D xC. Applying Corollary 7.3.4 we obtain A ~ A x D ~ B. O

This result is somewhat reminiscent of the Cantor-Schroder-Bernstein Theorem which states
that whenever A <« BUC and B < AU D then A < B. Here A «— B is shorthand notation
for representing equipotent sets A and B, that is they have the same cardinality.

Do not be misled by Theorem 7.3.3 in thinking that countable structures are well behaved.
Examples of countable groups, lattices and Boolean algebras A exist with A ~ A3 and A % A2.
A.L.S. Corner [Cor69] published an example of an abelian group with this strange property.
Equally interesting, W. Hanf [Han57] explains how to find Boolean algebras such that A ~ A*
but A # A’ for any 1 < i < k.
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7.4 Subdirectly irreducible algebras

In this section we investigate the connections between subdirectly irreducible algebras and
directly indecomposable algebras. This may be a strange place to include this, but Corollary
7.1.5 will be invoked. Here we also prove Theorem 7.4.3, the only unique factorization theorem
in this chapter, but first we recall what a subdirectly irreducible algebra is.

Definition 7.4.1. An algebra A is said to be a subdirect product of a family (A4;);es of
indexed algebras if

el
mi(A) = A; foreachiel.

Furthermore we say the embedding e : A—— [],.; 4; is a subdirect embedding if e(A) is a
subdirect product of the A;. O

Definition 7.4.2. An algebra A is subdirectly irreducible iff for every subdirect embedding

e:AHHAZ-

i€l
there is an 7 € I such that A ~ A;. ]

Examples of subdirectly irreducible algebras includes any two-element algebras, simple
structures, Z,~, etc. It can be shown that any finite abelian group G is subdirectly irre-
ducible if and only if it is cyclic and |G| = p™ for some prime number p. Further interesting
properties of subdirectly irreducible algebras can be found in [BS].

It can also be shown that every subdirectly irreducible algebra is directly indecomposable
and hence has the unique factorization property. The converse is not true as the three-element
chain (as a lattice) is directly indecomposable but not subdirectly irreducible.

Up to now we have seen many proofs of why finite abelian groups have the unique factor-
ization property. Here we will give another one, but first note that in groups the directly
indecomposable algebras (the finite cyclic groups of prime order) are subdirectly irreducible.
This condition gets exploited in producing Theorem 7.4.3.
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Theorem 7.4.3. Let V' be a variety where every directly indecomposable algebra is subdirectly
irreducible. If a finite algebra in this variety has an one-element subuniverse then it is uniquely
factorable.

Proof. Suppose A is a finite algebra with an one-element subuniverse. We proceed proving the
claim on induction on the size of A. Suppose

AEHAZZHBJ,

iel jed

where A; and B; are directly indecomposable algebras. Without loss of generality assume A;
is the largest algebra of the set {4; : i € I} U{B; : j € J}. Observe A; can be embedded
into A (if M and N are algebras of the same type and B has a one-element subalgebra, say
{0}, then the injective map a +— (a,0) becomes a homomorphism from A to A x B). Thus a
subdirect embedding
A1 I H Bj,
jeJ

exists where Ej is a subalgebra of Bj for all j € J. However, A; is subdirectly irreducible.
Thus A; ~ By for some k € J. Hence A; ~ By as |A1| = |Bi| < |Bx| < |A1]. Therefore
Ay ~ By. Applying Corollary 7.1.5 we get

Invoking the induction hypothesis on |A|, finishes the proof. O

7.5 Conclusion

This chapter studied other fascinating factorization problems. This is still mostly unexplored
terrority and there are more results to be unearthed. For example it would be interesting to
find sufficient conditions when these implications holds.

Furthermore, we showcased other interesting techniques for tackling these problems: Cate-
gory theory, equational theory and set theory. Category theory is still an untapped resource
to study these kinds of problems and hopefully it will be a powerful tool in the future to assist
in studying and understanding these problems. Also, equational theory is intrinsically part of
algebraic structures and may have the keys to unlock some of their mysteries.

Overall progress has been slow, due to the small number of minds actively engaged in this
area. In Chapter 2 we illustrated techniques using congruence theory and lattice theory. Al-
though these methods have been fruitful to produce numerous UFP theorems, we still need
further insight to solve the following important open problem :

If Con A is a modular lattice of finite height and A has an one-element subalgebra, must A
be uniquely factorable?

In Chapter 3 we modernized the idea of endomorphisms and subalgebras to assist us in proving
a UFP result for zero-algebras. Although these methods were different, we also demonstarted

why they cannot be extended to other algebraic classes.

It is possible to program a simple brute-force algorithm that would allow us to verify whether
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a finite structure has the UFP or not, but with infinite algebras this is no longer possible. This
was our focus in Chapters 4 and 5, to find infinite structures whose factorization behaves like
the factorization of integers. Here we utilised and demonstrated that the idea of decomposition
functions are far more useful than endomorphisms. We applied these methods to establish and
showcase the possibility of reconstructing many UFP results by requiring certain identities to
hold.

Another important class of algebras is idempotent algebras. In Chapter 6 we mainly focussed
on idempotent semigroups. Using some structure theory of semigroups and new techniques
developed by R. Mckenzie we showed that every finite idempotent semigroup has the UFP, but
the following important problem still remains unsolved :

Does every finite idempotent structure possess the unique factorization property?
Although these techniques have served us well, fresh techniques are still needed (like those

proposed in this chapter) to rekindle this branch of mathematics which allows us to give inter-
esting structural results about universal algebras.
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