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ABSTRACT

Several new results of a general algebraic scope are developed in an effort to build
tools for use in finite basis proofs. Many recent finite basis theorems have involved
assumption of a finite residual bound, with the broadest result concerning varieties
with a difference term (Kearnes, Szendrei, and Willard (2013+)). However, in vari-
eties with a difference term, the finite residual bound hypothesis is known to strongly
limit the degree of nilpotence observable in a variety, while, on the other hand, there
is another, older series of results in which nilpotence plays a key role (beginning with
those of Lyndon (1952) and Oates and Powell (1964).) Thus, we have chosen to
further study nilpotence, commutator theory, and related matters in fairly general

settings. Among other results, we have been able to establish the following:

e If variety )V has a finite signature, is generated by a nilpotent algebra and
possesses a finite 2-freely generated algebra, then for all large enough N, the
variety based on the N-variable laws true in V is locally finite and has a finite

bound on the index of the annihilator of any chief factor of its algebras.

e [f variety V has a finite signature, is congruence permutable, locally finite and

generated by a supernilpotent algebra, then V is finitely based.

We have also established several new results concerning the commutator in varieties
with a difference term, including an order-theoretic property, a “homomorphism”
property, a property concerning affine behavior, and new characterizations of nilpo-
tence in such a setting—extending work of Smith (1976), Freese and McKenzie (1987),

Lipparini (1994), and Kearnes (1995).
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CHAPTER 1

INTRODUCTION

This thesis is concerned with the study of abstract algebraic systems of a general
type: sets endowed with operations—all of which we shall assume to be of finite
arity (or rank). These given operations—which we shall call fundamental operations
can (of course) be composed to form new ones, which we shall call term operations,
and it sometimes happens that a pair of term operations so formed are identical.
We associate this coincidence with a syntactical object—mamely, an equation—in
a natural way. To describe this a bit further, consider a class of algebras each of
which is endowed with a set of fundamental operations, which is indexed by some
set of symbols—which we call the set of fundamental operation symbols—with each
of which an intended rank is associated; this enhanced indexing is referred to as the
signature of the class. We refer to such a class of algebras as a similarity class. By
supplying an adequate supply of symbols for variables, we can also use the signature
to index all term operations formed across the class, forming syntactical terms to
parallel various possible compositions. Unofficially, the use of parentheses is also
used to clarify presentation; for instance, the term z - (y - z) is the familiar way to
represent one side of the associative property, whether one is viewing this within the
context of group theory, monoid theory, or even, a bit unnaturally—if ‘-’ is interpreted
in the usual manner of ‘+’—addition over the natural numbers (and so forth.) An
equation, then, is simply a pair of terms; we usually use a formal symbol for equality
to denote this pair, writing, for example z- (y-z) & (x-y) - z to denote the associative

law, with ‘-’ simply a symbol awaiting interpretation as some binary operation in



whatever algebraic context we care to consider. (Consult Appendix A for a more
rigorous treatment of all the relevant background material.)

Our primary goal with this work is to further the understanding of a class of
problems concerned with the set of equations that holds in a given system or sys-
tems. However, we have generally pursued strategies concerned with the algebraic
structures themselves (rather than more syntactically-minded considerations). On
the other hand, there are numerous examples of a class of algebras that are natural
to study due, first of all, to some structural property shared among its constituent
algebras, but which turn out also to be characterizable by its satisfaction of some set
of equations. Thus, most of our results are concerned with the study of some such
classes of structures, and while some of the results below are more clearly connected
with the primary goal as stated above, others are less clearly so; nevertheless, it seems
useful to state at the outset, as we have, what our particular motivation has been.

We shall call a class of algebras defined by its satisfaction of a set of equations, a
variety. We shall call the set of all equations that hold in a given system its equational
theory. Given a particular algebra A, the variety based on the equational theory of A
is called the variety generated by A. A problem which began with the earliest work
in this field is to determine whether and which algebraic systems—or, as we shall
say, algebras—have equational theories that are axiomatizable by a finite subset of
these equations. We shall refer to this body of problems as finite basis problems. Any
equational theory that may be axiomatized by a finite set of equations we shall call
finitely based.

An early result of this type was got by Roger Lyndon in 1952, when he showed
that every nilpotent group has a finitely based equational theory. Generalizing this
result (as well as a subsequent stronger result obtained M.R. Vaughan-Lee (1983)
and Ralph Freese (1987)) has been one of our primary motivators. Nilpotence and

a related concept, solvability, are group-theoretic concepts, which can be viewed as



generalizations of abelianness. Both concepts are typically defined in terms of a two-
place operation—the commutator—defined on the set of normal subgroups of a given
group, though, nilpotence has other very useful characterizations as well.

A notion of commutator can also be developed for rings; indeed, beginning in the
early Nineteen-Seventies and continuing since then, a rather general theory of the
commutator has been developed—one which necessarily swaps the group-theoretic
study of normal subgroups with the study of congruences—that is, those equiva-
lence relations that are closed under the operations of a given algebra when applied
coordinatewise—with which every group-homomorphism and hence every normal sub-
group can be associated. Furthermore, the presence of this concept can be noted in
most of the existing finite basis results, from Lyndon’s to the present day—some
of these in a retrospective sense, in view of the fact that the commutator was not
available at the time of their initial discovery. For instance, nilpotence plays a crucial
role in another result the proof of which has been another of our primary interests,
that of Oates and Powell (1964), who proved that every finite group has a finitely
based equational theory. It is also known that each finite lattice has a finitely based
equational theory, and while the original proof of this fact, supplied by McKenzie
(1970) does not refer to the commutator, there was subsequently developed a proof
of his result which one can view as concerning the commutator. Indeed, by 2013+,
Kearnes, Szendrei, and Willard had managed a proof of a rather broad result that
generalizes McKenzie’s result as well as—in small part—the theorem of Oates and
Powell; their work very explicitly relies on analysis of the commutator. The result of
Kearnes, Szendrei, and Willard concerns algebras possessing what is called a “differ-
ence term,” a ternary term function, which is available in groups, quasigroups, rings,
modules, vector spaces, Lie algebras and the like, semi-lattices, and more: a majority
of algebraic objects common to mathematical practice. (However, they also adopted

a second, strongly limiting assumption.) In groups, for example, the ternary func-



tion d(z,y, z) = xy~ 'z represents the difference term available there; in general, it is
rather a technical thing, and so we leave its definition to Appendix A. In Chapter 4,
we further the understanding of the commutator in varieties of algebras possessing
this ubiquitous term, building on the work of Smith (1976), Freese and McKenzie
(1987), Lipparini (1994), and Kearnes (1995).

On the other hand, many algebras have been found with equational theories that
are not finitely based. Indeed, the seemingly natural conjecture that perhaps all
finite algebras have a finitely based equational theory was proved false early on by
Roger Lyndon, when in 1954 he found a 7-element counterexample—not long after
the appearance of his 1951 paper, in which he established that all 2-element algebras
generate a finitely based variety. Murskii (1965) later provided a 3-element algebra
that generates a variety without a finite basis. Thus, the task has shifted to an
attempt at characterizing those algebras that do boast a finitely based equational
theory. Knowing these results of Lyndon, Tarski asked whether there is an algorithm
for deciding, on the input of a finite algebra A of finite signature, whether A generates
a finitely based variety. In (1996), Ralph McKenzie answered Tarski’s longstanding
question in the negative. Yet, this does not mean it is out of the question that
something of mathematical interest can be said about the body of algebras with a
finitely based equational theory. Building tools to tell us more is the purpose of this
thesis.

While a certain strong assumption has been employed in the recent result of
Kearnes, Szendrei, and Willard, (and those of their predecessors, which they have
generalized) we have sought to try to understand further what can be said regarding
the finite basis question without the luxury of their strong, secondary assumption
(in brief, their secondary assumption entails the availability of a representation of
any algebra in terms of a product of some of its finite quotients or residues, a very

useful tool). We have pursued a line of research which is in some sense orthogonal



to that result. Specifically, we have undertaken a further study of the methods first
employed by Lyndon in his result concerning nilpotent groups and by Oates and
Powell in their result, in order to resolve the open question of the extent to which
Lyndon’s result on nilpotent groups can be generalized—thus, pursuing knowledge
of a class of algebras not well-covered by the recent result of Kearnes, Szendrei,
and Willard, whose assumptions strongly limit the type of nilpotence possible in the
algebras under their consideration: In fact, the only nilpotent algebras considered
under their assumptions are abelian.

However, we are not the first to press with this line of inquiry. M.R. Vaughan-
Lee (1983) and, subsequently, Ralph Freese (1987) were able to generalize a part of
the result of Lyndon concerning nilpotent groups—that is, that part that concerns
finite, nilpotent groups—with these latter researchers working under the auspices of
a stronger assumption than the availability of a difference term, but one still weak
enough to specialize to Lyndon’s result in the group setting. Their assumptions
are known to force a certain property on the set of congruences of each algebra
under their consideration, namely that of congruence permutability. For an intuitive
picture of what is meant by this, recall from group theory that a product can be
imposed on the set of normal subgroups of a group G and, indeed, for any pair of
normal subgroups H and K of G, we have that HK = KH-—that is, this product is
commutative; furthermore, related computations demonstrate that whenever we have
that HK = G and H N K is the trivial subgroup, G factors as the direct product of
H and K. Facts very much parallel hold in any variety of algebras each of which is
congruence permutable, which we define now.

Observe that any binary relations, say R and S can be composed in a natural
way; we let Ro S denote the set of all pairs (x, z) for which there is some y such that
x Ry S z—that is, so that z is R-related to y and y is R-related to z. To say that

a given algebra A is congruence permutable means precisely that this composition



operation permutes (or commutes) on the set of congruences of A—that is, so that
for any congruences a and § on A, we have that a o § = [ o a. This property is
equivalent to the one just cited for groups—if translated in the appropriate way from
the context of normal subgroups into that of congruences—but it also holds in rings,
modules, Lie algebras, vector spaces, loops, quasigroups, and more. In fact, in 1954

Anatoli Mal’cev established that

A variety V is congruence permutable if and only if there is a ternary term
p supplied by the signature of V such that, for any algebra A € V and
any a,b € A, we have that p(a,b,b) = a = p(b,b,a) (or, put another way,

A satisfies the equations p(z,y,y) =~ = =~ p(y,y, z).)

Such a term is called a Mal’cev term, and any variety the algebras of which are
each congruence permutable we shall either call congruence permutable or Mal’cev.
In particular, as we shall see, every Mal'cev term is a difference term. In fact, the
example given above for the difference term in groups is also a Mal’cev term.

A more exotic and involved example of a Mal’cev term occurs in quasigroups.
Recall first that quasigroups are endowed with three binary operations symbolized
by -, /, and \ with which we may express the axioms of this class: (z-y)/y ~ =z,
(x/y)-y~x, y\(y-z) =~ x,and y - (y\x) = z. One can then check that the ternary
term p defined in the signature of quasigroups by p(z, v, 2) = (z/(y\y))- (y\z) satisfies
Mal’cev’s equations, given in the display above.

In their finite basis result, Freese and Vaughan-Lee also assumed further a property
that is got for free in the case of finite, nilpotent groups, but which is not a property
of all nilpotent algebras: that of being representable as a direct product of algebras
of prime power order. They found the following (which, however, can be stated more

broadly; see Theorem 4.2).



Theorem 1.1. Let A be a finite, nilpotent algebra with finitely many fundamental
operations that generates a congruence permutable variety. Suppose also that A fac-
tors as the direct product of algebras of prime power order. Then A has a finitely

based equational theory.

We have been able to broaden this result. It turns out that, in a congruence
permutable variety, the property of being nilpotent and a direct product of algebras
of prime power cardinality is necessarily associated with the satisfaction of a set of
equations. Algebras in a variety that satisfy one such set of equations—depending on
the natural number parameter n—we shall call “supernilpotent of class n.” We have

been able to show the following.

Theorem 1.2. Let n be a natural number. Let V be a locally finite, Mal’cev variety
of finite signature consisting solely of algebras supernilpotent of class n. Then V has

a finitely based equational theory.

This comes as a trivial consequence of another new result we have been able to
obtain: For any natural number n and any locally finite, Mal’cev variety V' consisting
solely of algebras of supernilpotence class n, we have that ) is generated by a finite
algebra. We have several other contributions to this relatively new study of the
concept of supernilpotence, which we give in the next chapter.

We also have many results inspired by the techniques employed in the Oates-
Powell proof. Our results add steam to the following open problem, which has been

our primary focus.

Problem 1.3. Let A be a finite nilpotent algebra in a congruence permutable variety

of finite signature. Is the variety generated by A finitely based?

We have pursued the strategy of the Oates-Powell proof and have generalized

many of the incremental results feeding into their proof to the setting of our interest



(and sometimes broader.) We hope that a few of the results (and questions raised)
here concerning this topic may point the way to a solution of this problem.

It is convenient to briefly outline the strategy of the Oates and Powell proof, which
is concerned primarily with the concept of critical groups. We have defined (some-
what novelly) a critical algebra to be any that is not found in the variety generated
by its proper factors, where its proper factors are any subalgebra or homomorphic
image thereof of cardinality strictly less than the original algebra (see the discussion
preceding Theorem A.5 in the appendix). The Oates and Powell proof, then, exploits
the fact that if V is any variety such that all of its finitely generated algebras are
finite (a property which we shall refer to as local finiteness, moving forward), then
V is generated by its critical algebras. Now, Birkhoff (1935) showed that if V is any
locally finite variety of algebras each of which is endowed with only finitely many
fundamental operations, and n is a natural number, then the set of equations that
hold across V and that involve only terms in n or fewer variables has a finite basis
(which he provided.)

For a given variety V, let us denote by V™ the variety of algebras that satisfy
the n-variable equations true in V. It turns out that if for some natural number n
we have that V™ is locally finite and has a finite bound on the size of its critical
algebras, then the same must be true of V. Oates and Powell make use of this along
with the fact that if V is the variety generated by any finite group, then there are
natural numbers n, e, m, and ¢ such that V™ is locally finite and composed only of
algebras of exponent e, the chief factors of which have cardinality at most m, and
the nilpotent factors of which are of nilpotence class at most c. (A chief factor of
a given group G is the factor group H/K, where H and K are normal subgroups
of G such that K < H and so that H/K is minimal in G/K.) They show, using
these parameters, which hold across V but which can also be “lifted” to V™, that for

high enough n, V™ has only finitely many non-isomorphic critical groups. We have



sought to use a similar approach applied to Problem 1.3. In fact, we have been able

to show the following.

Theorem 1.4. If A is any nilpotent algebra of finite signature that generates a locally
finite congruence permutable variety V, then for high enough n, V™ is locally finite

and has a bound on its chief factors, depending only on the nilpotence class of A.

By “chief factors” here, we mean something very much parallel to the group-
theoretic definition given above, only concerning congruences rather than normal
subgroups. (We have also employed what appears to be the natural generalization
of the group-theoretic concept of “exponent” in our proofs.) We achieve this result
by identifying a set v, of equations for a fixed congruence modular! variety V that
is satisfied in any algebra in V of cardinality strictly less than n lying in V and so
that, conversely, if A € V satisfies v,,, then the annihilator of any chief factor of A
is strictly less than n. (The annihilator of a chief factor can be defined in terms in
the commutator of congruences.) Furthermore, the law v, is satisfied by a nilpotent
algebra in V if it is of a certain class depending on n. This result is a generalization
of one that holds in groups, given as Theorem 52.32 in Neumann (1967), in whose
work v,, is called the “chief centralizer law.” Using it, we draw several results, giving
new proofs of some older results as well as some apparently novel observations.

Now, Freese and McKenzie (1987) give a set ¥ of equations that characterize
nilpotence of a given class ¢ within a given class K of algebras, with ¥ turning
out to be finite if, for instance, K is locally finite and of finite signature. For this
reason, if A is again taken to be a nilpotent algebra that generates a congruence
permutable variety V, “lifting” the nilpotence class of A to V™ for high enough n,

is not a problem. However, there are several good reasons for supposing that this

! Congruence modularity is defined in the appendix below in terms of the satisfaction of a certain
implication (or, equivalently, a certain equation) on the congruence lattices of the algebras in a given
variety.



may not supply sufficient data to establish, too, a finite bound on the size of the
critical algebras of such a V(™ rather, we suggest that, as a preliminary heuristic,
replacing many of the occurrences of the concept of nilpotence in the Oates-Powell
proof with that of supernilpotence may yield an affirmative solution to Problem 1.3.
In the Oates-Powell proof, a key theorem provides a consequence of criticality in
an arbitrary group, which has implications concerning the structure of certain of its
nilpotent factors (we have in mind here Theorem 51.37 from Neumann (1967).) We
have found what seems to be a natural generalization of this result, but it concerns
instead the notion of supernilpotence. On the other hand, in group theory, nilpotence
and supernilpotence coincide. Indeed, it has been established via Aichinger and
Mudrinski (2010) and Kearnes (1999) that a given nilpotent algebra in a congruence
permutable variety is supernilpotent if and only if it is the direct product of algebras
of prime power order, which, as is well known, characterizes nilpotence in the group
setting. Furthermore, one can observe in the proof of the Oates-Powell result that this
feature of nilpotent groups—that is, that each such is the direct product of its Sylow
subgroups—appears to play an apparently indispensable role in their analysis. For
this reasons, we suggest further study of the concept of supernilpotence, supplemented
by the results of Aichinger and Mudrinski (2010), Kearnes (1999), and what we
have been able to establish below may finish the work started here in answering
Problem 1.3. In particular, we ask whether some fragments of Sylow theory might
extend to quasigroups with operators; work in this direction seems to very new,
judging by a recent, relevant paper of Smith (2015), but which may have some useful
antecedents and groundwork provided in Kearnes (1999) and others.

Taken as a whole, this thesis can be viewed as a collection of new results in
the study of the commutator, nilpotence, and related phenomena in algebras of a
fairly general nature. In Chapter 2, we define the higher commutator of Bulatov

(2001), via which the concept of supernilpotence is defined. Then, building on the

10



work of Aichinger and Mudrinski (2010) and the very insightful contributions of
Oprsal (20144), we establish the results concerning supernilpotence in congruence
permutable varieties mentioned above, while, on the way, noting some new results
concerning the higher commutator and, employing a slightly modified perspective rel-
ative to Oprsal’s, some new proofs of existing results, which we hope only continue the
useful simplifications of Aichinger and Mudrinski’s theorems offered by Oprsal. We
would like to note here, however, that the work we pursued concerning supernilpo-
tence was driven out of a desire to generalize Theorem 51.37, Lemma 33.44, and
Lemma 33.37 in Neumann (1967). Indeed, where certain of our results (especially
Theorem 2.24) can be viewed as a gloss on Oprsal (2014+) they can also be viewed
as a close generalization of some work of Graham Higman, as presented in Neumann
(1967), p. 88 (especially Lemma 33.44).

In Chapter 3, in addition to establishing Theorem 1.4 and some of its interesting
consequences (as well as generalizing other of the results relevant to the Oates-Powell
result, as presented in Neumann (1967)) we conduct further analysis of a Frattini
congruence, given first by Kiss and Vovsi (1995), while introducing another, as well,
which together seem to lend further legitimacy to the claim that such generalizes the
group-theoretic concept of Frattini subalgebra. We conclude that chapter by offering
a handful of relatively narrow questions the resolution of any of which would resolve
Problem 1.3.

In Chapter 4, we publicize an apparently known fact which seems to have mostly
been consigned to the folkloric background of the field: that any solvable algebra
in a variety with a difference term—and, indeed, with a so-called “weak difference
term”—generates a congruence permutable variety. Thus, the result of Freese and
Vaughan-Lee, given above as Theorem 1.1, can be more strongly stated (owing also to
the fact that nilpotence entails solvability). However, in Chapter 4, we also undertake

a novel study of this fact, revealing it to be the consequence of a new “homomorphism”

11



property of the commutator in varieties with a difference term, which we argue might
be as sharp a result as can be expected. We obtain this property by first noting two
other new results that may be of independent interest: We offer a new (apparently
sharp) order-theoretic property of the commutator in difference term varieties and a
new result concerning affine behavior in varieties with a difference term. This latter
result also enables us to show that the same set of equations given by Freese and
McKenzie to characterize nilpotence of fixed class in congruence modular varieties
holds also in varieties with a difference term. We do this by newly demonstrating that
the natural generalization of nilpotence with reference to the “upward central series”
from group theory is equivalent to nilpotence as traditionally defined, provided one is
working in a variety with a difference term. (That this last result holds in congruence
modular varieties is implicitly given in Freese and McKenzie (1987), but, apparently,
has not been previously noted to hold under the weaker assumption of the presence
of a difference term.)

We conclude with a selection of questions and problems generated in the course of
producing the work in this thesis. We also offer in the appendix a fairly comprehensive
presentation of the background material necessary to digest the work to which we now

turn.
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CHAPTER 2
ON CENTRALIZERS AND COMMUTATORS OF HIGHER

ORDER

The following concerns the “higher centralizer” and commutator and the accompany-
ing notion of supernilpotence, concepts first developed by Bulatov (2001), later ap-
plied by Aichinger and Mudrinski (2010), and simplified by Oprsal (2014+).! Building
on the work of these authors as well as that of Ralph Freese (1987) and Vaughan-Lee
(1983) we obtain a broadening of the finite basis result of Freese and Vaughan-Lee,
which shall be given below as Theorem 2.30. In the process, we derive a few other
overlooked (or previously unneeded) results concerning the higher centralizer, com-
mutator, and supernilpotence. Furthermore, the technology we develop also lends
itself to establishing a “finiteness condition” for critical algebras resembling one got
through techniques of Graham Higman (when he supplied a second proof of Lyndon’s
finite basis result for nilpotent groups) and which is key in the proof of the Oates-
Powell result. (It is our hope that this finiteness condition may find a role in an
Oates-Powell-style proof of a finite basis result for finite, nilpotent algebras.) We also
point out that results concerning supernilpotence lend themselves to a very exact
generalization of Higman’s Lemma, as given in Neumann (1967) as Corollary 33.44.

Building on the work of Oprsal, we are able to give simpler proofs for the results we
shall require from Aichinger and Mudrinski, making this exposition fairly independent

of these latter researchers (but very close to that of Oprsal.)

!Thank you to Jakub Oprsal, who was game for my bouncing various ideas off of him this spring
regarding his December 2014 submission to ArXiv.org.
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We begin with the definition of the “higher centralizer” given by Bulatov and
others. (See Aichinger and Mudrinski (2010), Definition 3.1.) Below, for a given
binary relation R over set A and any natural number ¢, we shall use R’ to denote

{{a,b) € A’ x A’ | a(i) Rb(i)}.

Definition 2.1. For any algebra A and congruences 6, ...,60,_1,7 on A, we define
an (n + 1)-ary relation on Con A, denoted by C™(6y, ...,0,-1;7). We say that this
relation is satisfied by 6y, ...,0,_1;7y according to the following conditions.
Let (o, ..., ¢n_y be natural numbers. For each i < n, let (a;,b;) € 6. Let t be
a term operation (or, without loss of generality, polynomial) for A of rank Y, ¢;.
Then whenever
t(X0, -+ -y Xp_2,8,-1) YV t(X0, - - -, Xp_2,bp_1),

for all choices of
(X0, ..., Xp_2) € {ag,bo} X -+ x {a,_2,b, 2} \ {(bg,...,b,_2)},
we must also have that
t(bg,...,by_2,bp_1)vt(bg,...,by_2,b,_1).

Let us call this the n-rank term condition. We shall usually drop the superscript (")

decorating its symbol, but its availability is sometimes convenient.

Proposition 2.2. Let n be a natural number. Let A be any algebra. Let 0y, ..., 0, 1,7
be congruences of A. Let o be any permutation of the set {0,...,n — 2}. Then
C(bo, ..., 0n—1;7) holds if and only if C(Os(0), - - - Oon-2),bn-1;7) holds.

Proof. This is evident from the definition above, using also the fact that any term

algebra is closed under permutations of its variables. O

It is convenient to frame the rank-n term condition in some other ways as well.
But, to do so, we need to build some notation for the manipulation of natural number

indices.
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For any natural number n, let 3,, be the binary w-tuple associated with the binary
expansion of n. That is, for example, we have 35 = (1,0,1,0,0,...), while g3 =
(0,0,1,0,...). Let B be the set of all g,, for n € w. Let 2 = {0,1}. We endow 2
with the boolean operations, a join, meet, and complement, plus the usual binary
addition, denoting them, respectively, vV, A, ’, and &. Write 2 = (2, A,V ,®). Note
that B is a subset of 2* and, furthermore, that it is closed under the operations just
provided.

Now, we let w inherit the operations on B via the bijection 5 : w — B defined by
B(n) = B,. For instance, for any n,m € w, we set nVm = 571 (8, V Bn). By way
of example and using an abbreviated form, note that 83 = (1,1,0) and 55 = (1,0, 1),

and so we have that
3v5s=p"11,1,1) =71,
3A5=£71,0,0) =1, and
3¢5=p5"0,1,1) =6.

For any power indexed by w, say P = S¥, for a given set S, we use the structure

given to w above to define three classes of useful maps on P. Let r € w and f € P.

We set
prf=p (f(n) In€w)={f(nVr)|neuw);
we let
e f=(f(nAr)[ne€w);
and we set

T f=(f(n@r)|necw).

Of course, it is also possible to define these sorts of maps on a given set—rather than
a direct power—indexed by w; we shall do so below for the standard set of variables.
Furthermore, for any natural number n and any direct power P indexed by n, we can

define a similar set of maps for P.
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The following is clear from the nature of the operations for 2v.

Proposition 2.3. Let n be a natural number. Let P be any power indexed by 2".

The sets {pr | r < 2"} and {xF | r < 2"} are generated by maps of the form pf and

P

™o

T, , respectively, where r < 2" and (,(i) = 1 for at most one i € w—that is, so that
r =2 for some j < mn. The set {eF' | r < 2"} is generated by maps of the form ¥
with r < 2" and B,(i) = 0 for at most one i € w— that is, so that r = 2" —1—27 for

some j < n.

Definition 2.4. Let A be an algebra, and let n be a natural number. Let 0, ...,0, 4
be congruences on A. For n > 0, we let P(fy,...,0,_1) be the set of all 2"-tuples, a,
of the form
a = ((a,b)(B(7)) | r <2"),

such that ¢ < n and (a,b) € 0;. (Note that (a,b)(0) = a, while (a,b)(1) = b.) Now,
let Q(6y, .. .,0, 1) be the subalgebra of A?" generated by P(f,...,0,1). Also, for
any e € Q(fo,...,0,-1), write e° for its projection onto its first 2" — 1 coordinates;
similarly, let Q°(6p, . ..,0,_1) be the projection of Q(fy, ..., 60, 1) onto its first 2" — 1

coordinates.?

It is helpful to view an example of a P and ). Let A be an algebra with con-
gruences 0, 61,0s. Let (a;,b;) € 6;, for each i < 3. Typical elements of P(6y,61,02)

are

ag = (ag, b, ag, by, ag, by, ao, by),
a; = (al,al,bl,bl,al,al,bl,b1>, and

a = <a2’ a2, a2, a2, an b2; b27 b2>

2Q(b,...,0,_1) is defined also in Oprsal; however, it is called A(fy,...,0,_1), there. See
Definition 3.1 in Oprsal (20144).
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Let t be a ternary term operation for A; consider

t(ap, a1, a2) = (t(ao, a1, az), t(bo, ag, az), t(ag, b1, az), t(bo, b1, az)

t(ag, a1, b2),t(bo, a1, ba), t(ag, by, ba), t(bo, by, b))

as an illustrative example of an element of Q(6y, 01, 602).
The following is evident from the definitions, together with Proposition 2.2. (See

also Lemmas 3.2 and 3.3 from Oprsal (2014+).)

Proposition 2.5. Let A be an algebra with congruences Oy, ...,0,_1. Then
0(90, e 7971—1;’7)

holds if and only if for all e € Q(by,...,0nh_1), for all i < 2"7' whenever, for
each j < 2" Y with j # i, we have that e(j) v e(j + 2" 1), then we must have that

e(i)ye(i+2" 1), as well.

Remark 2.6. For any natural number n, let v, be the natural projection of B < A%"
onto A2 x A2, Tt is not difficult to show that for A € V, Mal’cev, for any natural
number n, and any 6y, ...,0,-1 € Con A, A(fy,...,0,1) := v,Q(bo,...,0,_1) is a
congruence on Q(fy,...,0, 2); in fact, it turns out to be the least congruence on
Q(fo, ..., 0,_2) to include the pairs v, ({a,b)(8.(n — 1)) | r < 2") such that a6, 1.
In particular, A(6y,01) = Azé as given in Definition A.36. See Lemma 3.4, from

Oprsal (2014+), for a related observation.

Proposition 2.7. Let n be a natural number. For any algebra A with congruences

Oo,...,0n—1 and for all r < 2", we have that Q = Q(by,...,0,_1), is closed under

42" A"

2’71
pA et and T

T

Proof. Let r < 2™. Write p, = pfw, Er = sAQH, and 7, = 7T;42n. Let a € (). Then, for

T

some term t of rank, say r, and tuples ag,...,a,_1 € P,
a= (t*(ag(s),...,a,_1(s)) | s < 2m).
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Thus, we have that p,a = (t*(ag(s V r),...,a,_1(sV 1)) | s < 2") (and similarly
for e, or m, substituted for p,). Thus, it is apparent that we need only show that
P := P(by,...,0,1) is closed under p,, €., and 7. To show that P is closed under
pr, by Proposition 2.3, we need only show the case of r = 2! for some i < n. So,
suppose a € P. Let (a,b) € §;, for some j < n, witness this; that is, suppose that
a= ((a,b)(Bs(4)) | s < 2™). Then pya = ((a,b)(Bev2i (7)) | s < 2™). Now, note that
if j # i, then for any s < 2", ,,2i(j) = Ps(j). On the other hand, for any s < 2",
we have that [,9i(i) = 1. Thus, pyi either leaves a unchanged or maps it to the
constantly-b tuple. In either case, pyia € P, and thus, @) is closed under p,.

That P is closed under ¢, involves a similar demonstration, and so we omit it.
We now show that P is closed under 7. Using the same a from above, we shall show
that m.a € P. Again, by Proposition 2.3, it is sufficient to show the case of r = 2°
for some ¢ < n. We consider by cases. First suppose that j # i. Then we have that,
for any s < 2" — 1, B,2i(j) = Bs(j). Thus, in this case, m,a = a. On the other hand,

we have that

0 i By(i) = 1
65@2i(i> =
1 if Bs(i) = 0.

It follows that
ma = m.({a,b)(Bs(7)) | s <2" —1)
= <<CL, b><ﬁs€ar<l>> ’ s < 2" — 1>
= ((b,a)(Bs(@)) | s < 2" —1).

From this it is clear that P(fo,...,0,_1) is closed under m,. O

The following is (nominally) new. I considered this first as a way to generalize
Theorem 51.37 from Neumann (1967). However, it is essentially the same as Oprsal’s
“fork-description” of Bulatov’s higher centralizer, as given by Oprsal (2014+), Propo-

sition 3.6.
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Definition 2.8. For any algebra A and congruences 6y, ...,60,_1,7 on A, we define
an (n + 1)-ary relation on Con A, denoted by C¥(6p,...,60,-1;7). We say that this
relation is satisfied by 6y, ..., 0,_1;v whenever given n pairs of tuples (of any length
(;), such that (a;,b;) € 8% and given term operations (or, without loss of generality,
polynomials) ¢ and s over A of appropriate rank, if s(Xg,...,X,—1) 7 t(Xo, ..., Xn_1),

for all choices of

(X0, -+ Xn_1) € {a0, o} X -+ % {an_1, b1} \ {(bo, ... b)),

then we must also have that s(bg,...,b,_1) v t(bg,...,b,_1). Let us call this the
n-rank two-term condition. Again, we will most often drop the superscript (") in its

notation.

Proposition 2.9. Let n be any natural number, and let o be a permutation of
{0,...,n—1}. Let A be an algebra. Let 0y, ...,0,_1,7ConA. Then Cy(fy,...,0n1;7)
holds if and only if Cs(0s(0y; - - -, Oo(n-1); ) holds.

Proof. This is clear from the definition of C§ above and the fact that, the set of terms

given by any signature is closed under permutations of the variables. O
The following is also not difficult to see from the definitions.

Proposition 2.10. Let n be a natural number. Let A be an algebra with congruences
Ooy ... 0n_1,7. Then Cy(0y,...,0,_1;7) holds if and only if for natural numbers r,
for all rank-r terms t and s given by the signature of A, and for all ay,...,a,_1 €
P(bo,...,0,_1), we have that

s¥(ag,...,a> )y 11 (ag,...,a> )

implies

sMag(2" —1),...,a,1(2" = 1))y t*(ap(2" — 1),...,a,_1(2" — 1)).
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Recall that a quasiequation ¢ is any first order formula of the form
=€ N Né€_1 — €,

where r is a natural number and, for each ¢ < r, ¢; is an equation. It is well known
that (universal) satisfaction of quasiequations is preserved under the formation of

subalgebras and products.

Proposition 2.11. Let n be a natural number. Let A be any algebra. Then there is
a set 3 of (universally quantified) quasiequations such that C™(14,...,14;04) holds
if and only if A = X. Similarly, there is a set 3o of quasiequations such that
CP(1a,...,14;04) holds if and only if A = Xs.

Proof. We will show the second claim, with the first being similar. We let ¥ be the

set of all quasiequations ¢ of the form
O=¢€y N\ €m_g9—> €qn_1q,
where, for each r < 2™,
€r = 0,t(X0y -+, Xp_1) & 0,8(X0, - -+, Xp_1),

where ¢, s are any terms in the pairwise distinct tuples xq, ..., x,_1, of pairwise dis-
tinct variables, and 9§, is a substitution sending, for each ¢ < n,

X; )

X; otherwise

with z, ..., z,_1 another list of pairwise distinct tuples of pairwise distinct variables,
each of which is assumed also not to appear as a variable in x; for any ¢ < n. That

Yp has the desired property is immediate from Definition 2.8. O]

The following is easy, but—apparently—new. See also Proposition 3.6 in Oprsal

(20144) for a special case of this.
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Proposition 2.12. Let A be any algebra. Let 6y, ...,0,_1, and v be congruences on
A. Then 02(90, . ,9,171; ’)/> = C(eo, c. ,Gn,l; "}/)

Proof. Assume that C(6y,...,0,-1;7) holds. Let ¢t be any term operation for A of
rank, say r. Let £y, ..., ¢,_1 be natural numbers so that }_ ¢; = r. For each for ¢ < n,
take pairs (a;, b;) € 95’ Suppose that
t(X07 <oy Xp—1, an—l) Y t(Xo, <oy Xp—1, bn—l)a
for all xo, . ..,x,_» with x; € {a;, b;} and x; = a; for at least one i < n — 1. We need
to show that
t(b()) s 7bn—27 an—l) Y t(b()a s abn—27 bn—l)-
Set L(Xq,...,Xpn—1) :=t(X0,-..,Xn_2,a8,-1) and R :=1.
Observe that if x,,_; = a,,_1, then
L(X07 s axn—l) = t(X07 sy Xp—2;, an—l)

= R(X(), ce ,Xn_l).
On the other hand, if x,,_; = b,,_; but x; = a; for some 7 < n—1, then, by assumption,
L(X07 s 7Xn71) = t(X()a <y Xp—2, anfl)
Y t(Xo, s Xp_9, bnfl)
== R(X(), e ;anl)-

Thus, we see that whenever x; € {a;, b;} for each i < n such that x; = a; for at least
one i < n, we get that L(xg,...,X,—1)7R(Xo,...,Xn-1). By C2(bo, ..., 0,_1;7), then,
we may conclude that
t(b()) B 7bn—27 an—l) = L(b07 s abn—l)
Y R(b07 s abn—l)

— t(bo, e ,bn_l),

as we wished. N
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Proposition 2.13. Let n be a natural number. Let V be a variety so that for any
A eV, Cl1a,...,14;04) holds. Then, for any critical algebra C € V, we have that

|IC| < |Fy(n)|. In particular, if Fy(n) s finite, then V has a finite critical bound.

Proof. Let C be a critical algebra in V. Then there is an equation ¢ ~ s in the
language of V that fails to hold in C but that holds in all proper factors of C. Since
any witness of the failure of ¢ &~ s in C involves finitely many elements of C, we can
find a t & s with a minimal such failure. Suppose that t ~ s has a minimal witness
to its failure, say a = (ag,...,ax_1). We claim that k& < n. Suppose instead that
k > n. For each r < 2", let ¢, be a substitution including, for each i < n,

xz, ifB.(i)=0andi<n
5Ii =

x;  otherwise.

Then, by the minimality of k£, we have that, for all r < 2™ — 1,
5:1%(xg, ..., x1_1)[a] = 6,5 (0, ..., 24_1)[a] :

after all, each of these equations involves at most k& — 1 variables. On the other hand,

since C¥(1¢, ..., 1¢;0¢) holds, we may conclude that
t(ao, ..., ar_1) = s%(ag, ..., ax_1),

contrary to our assumptions. Thus, the claim is good. It follows that all critical
algebras in V are at most n-generated, and hence for critical C € V, we get the

bound |C| < |Fy(n)|. O

2.1 ON CUBE TERMS AND STRONG CUBE TERMS

The following definition is adapted from Berman, Idziak, Markovi¢, McKenzie, Vale-

riote, and Willard (2010); see their Definition 2.5.
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Suppose that A is in a variety with a term ¢ of rank 2" — 1 and for which the
equation

q((z,2)(B5(2) | <2" = 1) = x, (2.1)

holds for every i < n. (Note that this implies that ¢ is idempotent.) Thus, for

e = ((a,b)(B;(1)) | j < 2") € P, ¢*(e°) = b. Consider the example of n = 3. We shall

call a ¢ of this form an n-cube term, following Berman, Idziak, Markovi¢, McKenzie,

Valeriote, and Willard (2010). Consider the case of n = 3; a 3-cube term ¢ satisfies

the equations
q(z,x,z,x, 2,2, 2) = T
q(z,z,x,x,2,2,x) ~ x, and
q(z,2,2,z,x,2,x) ~ .

Lemma 2.14. Let n be a natural number. Let A be an algebra in a variety with

n-cube term, q. Let Oy, ...,0,_1,7 be congruences on A. Letn be the natural quotient
map of A onto A/vy. Write Q = Q(0y,...,0,_1). Then nog® : Q° — A/vy is a

homomorphism if and only if, for any e € Q, ¢*(e°) ye(2" — 1).

Proof. First, suppose that o ¢ : Q° — A/v is a homomorphism. Let e € Q.
Then we can write e = tQ(ayg,...,a,_;) for some term t of whatever rank s and
for ag,...,a,_1 € P. We need to show that 7 o ¢g*(e°) = n(e(2” — 1)). We show
by inducting on the complexity of ¢. The basis step is done by noting first that
if ¢ is a projection or a constant function, then e € P: In this case, we have that
q*(e(0),...,e(2"—2)) = e(2"—1), owing simply to the fact that the n-cube equations
hold for q.

Now, for the inductive step, write

e = fQ(t(?(aO, ey B 1)y ,t?_l(ao, o as1)),

where f is some fundamental operation symbol of rank r and t; is a term for each

i < s. Write e; = t3(ay, ..., a,_1) for each i < s. Then, by (the standard) inductive
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hypothesis and since 1 o ¢ restricted to Q° is a homomorphism,

nogh(e) =nog™(f¥(ef,....e7))
= Ao gh(ef), ... ,no g™ (el )
= A (n(eg(2" = 1)), n(e;_y(2" = 1))
= n(fAeg(2" = 1)), e (2" — 1))
=n(e(2" —1)).
Thus, the forward direction is completed by induction.

Now, suppose that, for any e € Q, ¢*(e°) v e(2" — 1). Let f be a fundamental
operation symbol of arity, say, r. Let eg,...,e,_; € Q. Write e = fQ(ep,...,e,_1).
Then, by hypothesis,

nog*(fY(eg,....ef 1)) =noq™(e)
=n(e’(2" - 1))
=n(f*(eo(2" ~1),...,e,1(2" ~ 1))
= A7 (n(eo(2" — 1)), ,n(e—1 (2" — 1))
= A (o gt (ef), ... ,no g (e]_y)).

]

Lemma 2.15. Let n be a natural number. Let A be an algebra in a variety with
n-cube term, q. Let 6y, ...,0, 1,7 be congruences on A. Let n be the natural quo-
tient map of A onto A/y. Write Q = Q(0y,...,0,_1). Ifnog® : Q° — Ay
is a homomorphism, then Cy (6o, ..., 0,-1;7) holds (and hence, by Proposition 2.12,
C(0o,...,0,_1;7) holds, as well).

Proof. Let s and t be any terms of rank, say, r. Let ag,...,a,_1 € P(6p,...,0,-1). For
each i < n, we have a j; < n and (a;, b;) € 6;, such that a; = ((a;, b;)(5s(4:)) | s < 2").
Suppose that

s¥(ag,...,a2 )y 1Y (ag, ..., ).
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But, then, by Lemma 2.14, we get that,

sA(bo, ..., br_1) Y ¢*(s¥ (a5, ..., a° )
7 (% (a5, .. a7 y))

’}/tA(bo, ey brfl).
[

Corollary 2.16. Let n be a natural number. Let V be a variety with an n-cube term.
Suppose also that, for all A € V, the restriction of ¢ to Q° = Qn(1a,...,14)° is a
homomorphism. Then, for any critical algebra C € V, we have that |C| < |Fy(n)].

In particular, if F\,(n) is finite, then V has a finite critical bound.

Proof. This is immediate from Proposition 2.13 and Lemma 2.15. O

2.1.1 ON STRONG CUBE TERMS AND CONGRUENCE PERMUTABILITY

Let V be a variety with a Mal’cev term, p. Let X = {z,, | n € w} be the usual set of
variables.

For each r € w, we can define an endomorphism on F = Fy,(w) by homomorphi-
cally extending the maps

X
Pr Tn = Tnvr-

Let p, stand for the endomorphism induced on F by pX. Note that these endomor-
phisms pairwise commute. (This follows from the fact that V is commutative on
2¢)

Similarly, for each natural number r, we let &, stand for the endomorphisms got

by homomorphically extending the maps
Ei(xn = Tnpr-

Again, we get that these maps commute.
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Now, we shall recursively build, for each natural number n > 0, a term ¢, for V

in the variables {z,, | n < 2™ — 1}. Set
q1 (o) = xo.
Now, for n > 1, define
Gn (X0, -+ o Ton_9) = p(Tan-1_1, ¢n_1(To, - . -, Tan-1_2), Gn_1(Tan-1, ..., Tan_3)).

It is also useful to note that ga(xo, 21, x2) = p(x1, zo, x2) and that

qn(l‘m e 7$2n—2) = Q2(Qn—1($0, cee 7$2"7172), Lon-1_1, %—1(132”*1,...@%_2))

= @2(qn-1(w0, . . ., Tan-1_2), Tan-1_1, Pon-1Gn_1(T0, - . ., Ton-1_3)).

In Oprsal (2014+) (see his p. 8), these terms ¢, are also defined; he calls them

strong cube terms there.

Proposition 2.17. For each n > 0, let q, be the term for variety V with Mal’cev

term p, as defined above. Then, for eachn >0 and any r: 0 <r < 2",
V ’: ﬁrqn(X) ~ Ton_1.

Proof. We will induct on n > 0. For the case n = 1, we have that 2" = 2 and so we

need to verify the claim for » = 1; in this case,

Prq1(x0) == p12o = Toy1 = T1.

Now, suppose that the theorem has been verified for the case n = m — 1. Get

r:0<r< 2™ Note that

per(X) = p(w(Zm—lfl)Vra
pT'mel(x()’ ... 7:1:27”_172)7

ﬁrﬁ2m*1Qm—1<x07 e ,$2mf172))-
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We show by cases, supposing first that r» < 2™~1 (in particular, 8,.(m — 1) = 0, and

hence 2! — 1V r =2m~1 —1). Then, by inductive hypothesis, we have that

V = p(T@m-1-1yvr, Pr@m-1(To, - ., Tam-1_3), prpam-1Gm-1(To, . .., Toym-1_3))
~ p(._'L'mel_l, Tom—-1_1, EQm—lﬂfgmfl_l)
= p(wgm-1_1, Tgm-1_1, Tom_1)

X Tom_1.

Now suppose that ris such that 27! < r < 2™, Then, 8,(m — 1) = 1 and so
rv 2™t = r while r vV (2m71 — 1) = 2™ — 1. In particular, p,pom-1 = p,, while

ﬁrZL'Qm—l_l = Xom_1. ThUS,

V ): p($(2m—1—1)vﬂ ﬁerfl(-TO; e ,3?2m—1—2), ﬁrﬁZm—1Qm—1($0> e ,372m—1—2))

X Tom_1.
The proposition follows by induction. O

Next is a theorem equivalent to the previous, but which is worth stating in its

own right:

Proposition 2.18. Let n be a natural number. Let g, be the term for variety V with

Mal’cev term p, as defined above. Then, for any r < 2™ —1,
% |: érqn(X> ~ észn_l = Zy.

Proof. We prove by induction on n. If n = 1, then r < 2" — 1 = 1 means that
r = 0. Thus, since ¢;(x¢) = xo, this case is trivial. Now, suppose that the proposition
has been verified for the (n — 1)-case. Let r < 2". By Proposition 2.7, we need
only consider the case of r such that ,.(i) = 0 for just one ¢ < n—that is, so that
r=2"—1-—2"for some ¢ < n. We consider by cases, first supposing that i < n — 1.

Note, then, that &.pon-1 = pon-16,.. Using this and the inductive hypothesis, we

27



calculate that

Eqn(To, ., Tan2) = Erq2(Gn-1(To, - - -, Tan—1_2), Ton-1_1, Pan-1Gn_1(To, . . ., Tan-1_3))
~ Qo2 Ton-1_1_9i, Pon—1Ty)

- QQ(xT7xT7 x?") ~ Ty

Now, suppose that i = n — 1 and hence that » = 2! — 1. Note, then, that
g, leaves ¢,_1(xo,...,Ten-1_5) unchanged while mapping ¢, 1(zan-1,...,ZTon_3) to

Gn-1(T0, . .., Tan-1_5). We thus get that

Erqn (T, -+, Tan ) = q2(ErGn-1(To, - - -, Tan-1_2), ErTon-1_1,ErGn1(Tan-1,. .., Ton_3))
R Ty
The result follows by induction. O]

It is worth noting that, for each natural number n, the term ¢, can be used to
“complete an n-dimensional hypercube” in the same way that the Mal’cev term—as
shown in Mal’cev’s classic result—*“completes a parallelogram.” For instance, let A be
any algebra in a variety with a Mal’cev term, p, and congruences «, 3. Let a,b,c € A
such that if baca B¢, then b3 p*(b, a,c) ac. In preparation to generalize this, consider
an overly-pedantic restatement of this fact: if 6y, 0; € Con A and ag, a1, as € A such
that, for any i < 2, and r,s: 0 <r < s < 3 with §,.(7) # Bs(i) and B,.(j) = Bs(j) for
j # i, we have a, 0; , as, then, for each i < 2, ga(ag, a1, as) 0; az_si.

We can generalize this procedure and formalize the point we are trying to make.
Let n be a natural number. Let V be a variety. Let 6p,...,0,_1 € ConA. Let
D(by,...,0,_1) be the set of all (ag,...,asn_1) € A% such that, for all s,r with
0 <s<r<2" asb;a, whenever, 5s(j) = 5,(7) for all j # i (that is, when their binary
expansions differ at most in the i coordinate). We denote by D°(fy,...,0, 1) the
projection of D(f, .. .,0,_1) onto its first 2" — 1 coordinates and denote by a°® the im-

age of a given element a € A%" under this same sort of projection. We say that A has
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the n-dimensional hyper-parallelogram completion property—abbreviated H*(n)—
provided for any 0y, ...,0,_1 € ConA, and any (aq,...,am_1) € D(0o,...,0n_1),
there exists an a* € A such that, (ag, ..., asn_o,a*) isin D(6y,...,0,_1). We say that

variety V has the property H(n) provided H4(n) holds for all A € V.

Definition 2.19. Let V be a variety. Let n be a natural number. Suppose that V
has a term function p, in 2" — 2 variables that satisfies the equations displayed in

Proposition 2.18, which we reproduce here: For all » < 2™ — 1,
% IZ érpn(l'o, e ,Ign_g) ~ Xy.
We say that p, is a strong n-cube term for V.

Theorem 2.20. Let V be variety, and let n be a natural number. Then V has the

property H(n) if and only if V has a strong n-cube term.

Proof. First, suppose that V exhibits the property, H(n). Consider F := Fy,(2" —1).
For each r < 2", let &, denote the endomorphism of F similar to that given above.

For each i < n, let

0; = Cg" {{zr,25) | B:(1) # B,(i) and B,(j) = Bs(j) for all j # i}.

Then, of course, (xg,...,Ton_o) € D°(y,...,0,_1). Since F has the property H¥ (n),

we have some rank-(2" — 1) term p,, such that
(20, ..., Ton_o, pE(To, ..., Ton_3)) € D(By,...,0h_1).
Let i < n, and set 7 = 2" — 1 — 2!, Note that §; = ker &,. Thus,
EpE (zo, ..., xon_s) = ;.

Now, for arbitrary r < 2"—1, we can write r = 2"—1-Y",.¢ 2%, with S C {0,...,n—1}.

By inducting on |S| > 0, it is not difficult to show that, for any r < 2" — 1,
8_7475(1’07 s 71'2"72) = L.
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We have already seen the basis step. For the inductive step, write S = {ig, ..., ix_1},

k—1 k—2
with 1 <k <n. Let r =2"—1—> 2% and 7 = 2" — 1 — ) _2%. By inductive
=0 =0
hypothesis, we may assume that
éwpg(!ﬂo, R ,J}Qn,g) = Tyr. (22)

Let " = 2" — 1 — 2%-1_ Note that &#&,» = &, and also that &»x,» = x,. Applying

g to both sides of equation 2.2, we thus learn that

grpg(l'o, R ,$2n_2) = Tp.

Now, since F is free for V we thus get that, for all r < 2™ — 1,

V |: grpg(x(h R ,l’gn_g) ~ Tp.

Thus, V has a strong n-cube term.
Now, suppose that V has a strong n-cube term, p,. Let A € V. Let 6y,...,0,_1

be congruences of A, and take
<CL07 PN ,agn_2> S DO(Q(), ce ,6’”_1).

Let a* = p2(ao, . .., asn_o); we claim that (ag, . .., agm_o,a*) € Dby, ..., 0,_1). Choose
an i < n and set r = 2" — 1 — 2°. We need to show that p2(a,...,am o) 0; a,. We

claim that, for each i < n,

Ps(am s 7a2n—2) 0; (@pn)A(ao, e >a2"—2) = pnA(CLO/\r, cee ,a(2n72)/\r),

which will prove the claim. We claim that, for any s < 2", a4 0; ass,: Note that
Bs(j) = Bsar(j) for all j < n except possibly for j =i. Since a € D(6y,...,0,_1), the

claim and the result then follow. O

This now gives rise to the following characterization of congruence permutability,

an apparently new one.

30



Theorem 2.21. Let V be a variety. Then V is congruence permutable if and only if
there is a natural number n such that the n-dimensional hyper-parallelogram comple-

tion property holds across V.

Proof. Above, for arbitrary congruence permutable V', we used a Mal’cev term to
construct a strong n-cube term for V, for each n. Now, as noted in Oprsal (2014+),
Lemma 4.1, it is also easy to use a strong m-cube term, for any n, to construct a
Mal’cev term. Thus, the theorem follows by Mal’cev’s characterization of congruence

permutability (Theorem A.21) together with Theorem 2.20. ]

2.2 “AFFINE” PROPERTIES OF STRONG CUBE TERMS

In this section, we will prove a generalization of Higman’s Lemma (see Neumann
(1967), propositions 33.42 and 33.44), involving strong cube terms—indeed, we indi-
cate (in a later section, below Corollary 2.53) how one can verify that the manner
in which Higman rewrites any group-term, modulo nilpotence of some class, involves
a strong cube term. Furthermore, we characterize this new version of Higman’s
Lemma in terms of the commutation of the strong cube term with all operations on a
hypercube-indexed subpower of a given algebra. We regard this as suggesting a pos-
sible generalization of the notion of “affine” or at least as depicting supernilpotence
as a generalization of abelianness. We give a second result which we regard as further
suggestive of such a notion.

But first, we note the following purely technical observation for convenience.

Proposition 2.22. Let n be a natural number. Let A be an algebra in a Mal'cev
variety for which the term q, is defined, as above. Let 0y,...,6, 1 € Con A. Then

foranyr < 2" and any e € Q = Q(by,...,0,_1),

an ((e7(e))°) = (Ern)™ (%) = e(r).
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Proof. This is really a direct corollary of Proposition 2.18; we calculate that

gh((e2e)°) = g ((e(j Ar) | j <2 —1))
= (ergn)((e(h) | j < 2" — 1))
=e(r).
]

The next result can be viewed as a partial generalization of Proposition 5.7 from
Freese and McKenzie (1987). I think of it as concerning “affine behavior.” Its state-

ment and proof should also be compared to that of Oprsal (2014+), Lemma 4.2.

Lemma 2.23. Let A be an algebra in Mal’cev variety V. Let 6y, ...,0,,7 be con-
gruences on A. Let n be the natural quotient map of A onto A/vy. Let Q) denote
Q,...,0,_1). Then C(by,...,0,_1;7) implies that no ¢® : Q° — A /v is a homo-

morphism with the property that for any a = (ag,...,an_1) € Q,

(qn(ag, ... ,am_9),am_1) € 7.

Proof. Take any element a € (). Recall that by Proposition 2.7, prna € @ for all

r < 2™, Consider

We calculate that
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On the other hand, for r € {1,...,2" — 1}, we find that by Proposition 2.17,
e(r) = g ((p7a)(r),. .., (p5_»a)(r))
=g¢*a(rvo),...,a(rv2" —2))
= prg(al0),...,a(2" —2))

=a(2"—-1).

Let a° denote the image of a in Q°; that is, let a® = (a5 | s < 2" — 1). For each
r:0<r<2"! we have that e(r) = e(r+2"!). Using that C(fy,...,0,_1;7) holds

and applying Proposition 2.5, we get that
g (a%) = e(0) ye(2"™!) =a(2" — 1). (2.3)

Now, take any fundamental operation symbol f. Say that f has rank ¢. Take, as
well, ag,...,a, 1 € Q. Write b = fQ(ag,...,a, ).
We now apply our above findings in two ways. Since v respects f# and since, for

each ¢ < ¢, we have that (g,(a;°),a;(2" — 1)) € v, we may conclude that
(f*an (@), - a4 (aa”)), b(2" = 1)) € 7.
On the other hand, we also have that
{gn(D°),b(2" — 1)) € 7.
Thus, by the transitivity of v, we get that
(f*(@n(a0°); - - 4a(ae-1°)), (b)) € 7.

Thus, no g, : Q° — A/v is indeed a homomorphism.
The last claim of the theorem is evident from Proposition 2.14, in light of the fact

that every strong n-cube term is a an n-cube term. O]

It is appropriate to compare the following to Proposition 3.6 and Lemma 4.2 of

Oprsal (2014+); the result below is implicit in these results of Oprsal. However, it
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may also be helpful to see this as a very close generalization of Higman’s Lemma,

which can be found as Corollary 33.44 in Neumann (1967).

Theorem 2.24. For natural number n, A in a Mal’cev variety, and any congruences

Oo,...,0,_1,7 on A, the following are equivalent.

i) Clo,--.,0n-1:7)

(ii) qn(ag, ..., agn_9) vy agn_q holds for any (ag,...,am_1) € Q(0y,...,0n_1).
(iii)  C(Bo, ..., 0 1;7)

Proof. That (i) implies (ii) is one of the results noted in Lemma 2.23. We get that (ii)
implues (iii) from Lemmas 2.14 and 2.15 and the fact that every strong n-cube term

is an n-cube term. The fact that (iii) implies (i) follows from Proposition 2.12. [

In Freese and McKenzie (1987) (and elsewhere) it is often used that if A is in a
congruence-permutable variety with Mal’cev term p, and «, 8 € Con A, then for any

a,b,c € A with aabfc, we have that

p*(p™(a,b,c),c,b) [, A] a.

This fact is closely connected with the affine structure available on blocks of abelian
congruences for such an A. We now work toward what appears to be the correct
generalization of this, for a term ¢, for a given n, in place of p. We suggest that one
might think of p and, for each n, ¢,, geometrically (in the way of Gumm) as related
to a projection function, though requiring an entire “frame” of coordinates for its

input.

Proposition 2.25. Let n be a natural number. Let A be an algebra in Mal’cev variety
with term q, as defined above. Let g, ...,0,_1 € ConA. Let Q = Q(6y,...,0n_1).

Let r < 2™. Then for any e € Q, we have that

(Trqn)™ () = e(r’) mod S(by,...,0,_1).
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Proof. Recall from Proposition 2.7 that @ := Q(6o,...,0,_1) is closed under m, :=

74" for each r < 2. Let e € Q, and set € = me = (e(s@r)|s<2"). Let =

T

denote S(6y, ..., 0,_1). From Theorem 2.23, we have that ¢ (e/°) = /(2" — 1). Note

also that €'(2" — 1) = e((2" — 1) ®r) = e(r’). It follows that

(Traa)™(e%) = (7rqa) ™ ({e(s) | s < 2" = 1))
=gy ({e(s@r) | s <2"—1))
=gy ({e'(s) | s <2" = 1))
=€'(2" - 1)

= e(r')
[

Proposition 2.26. Let n be a natural number. Let A be an algebra in a Mal’cev vari-
ety with term q,, as defined above. Let 0y, ...,0, 1 € Con A. Let Q = Q(bo,...,0n_1).
Letr < 2". Lete € Q, and write e* = ¢*(e°). Let a be any assignment of elements
of A to the variables in X that includes x, — e* and, for each i # r, x; — e(i ®1’).

Then

q;?(a:g, .., Ton_g)[a] = e(r).

Proof. Let = stand for S(6y,...,0,_1). Note that e* = ¢2(e°) = e(2"—1) = e(r®r’).

Then

qﬁ(xo, .., T _g)a] = (ﬁqu)A(e(O ar),...,e((2"=2) &)

As an illustration of the previous result, note that, for a given A in a Mal’cev

variety with 60, 61,05 € Con A and e = (ey, ...,e7) € Q(0y, b1,02), we get that

A A _
Q3 <667Q3 (60,61,62763764,65,66),64,65762,63,60) = €1 mOd S<00a01)92)-
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2.3 SUPERNILPOTENCE AND A BROADENING OF THE FINITE BASIS RESULT OF

FREESE AND VAUGHAN-LEE

Definition 2.27. For any algebra A, natural number n and tuple of congruences
O = (by,...,0,_1), we define the (ordered) commutator of these congruences, denoted
Sn(©) as follows. For n = 0—that is, for © empty—we set Sp(0) = 14. For n =1,
and so for © = (f), we set S1(©) = 6y. Otherwise, we let S,(0) be the least
congruence y on A so that C(f, ..., 0,-1;7). (It is easy to see from the definition of
C(fo, . ..,0,_1;7) that one can obtain such.) Typically, for n > 0, we’ll write S,,(0) =

S0, . ..,0,_1), with the parameter n thus implied. Note that Sy(6y, 61) = [0y, 01].

Definition 2.28. For a given algebra A, and § € Con A, we say that 6 is supernilpo-
tent of class k whenever for any (k + 1)-tuple of congruences, ©® with ©(i) = 6 for
each i < k + 1, we have that Si(©) = 04. If 14 is supernilpotent of class k we say
that A is supernilpotent of class k. If § € Con A (or A) is supernilpotent of class k
for some k, we say that 6 (or A) is supernilpotent.

In particular, note that A is supernilpotent of class 0 if and only if A includes

only a single element, while A is supernilpotent of class 1 if and only if A is abelian.
Recall the following result of Freese (1987) and Vaughan-Lee (1983).

Theorem 2.29. (The finite basis result of Freese and Vaughan-Lee) Let A be a finite,
nilpotent algebra in a Mal’cev variety of finite signature. Suppose also that A is the
direct product of algebras of prime power order. Then A has a finite basis for its

equational theory.

Using their result, we now show that a seemingly broader statement of their result

is also true.
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Theorem 2.30. Let n be a natural number. LetV be a locally finite,® Mal’cev variety
of finite signature consisting solely of class-n supernilpotent algebras. Then V is

finitely based.

Proof. Since V is locally finite we have that Fy,(n) is finite. By Theorem 2.24 and
Proposition 2.13, we have that V has a finite critical bound. However, since locally
finite algebras are generated by their critical algebras, we have that ) is finitely
generated. All that remains to show is that finite supernilpotent algebras are nilpotent

and can be represented as the direct product of prime power algebras. These fact

appear as Lemmas 7.5 and 7.6 in Aichinger and Mudrinski (2010). O]

Continuing the work of Oprsal, we find that we can simplify many of the proofs
of Aichinger and Mudrinski, as well as strengthen some of them in the process. In
particular, we offer proofs of those lemmas leading up to the results just cited in the
above proof. Along the way, we also derive several properties of higher centralizers
and commutators of a fairly basic nature, but which do not seem to have made it

into print before now. Below, we shall further apply many of these results.

2.4 SOME PROPERTIES OF HIGHER CENTRALIZERS AND COMMUTATORS, SOME

OLD AND SOME NEW

Here are two elementary facts one can deduce directly from Definition 2.27 (together

with the definition of C(fy, ..., 60,_1;7)), which are not new, but which we shall need.

Proposition 2.31. (Monotonicity of any higher commutator) Let A be an algebra
with congruences Oy, ...,0,-1,00,...,0! for some natural number n. Suppose also

»yYn—1>

that 0. C 0; for each i <n. Then

i) S@,....0,_ )< S(b,....00 1) and

3We also show in Theorem 3.7 that one does not need to assume local finiteness here, either: It
is enough that Fy(2) is finite.
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To my knowledge, the next result has not yet appeared in print, though it has an

elementary proof.

Proposition 2.32. Letn be a natural number. Let A be any algebra. Let 0y, ..., 0, 1
be congruences on A. Let k < n — 1. Then, for any {ig,...,ix_1} C {0,...,n— 2},
we have that

Sn(0oy -y 0n—1) C Sk1(bigy -1 0i, 1, 0n1).

In particular, if o is any permutation of {0,...,n — 2}, then
8(007 s 7071—1) = 5(00(0)7 s a‘ga(n—Q)a ‘gn—l)-

Proof. Let ¢ be an injective map from {0, ...,k —1} into {0, ..., n—2} such that for
each j <k, i; = ¢(j). Let v = Si41(040), - - - » Op(n—2); On—1). By definition of S, it is
sufficient to show that C'(6y, ...,0,_1;7) holds. Let {y, ..., ¢, 1 be natural numbers,
and, for each 7 < n, let a; and b; be ¢;-tuples of elements from A such that a; Hf b;.

Let t be any term of rank ) ¢;. Suppose that, for any

<ll0, e ,un_2> € {ao, bo} X X {an_Q, bn_g} \ {<b0, R ,bn_2>},

we have that t2(ug, ..., W, 2,8, 1) v t*(ug, ..., U 2, b, 1).

Assume that, for each ¢ < n, x; is a tuple of distinct variables whose entries do
not occur in any x; for j # 4, j < n. Let e be the endomorphism of Pol A defined by
the following substitutions. For all 7 € im ¢, let ex; = X,-1(;); also, let ex,, 1 = x,_1,
and, otherwise, set ex; = b,. Let t' be the image of t* under the map e. It is evident,

then, that for all choices of

(Wo, - -+ wp—1) € {ay0), Puo) } X - X {ap-1), Ppe-1)} \ {{Pp): - - - Poe-1)) }
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we have that ¢'(ug, ..., ux_1,a,-1) vt (1o, ..., ux_1,b,_1). Thus, we find that

tA(b(b <o 7bn727 anfl) = t/(bap((])a e 7bg0(k—1)7 anfl)
= t/(bcp(o), e 7b<p(k—1)7 bn,l)
= tA(b07 v 7bn727 bn71)~

The result follows. O

The following is Proposition 6.1 in Aichinger and Mudrinski (2010) and Proposi-
tion 5.1 in Oprsal (20144), but it seems worth noting here as a simple consequence
of the equivalence of the higher term condition and higher two-term condition in

Mal’cev varieties.

Proposition 2.33. Let A be an algebra in a Mal'cev variety. Let 6y, ...,0,_1 €

Con A. Let o be a permutation of {0,...,n —1}. Then

S(bo, ... 0n—1) = S(Os(0)s - - -+ bo(n-2): bo(n—-1))-
Proof. This easily follows from Theorem 2.24, (i) < (iii) and Proposition 2.9. O
The next result is not difficult, but is also apparently new.

Proposition 2.34. Let n be a natural number. Let A be an algebra in a Mal'cev
variety. Let O,...,0,_1 € ConA. Let k < n. Then, for any {ig,...,1x-1} C
{0,...,n — 1}, we have that S(0y,...,0,—1) € S(Oi,...,0;_,)-

Proof. This follows immediately from Propositions 2.32 and 2.33. [

The first part of the following theorem is given as Proposition 5.2 in Oprsal
(20144) and Lemma 6.2 of Aichinger and Mudrinski (2010). Our proof of this first
statement below is essentially the same as that given by Oprsal; we have simply paired

it with a second easy, but possibly overlooked, observation, to which it is related.
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Theorem 2.35. Let A be an algebra in a Mal’cev variety, and let 6y, ...,0,_1 and

be congruences of A. Then
C(bo,...,0n-1;7) if and only if S(6y,...,0,_1) > 7.
Furthermore, if q, is a strong n-cube term for A, then

(B0, 0n 1) = Ce™{(quldo, . @z o), 1) | a € Q... 0, 1)}.

Proof. Let v = Cg™{{qn(ag, ..., am_2),a* ) | a € Qf,...,0,_1)}. By Theo-
rem 2.24, we have that C(6y, ..., 0,_1;7) holds. Thus, by definition, S(6p,...,0,-1) C
7. On the other hand, since C'(0y,...,0,-1;S(6o,...,0,-1)), we also get that, from
Theorem 2.24, v C S(0y,...,0,_1). It follows that v = S(fo,...,0,_1), as claimed.
Now let 7/ be any congruence on A so that S(6y,...,0,-1) <~'. But, as we have
just seen, this puts {{(q,(ag,...,aon_9,a9m_1)) | a € Q(bo,...,0,-1)} €. Thus, by

Theorem 2.24, we get that C'(6y,...,0,-1;7). O

The following is recorded in Aichinger and Mudrinski (2010) as Lemma 6.7 and in
Oprsal (20144) as Lemma 5.6. Oprsal’s proof fits with the current exposition (much
of which, in fairness, is a reworking of his presentation); we have not found that we

could improve in a substantial way Oprsal’s proof, and so we refer the reader there.

Proposition 2.36. Let A be an algebra in a Mal’cev variety. Let n be a natural
number and let j < n. Let §; € Con A for i < n such that i # j. Let A be any set

and let 1y € Con A for all A € A. Then

S(bo, . .. ,Qj_l,\/w,\,é’j +1,...,0,4) = \/5(90, co b, U, 04, ).
A A

The following appears in Aichinger and Mudrinski (2010), but the proof they

supply is arguably more complicated than the one we now offer.

Proposition 2.37. Let A be an algebra in a Mal’cev variety. Let n be a natu-

ral number and let j < n. Let §; € ConA for v < n such that i # j. Let
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A be any set and let ¢y € ConA for all X\ € A. Also, let v € ConA. Then
C(bo,....0;-1,\/ ¥x, 0541, ..., 0n_1;7) if and only if, for all X € A,
A

0(907 e ,Oj_l,@ZJA, 0j+1, Ce ,Qn_l;’y).

Proof. The forward direction is done by monotonicity of the (n + 1)-place central-
izer in its first n coordinates. Now, assume that for all A\ € A, we have that
C(bo,...,0;-1,¢¥x,041,...,0,_1;7). Then, by Theorem 2.35, we find that, for all
AXeA y>S(0,...,0j_1,9¥x,0;41,...,0,_1). But, by Theorem 2.36, this means that

v > \A/S(QO, con i, 00,040, 021) = S (0o, - . ,ej_l,\A/l/J)\, Oiv1, .. 00_1).
Thus, using Theorem 2.35, again, we find that
C(fy, . .. ,ej,l,\A/%,ejH, s O3 ).
O

Corollary 2.38. Let A be an algebra in a Mal’cev variety, and let 6y, ...,0, 1,7 be

congruences on A. Then C(0y, ..., 0,_1;7) holds if and only if
C(Cglao, bo), - - -, Cglan—1,bn-1);7)
holds for all (a;,b;) € 6;.

Definition 2.39. Let n be a natural number and let A be an algebra with congru-

ences 0y, ...,0,_1,7. Let £y, ..., ¢,_1 be natural numbers. We say that
C(éo, e ,En_l; 00, e ,Qn_l;y)

holds when the following test is satisfied. Let a;,b; € A%, for each i < n, such that

(a;,b;) € 0. Let t be a polynomial on A of rank 3,,, £;. Then, whenever
t(X07 <oy Xp—2, anfl) Y t(X07 <oy Xp—2, bnfl)a
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for all choices of (xq, ..., X, 2) € {ag,bo} X -+ X {a,_2,b, 2} \ {(bo,..., b, 2)}, we

require also that
t(b()v B 7bn727 bnfl) Y t(b()a s 7bn727 bnfl)-

Note that C'(6p, . . ., 6,_1;) holds if and only if, for all natural numbers ¢y, ..., £, 1,
C(loy ..., ln—1;00,...,0,_1;7) holds.

The following, too, is found in Aichinger and Mudrinski, as Lemma 5.4, but we
believe our proof to be easier; the reader may agree that it has made the next result

an easy consequence of Corollary 2.38, one other fundamental result, and some simple

bookkeeping.
Lemma 2.40. Let A be an algebra in a Mal’cev variety. Letn,ly, ..., {,_1 be natural
numbers, and let 6y, ...,0,_1,7 be congruences of A. Then

Cloy -y ln1;60,...,0,_1;7)
if and only if C(1,...,1;60,...,0,_1;7).
Proof. The forward direction is implicit in Definition 2.39. Now, suppose that
C,...,5;00,...,0,_1;7)

holds. From Corollary 2.38, it is sufficient to show that for all choices of pairs (a;, b;) €
6; for i < n, C(Cglao, bo),...,Cglan_1,b,—1);7). Take (a;,b;) € Cgla;,b;) for i < n.
We may as well assume that, for each 1 < n, 6, = CgA<a,-, b;). Let a’, b’ be tuples of
elements from A of length ¢; so that a’ in b for each i < n. Let t be a polynomial

over A of rank >, ¢;. Suppose that
t(x .., x"Ham ) yt(xY, ..., x" 2 b,

for all choices of (x°,...,x"2) € {a% b’} x -+ x {a" 2, b" 2} \ {(bY, ... b"2)}.

For each i < n and j < {;, we can find a polynomial ¢/ over A such that (a!,b}) =
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(ti(a;),ti(b;)). Now consider the polynomial
(@0, ) =t (20), o, g1 (@), ot (@), o T (1))
By construction, #'(xg, ..., z, 1) = t(x°,...,x"1) for all choices of
{20, x°), ..., (2p_1, X" 1)) € {{ag,a"), (by, b*)} x -+ x {{an_1,2" "), (b1, " 1)}
Thus, we find that ¢'(xg, ..., Tn—2,0n-1) v t'(z0, ..., Tn_2,b,—1) for all choices
(Xoy .-y Tp_a) € {ap,bo} X -+ {an_9,bp_o} \ {{(bo, ..., bn_2}.
Thus, by C(1,...,1;6p,...,0,_1:7), we get that

t(bo, Ce ,bn_2, a"_l) = t/(bo, c. ,bn_g, CLn_l)

Y t/(bo, ey bn_g, bn—l)

=t(b%...,b" 2 b"?%).
O

The following appears as Lemma 6.14 of Aichinger and Mudrinski (2010) and
Proposition 5.7 of Oprsal (2014+). We offer a new proof here, in case the reader
should find it more accessible than the others (but we make no promise about this,

however.)

Proposition 2.41. Let A be an algebra in Mal’cev variety V. For each natural
number n, let q, be term defined as above for V. Let n and k be any natural numbers

with k <n. Let 0y,...,0,_1 € ConA. Then
S(So, .., 0k1),0k,...,0,1) CS(lo,...,00 1)

Proof. Let ty be any term of rank, say, ro. Let ag,...,a,,-1 € P(fo,...,0_1), where,

for each 7 < ryg,

a; = ((a;, bi) (Bs(ji)) | s < 2°),
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where j; < k and (a;,b;) € 6;,. Set a := q,f‘(tgzk*l(ao, ...,a,_1)) and let b denote
t&(bo, ..., byy—1). Let & = Cg™(a,b). By Proposition 2.37 and Theorem 2.35, it is

sufficient to show that
S(0,0k,...,0,1) < S(O,...,00 1)

Take any term t; of rank, say r1. Let r = rg+r; and let m =n —k + 1. Let

Q... 8,1 € P(0,0,...,0,_1), where, for each i € {rg,...,r — 1},

a; = ((ai, bi) (Bs(Ji)) | s < 27),

where j; € {k,...,n— 1} and (a;,b;) € 0;,. Let ¢ be mapping from r into n, taking

© — J;, which identifies the j; < n involved in the definition of each a;. Let

a = ({a,0)(8:(0)) | s <27).

It is not difficult to see that, by Corollary 2.38 and Theorem 2.35, and by changing

to another polynomial ¢, if necessary, it is sufficient to show that

2m—1
ci=qgr(tr T (a,an,...,a,_1))
is congruent, modulo v := S(6y,...,0,-1), to

t2 (b, byy, ..., bey) =: d.

We shall use Theorem 2.24 (iii) < (ii). To that end, we define two terms L and
R of rank r by essentially substituting, for each ¢ < r, a variable z; in place of b; in
the representations of ¢ and d, respectively, given above. We now make this explicit

(which is not to say any more clear). For each i < 1y, define

aj(r;) = ({ai, 2:) (Bs (i) | s < 2%).

For each i € {rg,...,r — 1}, let
aj(xi) = ((as, 2:) (Bs(5i)) | s < 27).
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Let a’ and o’ be rank ry polynomials on A given by

—1 ’

ok
(l,(l‘o, s 7xT0—1) = ql?(tg (aé(x(])’ s 7ar0—1(x7“0—1>>)

and b (zo, ..., Try_1) = t8(T0y - - -, Tprg_1)- Set
a(xo,. .., Tro_1) = ((a'(To, -, Trg—1), ' (T0, - -+, Try—1))(Bs(0)) | s < 2™).

Now, let L(xq,...,z,—1) :=

A2m—1

qﬁ@l (a(:co, cee >xT0*1)7 a;Q (xTo)v s 73‘;"71(3%*1)))
and R(xg, ..., T 1) =2V (To, -, Trg—1)s Trgy - - Tp1)-

Note that

L(bo, ..., br—1) = g2(t™ " (albo, -+, brg—1)s Ly (brg)s - - al_y (br—1)))

2Mm _1
:qrjz(t? (avaroa"-aanl))a

while
R(bo, ... bpy) =t (boy - - brg—1),brgs -+ -y bp1) = 220, by - o+, Dy

Thus, since Cy(6p, . ..,0,-1;7) holds, it is sufficient to show that L(zo,...,2,—1) =

R(zo,...,z,_1) for all choices of

(o, ..., xr—1) € {ag,bo} X {ar—1,b,—1} \ {{bo, ..., b._1)},

subject to the constraints that for any i < r, x; = a; if and only if for all i’ such
that j; = jy we have that x; = a; and that x; = a; for at least one ¢ < r. Let
(x0,...,2,_1) be chosen according to those contraints. Let i < r so that z; = a;. We
show by cases. First, suppose that j; < k. Then, by Proposition 2.22, we have that
a(zg,...,xr—1) is a constant tuple. Thus, by Proposition 2.22, again, we get that
L(xg,...,z,—1) = R(xo,...,%,—1). On the other hand, if j; € {k,...,n — 1}, then it

is automatic from Proposition 2.22 that L(xg,...,z,—1) = R(zo,...,2Tr—1). O
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The following is gotten easily from the above, through an inductive argument.

Corollary 2.42. Let § € Con A, and let © be the constantly-6 w-tuple. Then for any

natural number n,

[0)n € 5n(6O).
In particular, if A is supernilpotent of class n, then it is nilpotent of class n.
Proposition 2.43. Let A be an algebra in a Mal’cev variety. Then
SU14) > S*(1a, 1) > - > 8"(1y, ..., 14) > S™ 1y, ... 14) > -
Furthermore, if S(1a,14) = 14, then S™"(14,...,14) = 14, for alln > 1.

Proof. The first claim is clear from Proposition 2.34. Now, suppose that S(14,14) =

14. If for some n > 1, S"(14,...,14) = 14, then by Proposition 2.41,

1a=85"1a,14,...,14) =5"(S(Aa,14),1a,...,14)

< S (14,0, 1a),
whence the claim follows by induction. O]

The following seems to be a new observation, but perhaps previous authors ne-

glected to state it only since they had no use for it.

Theorem 2.44. Let V be a Mal'cev variety. Let k be a natural number. Then su-
pernilpotence of class k is preserved under HSP within V. In particular, the subclass

of all algebras in V that are supernilpotent of class k constitutes a subvariety.

Proof. Closure under H is noted in Corollary 2.46, below. Closure under S and
P can be seen from Proposition 2.11 or, alternatively, from Proposition 2.48 and
Proposition 2.48, the latter two appearing below.

For yet another way to see this, note that supernilpotence of class k is character-
izable by satisfaction of a set of equations, in a Mal’cev variety: This is evident from

Theorem 2.24 (i) < (ii). O
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The following is an easy strengthening—but a useful one—of what appears as
Lemma 6.3 in Aichinger and Mudrinski (2010). We also give a slightly different

proof.

Theorem 2.45. Let A,B € V with YV Mal’cev. Let h be a homomorphism of A onto

B. Let 6y,...,0,_1 be congruences on A and write n = ker h. Then
S(0o,...,00_1)Vn=h"S(R(OVN),... k(0.1 VD)),
where h=1& has the usual interpretation as the set of all pairs that map into & € Con B.
Proof. By the additivity of the higher commutator and Theorem 2.36, we find that
SOV, ....001VN)Vn=2500...,0,1)Vn.

Thus, it suffices to prove the theorem for the case n C N{#; | i < n}. Equivalently,
we show that

WSy, ....00_1) V1) = S(h(by), ... h(Buy)).
From Theorem 2.35, we have that
S(Bo, ... 0n_1) Vi = Cg™{{q™(ao, ... azm_2),azn_1) | a € Q(bo, ..., 0n_1)} Un,
while
S(h(6o), ... h(Bn1)) = Cg®{(q™ (bo, ..., byn_2),ban_1) | b € Q(h(6o), ..., h(Bu1))}.

It is not difficult to see, then, that h maps a set of generators for S(fy,...,0,-1)Vn
onto a set of generators for S(h(6p),..., h(0,—1)). Thus, by Theorem A.10, we are

done. O
In particular, we get the following.

Corollary 2.46. Let A be an algebra in a Mal’cev variety V. Suppose that A is
supernilpotent of class k. Then all homomorphic images of A are supernilpotent of

class k.
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Proof. Let n be any congruence on A. Then

S(Lagm, -5 lam) = (S(La, ..., 1a) V) /n=n/n=04s.
0

The following is elementary (meaning, it can be deduced easily from the defini-

tions);*

Proposition 2.47. Let A be any algebra and let B be a subalgebra of A. Let

By, ...,0,_1 be congruences on A. Then

S By, 0n—11B) CS0,....0h-1) B

Proposition 2.48. Let A; be algebras in Mal’cev variety for all @ € I. Let n be a
natural number greater than 0. For each j < n, let ©; be an I-tuple of congruences

such that ©;(i) € Con A; for each j <n and i € I. Then
S(I1;O0¢(7), ..., 1;0,_1(i)) CI;S(O0(i),..., 0, 1()).

Proof. 1If n = 1, then the claim is a trivial result of Definition 2.27. For each ¢ € I, let
7; be the i projection function. Arguing by elements, we have that for any I-tuple

O of congruences such that ©(i) € Con A; for each i € I,

,0(i) = OW[I(@(Z'))-

Thus, the claim reduces to showing that

S (ﬂ”fl@o(i)v e 7ﬂ7ri_1®n—1(i)> C (7w 'S(O0(i), - - -, On-1(3)).
I I I
By Theorem 2.45, we have that

Oﬂ';ls(@o(i), ey @n—l(l)) = mS(ﬂ';lgo(Z), ce ,W;l@n_l(i» V kerm.

1

4Also, I am not aware of it appearing in the literature before now.
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Thus, we need only show that for each j € I,

S (ﬂ 7 100(i), . . ., ﬂﬂil@nl(i)> C S(m:'00(j)s- - m; ' On_1(j)) V ker ;.

But, this last inclusion follows from the monotonicity of any higher commutator. [

2.5 SUPERNILPOTENCE AND COMMUTATOR POLYNOMIALS

We now undertake work that will support the results of Aichinger and Mudrinski
(2010) that we used in the proof of Theorem 2.30, our broadening of Freese and
Vaughan-Lee’s finite basis result. We have found that we may be able to more easily
present the key lemmas leading into the results of Aichinger and Mudrinski of our

present interest. What’s more, we have found that we can strengthen several of them.

Lemma 2.49. Let n be a natural number. Let A be any algebra in a congruence-
reqular, Mal’cev variety V. Let q, be a term forV as defined above. Then the following

are equivalent:
(1) Cn(1A7 ceey 1A7 OA)

(ii) Let by, ..., by_1,a,c € Con A, and let t € Pol,, A. Let t' represent the polyno-

mial of rank n on A*" 71 given by
t'(X0y - Xp_1) = (t(x0(4), ..., Xp_1(7)) | 1 < 2" — 1),
where Xg, ..., Xp_1 € A?" 7. For each i < n, write
a; = ((a,0:;)(B;(1)) | 7 < 2").
Then ¢ (t'(ag,...,a5 1)) =t(by,...,bp_1).

(iii) For allt,s € Pol, A and all by, ...,b,_1,a € A, if, for all choices of
(o, Tn-1) € {a,bo} X -+ x {a,bp_1}\ {(bo,- - bn-1)},
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we have that s*(zg,...,7,_1) = t*(20,...,Tn_1), then we have that
SA(b[), c. ,bnfl) = tA(bo, . ,bnfl),

as well.

Proof. That (i) = (ii) holds is clear from Theorem 2.24 ((i) = (ii)) of which this is
a special case. Showing that (ii) = (iii) involves computation similar to one used in
the proof of Lemma 2.15:

Take s,t € Pol,, A. Let by, ...,b,_1,a € A. Suppose that, for all choices of

(o, ..., xn_q) € {a,bo} x -+ x{a,bp_1} \ {{bo, ..., b0 1)},

we have that s®(zg,..., 7, 1) = t*(xo,...,7n_1). For each i < n, write a =

{{a,b;)(B;(3)) | j < 2™). Let t/,s" € Pol, A*"~! be defined as in (ii). Then, we

have that
$(boy .. bue1) = g (s'(ag, ... a5 y)
= A (a5, )
=t(by,...,bp_1).

Now, assume that (iii) holds. By Theorem 2.38, to show C™(14,...,14;04), it is

sufficient to show that, for all pairs {(ag, by), ..., {@n_1,bp_1) € A?,
C(CgA<CL0, b0>, cey CgA<CLn,1, b,1>; OA)

holds. However, since A is congruence regular, we may assume that a; = a for each
1 < n, for some a € A. We now use a strategy similar to that employed in the proof
of Proposition 2.12.

Let t € Pol,, A. Suppose that

t(ﬂfo, ey Tp—2, (1,) = t(iL‘o, N ) bn_l),
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for all choices of

(Toy ..oy Tp_g) € {a,bp} x - x {a,b,—2} \ {{(bo,...,bn_2)}

Let L be the polynomial on A defined by
Uxo,y ... Tp1) =0y .., Tn_2,0a).
Let R :=t. Observe that if x,,_; = a, then, for any xq,...,z, 2 € A,
L(xg,...,xn_1) = t(xo,...,Tpn_1,0) = R(xg,...,Tp_1).

On the other hand, if

(xo,. ., xn1) € {a,bo} x -~ x{a,bp_1} \ {{bo, ..., b0 1)},
but with z; = a for some i < n — 1 and z,_1; = b,_1, then, too,

L(zg,...,xp 1) =t(zo,...,Tn_9,a) =t(xg,...,Tpn_2,bp1) = R(zo,...,Tpn_1).
Then, by (iii), we get that
t(boy .-+, bn_2,a) = L(bg,...,bp_1) = R(bo,...,by_1) =t(bo,...,bn_1),

as we wished. O

Definition 2.50. Let A be an algebra. Let n be a natural number. Let w be a
polynomial for A in the variables {xy,..., 2z, 1,2}. We say that w is a commutator
polynomial of rank n provided that whenever § is a substitution that sends z; to z

for at least one ¢ < n, we have that for all by,...,b,_1,a € A
5w(bo, ey bn—1, CI,) = a.

If w is a term operation, then we say that it is a commutator term operation. If

w = z, then we say that w is trivial.
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Theorem 2.51. Let A € V, a variety with Mal’cev term p. Suppose also that there

is a ternary term f for V such that

V sz(p(u,x,y),y,x) %u/\f(u,u,x) ~ .

Then A is supernilpotent of class n if and only if all commutator polynomials for A

of rank n or higher are trivial.

Proof. Suppose first that A is supernilpotent of class n. By Theorem 2.24 ((i) <
(iii)), we have that C§(14,...,14;04) holds. But from this, it is easy to see that all
commutator polynomials for A of rank n or higher are trivial.

For the converse, we shall use Lemma 2.49 ((i) < (ii)). Let ¢ € Pol,, A. Let ¢’ be
defined as in Lemma 2.49, (ii). For each ¢ < n, set x; = ({2, 2;)(5;(7)) | j < 2"). Let

¢n be the term for A defined as above. Let v € Pol,,.; A be defined by
v(x,2) = v(zo,. .., Tpo1, 2) = ¢ (' (X0, . . ., Xpn_1)).

Now, set w(zg, . - ., Tn_1,2) = p™(v(x, 2), £(x), z). We claim that w is a a commutator
polynomial for A.

Say that o is a substitution map for Pol A that maps z; to z, for at least one
i<n. Let S={i<n|dr; =z} Letd act coordinatewise on (Pol A)!, for whatever
I. Let r = 3,45 2", and hence $3,(i) = 0 if and only if i € S. Note that for any i <n
and j < 2",

0%i(j) = 0(z, 2:)(5;())
z if f;(i)=0orifie S

x; otherwise

z if Bi(i)=0orif §.(1) =0

x; otherwise

= <z, a,y)(ﬁ]/\r('l))
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Thus, for each i < n and j < 2", 6x,;(j) = x;(j A 7). As a special case of this, note

also that, for any i < n,

xi(r) = (2, 2:)(5,(1))
zif1€ S
x; ifi €9,

and hence t'(xg,...,X,1)(r) = t(xo(r),...,X,_1(r)) = dt(xq,...,2,_1)). Thus, us-

ing also Proposition 2.18, we have that

Sq(t' (X0, - Xn1)) = G2 (H'(0%0, ..., 6%, 1))
= g ((t(0%0(j); - -, 0%01(4)) [ 1 < 2" = 1)
= qp ((txo(j A7), X1 (FAT)) [ <2 = 1))
= (5rg0) 2 (' (%0, -+, X0 1))
=t'(xo(1), ..., Xpn_1(r))

= (5t<330, c. ,l’n_l).

Using that p is a Mal’cev term, then, it is easily follows that dw(xo, ..., 2, 1,2) = 2;
thus, by the choice of §, w is commutator polynomial. Since w is of rank n, we thus

get that w = z, by assumption. By hypothesis, then, we get that

gt (%0, - Xno1)) = (X, 2)
= A" ((x, 2),4(x), 2), 2, t(x))
= [Hw(x,2), 2,t(x))
= [z, 2, t(x))

= t(x).

By Lemma 2.49 ((i) < (ii)), then, we find that A is supernilpotent of class n. O
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Corollary 2.52. Letn be a natural number. Let A be an algebra in a Mal’cev variety.
Then A is supernilpotent of class n if and only if it is nilpotent of class n and all of

its commutator polynomials of rank n or higher are trivial.

Proof. The forward direction follows from the above, together with Corollary 2.42.
To see the reverse direction, recall that from Theorem A.47, we get a term f for
YV = Var A as described in the hypotheses of Theorem 2.51. The corollary then

follows from this latter result. O

Corollary 2.53. Let G be a group. Then G is nilpotent of class n if and only if it

is supernilpotent of class n.

There is more than one way to see this last result; it can be deduced from Aichinger
and Mudrinski (2010), Lemma 7.6, together with the well-known fact that nlipotent
groups factor as the direct product of their Sylow subgroups, and so we do not supply a
proof here. Rather, we would like to point out that our description of supernilpotence
given by Theorem 2.24 (ii) is exactly parallel to a characterization of nilpotence in
groups that is implicit in Higman’s Lemma, as given in 33.42 and 33.44 in Neumann
(1967). That is to say, the terms constructed in 33.42, there, are precisely those
given in Theorem 2.24 (ii), but with the identity element appearing in key places.
For instance (consider the “n = 2” case), 33.44 says (almost) directly that, for any

binary term t(x,y) in the language of groups, any group A, and any z,y € A
tA(z,y) = ¢ (t*(1,1),t4(1,y), t*(x,1)) mod [14,14],

1

where ¢o(z,y,2) :=y -2~ - 2. A similar expression holds true with another n > 1 in

place of 2.

2.6 SOME POSSIBLE APPLICATIONS TO PROBLEM 1.3

We turn now to some results that we have targeted out of an interest in pursuing

an Oates-Powell-proof style strategy in pursuing the question of whether any finite,
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nilpotent, Mal’cev algebra of finite signature might generate a finitely based variety.
Indeed, contained in this section is the result on critical algebras in Mal’cev varieties
which was our original motivation for considering the higher two-term condition given

above, as well as the strong n-cube terms.

2.6.1 THE SUPER-FITTING CONGRUENCE

In the proof of the finite basis result of Oates and Powell, some key facts concerning
the Fitting subgroup of a group come in to play. For further explanation of our
interest here, see Neumann (1967), Lemma 52.42. Recall that the Fitting subgroup
of a given group G is the largest nilpotent, normal subgroup of G (if it has one).

It is our hope that an analysis of the highest supernilpotent congruence of a given,
(nilpotent) Mal’cev algebra might reveal combinatorial relationships paralleling those
that hold concerning Fitting subgroups. But to begin with, we offer a demonstration

of when such an object—a “super-Fitting congruence,” if you like—is available.

Theorem 2.54. Let A be an algebra in a Mal’cev variety. Then the join of any two

supernilpotent congruences of A is also supernilpotent. Furthermore, if

(i) every ascending chain in Con A contains its least upper bound (which is also its

union)
(ii) or if all supernilpotent congruences on A are of supernilpotence class m,
then A has a unique highest supernilpotent congruence.

Proof. Let a and 8 be congruences of A of supernilpotence class n and m, respec-
tively. We claim that oV [ is supernilpotent of class n +m. Let § = oV [ and let
O=(0]icw).

By Propositions 2.36 and 2.33, it is not difficult to see that

Sn+m(@): \/ Sner(Fi)a

i<n+m

55



where, for each i < n+ m, we define I'; as the (n 4+ m)-tuple of congruences given by
a ifj<i
Li() =
£ otherwise .
However, by Proposition 2.34, we have that, for i > n, S, (I;) C Sp(a, ..., a) = 04,
while, for i < n, Spim(Ti) € Sn(5,...,5) = 04. Thus, S,1m(0©) =04, and so a V
is indeed supernilpotent of class n + m, as claimed.

Now, let F be the set of all supernilpotent congruences of A. Clearly, F is
nonempty, since 04 € F. Let C be a nonempty chain in F. If A is such that every
chain of congruences contains its union, then, of course, UC € C C F. On the other
hand, it is well known that the union of a chain of congruences is again a congruence.
Suppose now that every supernilpotent congruence on A is of supernilpotence class
m. We claim that 6 := UC is as well. We will show that C™(0,...,0;04). Let

lo, ..., ln_1 be natural numbers, and choose a term t for A of rank Y_,_,. ¢;. For each

<m

i < m, choose a;,b; € A% such that a; 8% b,. Now, suppose that for each choice of

<X0a s 7Xm—2> € {aﬂ7b0} X X {am—27bm—2} \ {<b07 s 7bm—2>}7
we have that
tA(X07 s Xm—2, am—l) = tA(X07 s Xm—2, bm—l)-

Now, since # = UC, for each ¢+ < m, we obtain 6; € C such that a; Hf n;. Since C is
a chain, we obtain an ¢ < n such that, for all j < n, 0; C 0;. Let ¢ = 6;. Now,
since 1 € C is supernilpotent of class m and hence C™ (1), ...,1;04) holds, we may

conclude from the equations above that
tA(b07 ] 7bn—27 an—l) - tA(b07 s 7bn—27 bn—l)-

Thus, we find, too, that C™(UC,...,UC;04). Thus, UC € F.
Thus, in case (i) or (ii) holds, we can apply Zorn’s Lemma to obtain a maximal
element of F, that is, a maximal supernilpotent congruence on A. But, of course,

from the first part of this theorem, this maximal congruence must be unique. n
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2.6.2 A PROMISING CONSEQUENCE OF CRITICALITY IN MAL’CEV VARIETIES

My own motivation for considering many of the notions in this chapter—especially
those concerning the two-term condition and the terms g, built from a Mal’cev term—
was to get the result in this subsection. In the Oates-Powell proof, we find one
of the key steps involves a combinatorial feature of any critical group, as seen in
Theorem 51.37 and Corollary 51.38 in Neumann (1967). It seems to us that a key
deficit in the generalization of the Oates-Powell proof has been a lack of information
concerning critical algebras. However, below, we offer what seems to be a satisfactory
generalization of Theorem 51.37 from Neumann (1967); it is our hope that it might
find application in answering Problem 1.3.

Let A be any algebra in a congruence regular, Mal’cev variety. Let L be a sub-
algebra of A. Let 6p,...,60,_1 be congruences of A. For each ¢ < n, pick some
congruence block B; of 6; that intersects L. Since A is congruence regular, we have
that B; determines 6; for each i < n; that is, §; = Cg B?. Let Z be a set (to symbolize
variables) duplicating L. Write Z = {z, | a € L}. For each i < n, let X be a set
(to symbolize variables) duplicating B;. For each i < n, write X* = {z! | a € B;}.
For each i < n, choose a b; € B; N L. Note that Cg B? = Cg{(b;,a) | a € B;}.
Let C' be a set of symbols duplicating A; these are to symbolize constants. Write
C={c,|aeA}

For each i < n define an endomorphism ¢§; on the algebra T of terms in Z U
Uicw X“UC by homomorphically extending its action on the variables, given as follows.
For each i < n, let

i
0T, = 2p,,

for each a € B;, while fixing all other variables and constants. We also define, for
each r < 2", an endomorphism 7, of T to be the product of maps, n, = &;---6,,_,

where ¢, = §; if 5,(i) = 0 and is the identity map otherwise. Also, for convenience,

let n := np.
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Let a be the assignment map from 7T into A given by letting, for any a € L,
az, = a and, for each i < n and for all a € B;, az’, = a and, for each a € A, ac, = a.
Now, let T" be the set of all terms ¢ in T" such that ant € L. Note that since L is
closed under the operations of A and a7 is a homomorphism (as an assignment map

always is), we get that 7" is closed under the operations of T.

Lemma 2.55. With the notation defined as above, we have that o maps T' onto

Lby---0,_1, while for each i < n, ad; maps T" into LB, - - -0, _,, where 0),...,0 _, is
a list of the elements in {0o,...,0,-1} \ {0:}.
Proof. Note that since A is congruence permutable, for any congruences 7o, . . ., Vm—_1

on A, Ly Ymo1 = Ly, with vy =9V --- V 7,-1. Thus, this lemma is easy to see
from our construction of 7" together with Proposition A.26; we need the fact that

0; = Cg{(b;,a)|a € B;} for each i < n to show onto. O

Theorem 2.56. Let A be any congruence reqular algebra in a Mal’cev variety. Let
L <A. Letby,...,0,1 be congruences on A such that S(6y,...,0,—1) = 04, A =
Lby...0, 1, and for anyi < n the expansion of L by \/{bo,...,0,_1}\{0:} is a proper

subset of A. Then A is not critical.

Proof. By hypothesis, and Lemma 2.55, we have that for each r : 0 < r < 2",
C, := an, T’ is a proper subalgebra of A.

Let v : T" — Il,.0<r<2C,. be given by vt = (an,t | 0 < r < 2™). We claim that
ker v C ker . After all, if v¢ = s for s,¢ € T’, we have by Cy(fy,...,0,-1;04) that
at = as.

It follows that A is a homomorphic image of a product of its proper subalgebras.

Thus, A is not critical. O
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CHAPTER 3
TOWARD A FINITE BASIS RESULT FOR FINITE,

NILPOTENT, MAL’CEV ALGEBRAS

Recall that to establish that a given locally finite variety of finite signature V is
finitely based, it is sufficient to show that, for some natural number N, VIV is locally
finite and has a finite critical bound—or, put another way, it has only finitely many
critical algebras. (See the discussion following Theorem A.6.)

In fact, we can do the first of these tasks for V a locally finite, Mal’cev variety of
finite signature comprised solely of algebras of uniform nilpotence class n, for some n.
We begin this chapter with this result and then continue onward, establishing results
inspired by the Oates-Powell proof of the fact that all finite groups have a finitely
based equational theory, which may represent the start of an Oates-Powell-style proof
answering in the affirmative the question whether or not all finite nilpotent, Mal’cev

algebras also have a finitely based equational theory.

3.1 LIFTING LOCAL FINITENESS

Theorem 3.1. Let A be a finitely generated algebra of finite signature with congru-
ence 6 of finite index. Then 0 is finitely generated.

Furthermore, a generating set may be found of size bounded in terms of the size
of the finite-generating set of A, the index of 0, the signature of A, and the arity of

its operation symbols.

Proof. Suppose A is generated by finite X C A, and that § € Con A is of finite
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index. Let T be a transversal of the #-classes. Let 'y be the set of all pairs of the
form (¥, b) where b’ = Q4 (by, .. .,b,_1) for some fundamental operation symbol @ in
the signature of A (with whatever rank, r), {bo,...,b,—1} C T, and b is the unique
-representative of b’ drawn from T. Let I'; := {{a,b) € 6 | a € X,b € T}. Let
[' := 'y UT'1, and note that, by our hypotheses, I' is finite. We shall estimate the
size of " at the conclusion of the proof. We claim that # = Cg®I". By construction,
I’ C 6: so, we need only verify that § C Cg™T.

Take (a,b) € 6. By the symmetry and transitivity of Cg® T, we need only show
the case that b € T, using, of course, too, that T" is a transversal for . Since A is
generated by X, we can write a = tA(ag, ..., an,_1) for some term ¢ of rank, say, m
and {ag,...,an-1} € X. Write a for (ag,...,am-1).

We induct on the complexity of t. The basis step consists of two cases, corre-
sponding to the two possibilities for ¢: It is either a variable or a constant. First,
suppose that ¢ is a variable. Then, a = a; € X, for some i, and hence (a,b) € T';.
Now, suppose that ¢ is a constant. Then a = ¢®, for some nullary operation symbol
¢ in the signature of A. This puts (a,b) € I'g, by construction.

For the inductive step, suppose that t = Qty...t,—1 for some fundamental oper-
ation symbol @) of rank ¢ and each ¢; a term. Adopting an inductive hypothesis, we
assume that for each i < ¢, (t;(a),b;) € Cg™ T, where b; is the unique f-representative

of t;(a) in T. Since Cg™ I respects the operations of A, we get that
a=Q*ty@),....t2 (a) Cg®* ' NoQ*(bo, ..., be—1) To b.

Thus, by the transitivity of Cg®I', we have that (a,b) € Cg®T. It follows that,
6 C Cg T, which proves the first part of the theorem.

For the second part, let n be the cardinality of the generating set X of A. Let p
be the number of fundamental operation symbols given by the signature, and let R be

their maximum arity. Finally, let ¢ := |T'|. Then, as we found that § was generated by
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' = TyUT';, we need only count each of these. It is not difficult to see that |Tg| < p-t#

and that || = n. Thus, we note, for convenience that |I'| <n +t - p™. O

For a given algebra A and «, 3 € Con A, we define a congruence A% on 3 by
A = Cg{{(a. ), (,5)) | aab.

The following is a consequence of Proposition 7.1 from Freese and McKenzie 1987;
however, the proof of this particular detail is omitted in their exposition, so we record

it here for convenience.

Theorem 3.2. Let A be any algebra in a variety with a difference term, d. Let ¢ be

the center of A, and let 1 denote its highest congruence. Then

Al = |¢/ad - 14/¢].

Proof. Let T' be a transversal of the (-classes of A, and write r(a) for the unique
(-representative from T of a given a € A. We use the following map 7 : A —
C/ALXA[C: m(x) = ((z,7(x)) /AL, x/(), for a given - € A. Suppose that w(x) = 7 (y).
Then, evidently, «  y, and hence r(z) = r(y). But, then, by (z,r(z)) Aé (y,(y)) and
Lemma 4.11, we get that x = y. Thus, we see that 7 is one-to-one.

Now, take any w,v,z € A with (u,v) € (. We need to find an element z € A
so that (z,7(z)) Al (u,v) and 2 (2. We shall use x = d(u,v,7(z)). Note that z =
d(u,v,7(2)) (r(2) ¢ z. It follows also that r(z) = r(z). Now, since ( is abelian, we

can apply d coordinate-wise, “vertically,” to the pairs

(u,v) Aé (u,v)
(v,v) Aé (u, u)

(r(2),r(2)) A¢ (u, u),

to learn that (z,7(2)) Af (u,v), as needed. O
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The following is also noted by Freese and McKenzie, but it has a brief proof and

so is recorded here for convenience.

Lemma 3.3. Let A be any algebra in a congruence modular variety. Then CA/Aéj

1s abelian.

Proof. Write ¢ = ¢ 4. Also, write A for Aé“‘. By Proposition 4.32, we need only show
that [1¢, 1] € A. For i = 0,1, let ; be the kernel of the " projection map from ¢

onto A. Note that, for any (zg, x1), (x(, y,) € ¢, we have that

(w0, 1) M0 (w0, T0) A (956» 956) Mo (9567 33/1>;

thus, 1. = AV n. Similarly, one can show that 1. = A VvV n;. Of course, we also
have that [, m] € noNmy = 0. Thus, by Proposition A.31 and the additivity of the

commutator in congruence modular varieties (see Theorem A.42), we have that
[1C7 1(] = [A v 7707A \ 771] - Aa
as desired. O

We shall also make use of the following fact, noted in Freese and McKenzie (1987)

(see equation 10, p. 83).

Theorem 3.4. Let A be an abelian algebra in a variety with Mal’cev term p. Then

for any t, a term operation on A of rank, say, n,
AEt(r,...,xn) =t(z,...,2)+ En:t(j)(xj, z),
j=1
where each tY), j =1,...,n, is a binary term operation defined by
t9 (u,v) = p(t(v, ..., v,u,0,...,0),tv,...,v),0),

and where x 4+ y := p(x, z,y).
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The above has a straightforward proof that applies only the following well-known

result (see McKenzie, McNulty, and Taylor (1987), Theorem 4.155).

Theorem 3.5. Let A be an abelian algebra in a variety with Mal’cev term p. Let
z € A, and define operations x +y := p(x, z,y) and —x := p(z,x,2). Let R = {r €
Poly A | r(z) = z}. Then (A, +,—, 2,7)cr is a module with underlying abelian group
(A,+,—,z). Furthermore, for any natural number r and any s € Pol, A such that

s(z,...,2) = z, we get the identity

s(x1,...,x.) = Zsz(xz)7

where each s; € Poly A is defined by s;(x) = s(z,...,2,2,2,...,2), with x appearing

in the i™ place. (Abelian algebras in a Mal’cev variety are thus called affine.)

Corollary 3.6. Let A be in V), a Mal’cev variety of abelian algebras. Suppose also

that A is n-generated, for some natural number n. Then
Al < [R(D)] - [Fp(2)]" < [Fp(2)"

Proof. We can take Fy({z}), Fv({y1,...,yn}), and, for each i = 1,... ,n, F\({z,y:})
to be subalgebras of Fy,({z,y1,...,yn}). (Weshall let each of the variables z, y1, ..., y,
denote both an index and the projection function indexed by that index; see A.1.1 for
details.) Note also that F),({z}) is isomorphic to Fy,(1), while, for each i = 1,...,n,
Fy({z,y;}) is isomorphic to F,(2). Let S be the subset of F\,({z}) x Fy({z,y1}) X

-« X Fy({z,y,}) with elements of the form

(t(z,... ,z),t(l)(yl,z), . ,t(")(yn, 2)),

where t is any term operation of rank n. By Theorem 3.4, the map from S into

F =y, ...,yn}) defined by

(t(z,... ,z),t(l)(yl, 2), ... ,t(”)(yn, 2)y > t(z,...,2) + Zt(j)(yj, z)
j=1
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is onto. Thus, |Fy(n)| < [Fy(1)] - |Fy(2)|™. Since every n-generated algebra in V is a

homomorphic image of F, the result follows. O]

Given any variety V and for each natural number N, let V&) denote the variety

based on the set of N-variable equations that hold across V.

Theorem 3.7. Let V be a Mal’cev variety of finite signature such that |F\,(2)] = m,
a natural number, and such that each of its algebras is of nilpotence class k. Let p
be the number of fundamental operations provided in the signature and let R be the
mazximum of their ranks. There is a function F : N x N — N (with its definition
depending on m, p, R) so that for all N high enough, for all n-generated B € Y&V
of nilpotence class ¢ < k, |B| < F(n,c). In particular, for all high enough N, V)

is locally finite, and hence V itself is locally finite.

Proof. Let V be as described in the hypotheses. By Theorems A.21 and 4.48, we can
find a natural number Ny > 2 such that for all N > Ny, V) is Mal’cev and so that
for all B € VIV)| B is nilpotent of class c.

We shall define f recursively in the parameter c. For the basis step, note that if
¢ = 1, we have that B is abelian. Then, it is not too difficult to see that we can use
Corollary 3.6 to find that |B| < m"™*!. Thus, we set F(n,1) = m™*!. Now, suppose
F(n, ) has been defined for all ¢ < ¢, for some ¢ < k, and that F(n, ) provides a
bound on the n-generated algebras of nilpotence class ¢ in V&), Using Theorem 3.2,
we can write |B| = |§B/Aé§ - |B/(g|. Note that B/(p is nilpotent of class ¢ — 1
(see Theorem 4.30 and Proposition 4.28) and is also, of course, n-generated. Thus,
we have that the index of (g is bounded by ¢ := F(n,c — 1). Thus, as shown in the
proof of Theorem 3.1, as a congruence, (p is generated by n + ptf* elements. We
claim further that, as a subalgebra, ¢ is generated by 2n + pt¥ elements. Indeed,

from Theorem A.25, for any Mal’cev algebra A and X C A x A, we have that
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Cg® X = Sg®** X U 0y4. In light of the fact that 04 is n-generated in A x A, the
claim is apparent.

By Lemma 3.3, CB/Aég is abelian. As CB/Aég is also (2n + ptf)-generated,
we may apply Corollary 3.6 to learn that |(5/ Aé§| < m2 P+ and hence |B| <

R
m2 P ¢ Thus, we set
R
F(TL, C) — m2n+pt +1 t,

with t = F(n,c —1). O

3.2 TowARDS AN OATES-POWELL-STYLE PROOF

The general strategy of the Oates-Powell proof, as outlined in the broadest sense by
Section A.2 of Appendix A, is supplemented greatly by several properties of varieties
of groups. (Our reference here for this result is Neumann (1967)). Essentially, Oates
and Powell make use of the fact that for V a finitely generated variety of groups,
there are three parameters for V that can be “lifted” to V&) for all high enough N;

these include
e the exponent of V;
e a bound on the nilpotence class of all nilpotent algebras in V;
e a bound on cardinality of the chief factors of V.

Our suggestion, inspired by this, is to replace, wherever helpful, the first two
concepts by |Fy(2)| and the maximum supernilpotence class of all supernilpotent
algebras of V, respectively. Lifting the first parameter to V) is simple: indeed, we
have already put this parameter to use in our proof that V) is locally finite for all
high enough N, where V is a variety with a finite freely 2-generated algebra. However,
it is not clear that the second parameter is even a property available in V), for V a

finitely generated Mal’cev variety of nilpotent algebras. Research in this direction
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appears to be a very new endeavor—however, work by Kearnes (1999) and perhaps
Smith (2015) may point the way.

On the other hand, the third parameter above, as we prove below, is indeed
available in V for V a Mal'cev variety of nilpotent algebras. Furthermore, if the
nilpotence class k of algebras in V' is uniformly bounded, then we can also lift this
parameter to VV) for all large enough N. Of course, we should recall what is meant
by “chief factor” in group theory, and then describe how we shall generalize this
concept, following the lead of Freese and McKenzie (1981) and Freese and McKenzie
(1987). For a group G with normal subalgebras M < N, M/N is a chief factor
of G; by “bound on the chief factor M/N,” then, it is meant a bound on |M/N]|.
Adopting our usual routine of considering congruences in favor of normal subalgebras,
given an algebra A, and congruences o < 3 of A, we consider instead the supremum
over the cardinalities of all 3/a-classes in A/«a; we denote this by Ind(/5/a). Thus,
whenever for V there exists a cardinal x such that Ind(8/a) < &, for all A € V and
all @ < (3 from Con A, we say that V has a bound on its chief factors. We shall only
be interested in the case of x a natural number, however; in this case, we say that V
has a finite bound on its chief factors.

Shortly, we prove that for any Mal’cev variety V), consisting solely of algebras
of nilpotence class k, for some natural number £k, V has a finite bound on its chief
factors. Thus, by the discussion above, “lifting” nilpotence of class k to VIV), for all
large enough N, also serves to lift the bound on the chief factors, when V is a Mal’cev
variety of algebras of nilpotence class k. Along the way, however, we establish several

other results of independent interest.

3.3 LIFTING THE BOUND ON THE CHIEF FACTORS, AND OTHER RESULTS

In the exposition of the Oates-Powell proof given in Neumann (1967), the following

is noted.
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Theorem 3.8. For each natural number n, there is an equation v, in the language
of groups that is satisfied by every group of cardinality n or less and, conversely, if

v, holds in G, then the index of the centralizer of any chief factor is n or less.

Recall that if G is a group with factor H/ K, then the centralizer of H/K is the
set of all a € G such that ah = ha mod K, for all h € H.

" which, for com-

Neumann (1967) refers to this v, as the “chief centralizer law,’
parison, we give now. We adopt the usual notation for group operations. Let us
abbreviate conjugation, writing ¥ in place of y~txy for variables x,y. We also let

Lyy abbreviate the commutator of variable elements z and y, and re-

[z,y] = 27y~
cursively define some iterates of this by [xo,...,z,1] = [[zo,...,Zn 2], xs_1], for
n > 2. For any n > 1, Neumann (1967) recursively defines the terms v, in the
variables 1, ..., Zn, Y3, -, Un, and y;; (1 < i < j < n) by vy = [z, 9, (z] '29)¥12]
and, for n > 2, v, = [v,_1, 2Y", (x7 w0, . (2,1 2,)Y"-17]. The law v, by usual
convention, is formed by equating this term v,, to the symbol for the identity element.

We shall show that for each natural number n and for a fixed congruence modular
variety V' , we can obtain a similar “chief centralizer law” (depending on V) and a
result parallel to Theorem 3.8; we have repurposed the symbol v,, for this law, which
we have, in a sense, patterned after that given above. Our chief centralizer law v,
turns out to be a countably infinite set of equations, rather than a single one; on the
other hand, for a Mal’cev variety V of algebras of nilpotence class k, for some natural
number k, and for which F},(2) is finite, we find that the law v, is implied by a finite
set of equations—namely, those given by Freese and McKenzie (1987), characterizing
nilpotence of class k (see Theorem 4.48).

We construct the law using the following Mal’cev condition for congruence mod-

ular groups, given by Gumm (1983) as well as the work building on this of McKenzie
(1987a). The following is
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Theorem 3.9. LetV be a variety. Then V is congruence modular if and only if there
is a natural number n and ternary terms qo, ..., qn,p for V such that the following

equations hold in V:
1. qQo(z,y,2) = x
2. gi(x,y,x) =z for0<i<n
3. qi(x,y,y) = qi(z,y,y) for even i <n
4. gi(z,x,y) =~ q;(x,z,y) for odd i <n
5. a(z,y,y) = p(z,y,y)
6. plx,z,y) =~y
We shall call such terms—that is, that satisfy these equations—Gumm terms.

Remark 3.10. It also turns out that for V with Gumm terms given above, p is a

difference term.

Let V be a congruence modular variety. Let p,¢;(i =0,...,n) be a set of Gumm
terms for V.

Following McKenzie (1987a), for a given natural number k and term ¢ in 2 +
k variables, we let S; be the set of all 4 + k-rank terms s(z,y,u,v,z) including
p(t(x,u,z),t(y,u,z),t(y,v,2)) and, for each i < n, ¢;(t(z,v,2),t(x,u,2z),t(y,v,2))
and ¢;(t(z,v,2),t(y,u,2),t(y,v,2)).

We shall make use of the following consequence of Theorem 2.7 from McKenzie

(1987a).

Theorem 3.11. Let A be an algebra in a congruence modular variety, with Gumm

terms p,q;(i = 0,...,n), for some natural number n. Let a,b,c,d € A. Then
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[Cg(a,b),Cglc,d)] = 04 if and only if for all natural numbers k, for all terms t

in 2+ k variables, and for all s € Sy, we have
s(a,b,c,d,e) = s(a,b,d,d,e),
for all k-tuples e of elements of A.

For any given A € V and a,b,c,d € A, let us write C*(a, b, c,d) if and only if
[Cg(a,b), Cg(c,d)] = 04. Note also that, by the equations for the Gumm terms fixed

above, for any t and any s € S,
Vi s(x,xr,u,v,2) = s(r,z,0,0,2). (3.1)

Let m be a natural number. Set A,, = {(i,7) | 0 < i < j < m}. We impose
an order on A,, U {@}, by letting & be its least element, and by letting the rest be
ordered arbitrarily (or, if you like, with the dictionary order.) Let X be the usual set
of variables, indexed by the natural numbers. For each A\ € A,,, let Z, be a countably
infinite set of distinct variables. Let Z = UZ,. Also, let u,v be two more distinct
variables. Let T be the set of terms in the variables X U{u,v} U Z. For convenience,

for a given t € TAm, set S* =TI, Sty -

For each A = (i,j) € A,,, let (x,2}) = (2;,7;). For each t € T*, 5 € S', and
A € A,, U{D}, we shall define a pair of terms e(f’g) and 7"/(\{’5) in the variables u, v, Zj,
and x;, fore =0,..., (ZL) — 1, . For convenience, however, for each A € A,, U {9},
let us for the moment write ¢, = 65\5’5) and r\, = rf\g’g). Set ly(x,u,v,2z) = u and

ro(X,u,v,2z) =v. For A € A,,, let
KA(X7 u, v, Z) = S)\(l')\, ZE;\, 6)\_ y A= Z)\)

and

TA(X, u, v, Z) - S)\(.ZU)” xl)\a T)\f,T/\—,Z)\),

where we have suppressed expression of the dependence of /5~ and ry,- on their

variables and where A\~ is the immediate predecessor of \.
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Let M be the highest element of A,,. Set /(%) = 65\25) and (%) = rgjg). Let vy, be
the conjunction of all equations £®% ~ (%) for all choices of ¢ € TA and § € S*.

Let A € V. Choose £ € T* and § € S’. Let a be an assignment of the variables
appearing in £ := () and r := ). Let e; = x;[a], and write (ey,e}) = (e;, ;) for
any A = (i,7) € A,,. Suppose that e, = €} for some X\ € A,,. We claim that this
entails that A = (¢ ~ r)[a]. Note that by equation 3.1 we have that ¢,[a] = ry[a].
If X\ is the highest element of A,,, then we are done. Otherwise, it easily follows that
(y+[a] = ry+[a], where AT is the immediate successor of A. Thus, by induction on the

order we imposed on A,, we have that ¢[a] = r[a].

Theorem 3.12. Let V be a congruence modular variety. Let m be a natural number.
Fix Gumm terms, p,q;(i =0,...,n) for V. Let A, and v, be as described above. Let
A eV. If |A] <m, then A = v,,. Conversely, if « < 3 are congruences on A and
Aja = vy, then |A/(a: B)| < m.

Proof. Suppose first that |A| < m. Let a be any assignment of the variables X U
{u,v} U Z to elements in A. Let e; = x;[a], and write (ey,€)) = (e;, e;) for any
A = (i,j) € A,,,. Reasoning as pigeons do, we find that there must be a A € A,, so
that ey = €). Thus, by the argument preceding this theorem, we have that A = v,,.

Now, suppose that o < /3 are congruences on A so that (« : ) has index m or
greater. Without loss of generality, we shall assume that o = 04: After all, (« :
B)/a = (04/q : B/c), and so, by the third isomorphism theorem (A.15), (04/q : f/)
has the same index in A/« as (« : 3) does in A. Thus, we can write § = Cg(a, b) for
some a,b € A. List m elements ey, ..., e,_1 € A lying in mutually distinct (04 : 5)-
classes. We shall find a sequence of terms ¢t € T2 and § € S* and terms ¢ = (%)
and 7 = 7% and a witness to the failure of £ ~ r in A, which shall also represent a
failure of v,, in A.

Set ay = a and by = b. Let {5 = w and ry, = v. Let AT € A,, with immediate

predecessor A. Suppose that ay, by have been chosen so that Cg(a,b) = Cg(ay,by).
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Suppose that £ and 7, are terms in the variables X U {u,v} U Z and cy (X < \) are
elements of A that have been chosen so that, for any assignment a of elements of A
to the variables appearing in £, and r) that includes z; — ¢;, u — a, v — b, and, for
each N < A\, zy — ¢y, we have that ¢\[a] = a, and ry[a] = by. (Note that the basis
step, above, clearly satisfies these requirements, if we let ¢y be arbitrary.)

Since =C*(ex+, €)4, ay, by), by Theorem 3.11 we get a term ¢, a tuple of elements

c from A, and an s € S; so that
ax+ = s(ex+, €rt, ax, by, €) # s(ex+, €+, by, by, €) =: by+.
Set ty+ =1, sy+ = s, and ¢, = c¢. Note that, by inductive hypothesis,
{ay+by+) € Cglayr,by) \ 04 = Cgla,b) \ 04.
But since 04 < Cg(a,b), we get that Cg(ay+,by+) = Cgla, b). Set
U+ = s(my+, 251, 0x, 7, Za+)

and

!
E)\+ = S(ZL‘)\Jr,l’)\Jr,T)\,T)\,Z)\Jr),

and note that, by inductive hypothesis, under any assigment a that includes x; — e,
u — a, v — b, and, for each A < A", z, — c,, we get that (y+[a] = ay+ and
ra+[a] = by+. Let the construction of this sequence of objects indexed by A,, U {2}
then continue through recursion.

Thus, we get a £ € T* and 5 € S*. For each A € A,, U {3}, set E(j’g) = /) and
rg’g) = ry. Let r = ry; and £y, where M is the highest element of A,,. Let a be
any assignment of elements in A that includes x; — e;, u — a, v — b, and, for each
A € A, z), — c,. By construction, then, we get that a witnesses the failure of ¢ =~ r

in A. It is also evident from the construction of r and ¢ that this entails the failure

of v, in A. O
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This theorem—and especially its consequences—should be compared with those
evident from some results in Chapter 10 of Freese and McKenzie (1987), in particular,
their Theorem 10.12 and Theorem 10.16. Kearnes (1996) should also be consulted.
We can find several uses for the theorem just given. We now take a look at a few of
its immediate consequences, some of which seem to be new results in their own right.

This first consequence is also evident from Freese and McKenzie (1987), Theorem

10.12.

Corollary 3.13. Let A be a finite algebra that generates a congruence modular variety
V. Then for any subdirectly irreducible B € V with nonabelian monolith, we have that

Bl < |A]

Proof. Let A and B be as described. Say that |A| = n. Then, by the theorem
above, A = v, 1. Now, since v, is just a (countable) set of equations, we have that
V |= vp41 as well. Note that the annihilator of the monolith of B is 0p; hence, by the

theorem above, we get the result. O]
The next is a well-known result, originating from Foster and Pixley (1964).

Corollary 3.14. Let A be a finite algebra in a congruence distributive variety. Let

V be the variety generated by A. Then V has a finite residual bound.

Proof. To see this result as a consequence of Corollary 3.13, one needs to first recall
Day’s Mal’cev characterization of congruence distributivity, which can be found in
Freese and McKenzie (1987), as well as recall the elementary fact that congruence
distributivity implies congruence modularity. Secondly, one must recall that any
prime congruence quotient for an algebra lying in a congruence distributive variety is
nonabelian. This last is a nontrivial, but well-known result (See Hobby and McKenzie

(1988), Theorems 5.7 and 9.11, for instance.) O
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The following is patterned from the parallel observation made in Neumann (1967),
as Corollary 52.34, where it was limited to the case of V a variety of groups. It appears
to be a new result. It is interesting to consider this result alongside that of Kearnes

(1996), Theorem 3.7 (iii) = (iv).

Theorem 3.15. If A € V, a congruence modular variety, and A is a finite, subdi-

rectly irreducible with non-abelian monolith, then A is critical.

Proof. Let A be a finite, subdirectly irreducible algebra in a congruence modular va-
riety V. Say that |A| = n. Suppose also that the monolith, say p, of A is nonabelian.
(See Definition A.43). Then, (04 : i) = 04; that is, the index of the annihilator of
p is n. Then, by Theorem 3.12, we get that A [~ v,. Thus, we get that for some
teT™, 5¢e 5% and p = () ~ %) A b£ . On the other hand, by Theorem 3.12,
we also get that, if B is a proper factor of A, then B = v, and hence B = ¢. It

follows that A is critical. O

One flaw in our chief centralizer laws v,, as given above, relative to the one given
in Neumann (1967), is that ours is potentially an infinite set of equations. On the
other hand, the following can be used to show that v, is implied by a finite set of
equations under a certain circumstance in which we are interested. More to the point,

v, holds in any algebra A in the variety with which v, is associated provided A is

n

nilpotent of class (2

). This fact and its results are apparently new.

Theorem 3.16. Let A € V, a congruence modular variety. Pick Gumm terms for V;
we adopt the notation from above. Let n be a natural number, and pick t € T, Let
5 € St. List the elements, in order, of A, U{@} as o, ..., Am, for m = (’2‘) Then

for each k < 'm and all assignments a to the relevant variables, E(j,f) [a] (1a]k rf\ig) [a].

In particular, if (14]m = 04, then A = v,.
Proof. For convenience, write £\ = EE\E’E) and ry = rf\t_’g) for each A € A, U {2}.

Let a be any assignment of the variables appearing in ¢, _,,7,, , to elements of A;
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say that a sends (z;,u,v,2))icwren, 10 (€i,a,b,Cr)icwren,. For A = (i,7) € A, let
(ex, €x) = (ei, €5

We shall show by induction that £y, [a] (14] 72, [a] for each & < m. The claim is
trivial for £ = 0. Now, suppose that it has been verified for some £ < m. Note that

from equation 3.1,

Skt (6/\k:+1’ k1 EM [3]7 Tk [a]> CMH) = SXit1 (6)\k+1’ Exkr1s T [a]a T [3]7 C)\k-+1)'

Thus, by the inductive hypothesis and the fact that C(14, (14]g; (1a]k+1) holds, we

get that

E/\k+1 [a] = SX\pi1 (e>\k+1 ) el)\kﬂ ’ €>\k [a]’ TX\g [3]7 C/\k+1) (1A]k+1

SAk1 (6>\k+17 eg\kﬂ » Tk [a]v LDV [a]a C>\k+1) = Thet1 [a]
O

It is interesting to compare the above result with Theorem of Freese and McKenzie
(1987); the two results seem somewhat orthogonally related.

We shall need the following result, the proof of which is only a slight alteration of
what appears in Kearnes, Szendrei, and Willard (2013+) as Lemma 2.8 and McKen-
zie (1987a) as Lemma 2.16. (That is, the result is not new.) For algebra A and
congruences a < 5 on A, we let Ind(3/a) be the supremum of the cardinalities of all

[ /a-classes in A/a.

Theorem 3.17. Let A € V, a Mal’cev variety, and let o < 3 be a pair of congruences

on A. Let r be a natural number. If the index of («: [3) is r or less, then
Ind(8/a) < |Fo(r +1)].

Proof. Affirm the hypotheses. Let p be the Mal’cev term for V. Since (a : 8)/a =
(04/a : B/cr), we can use the third isomorphism theorem A.15 to reduce the claim to

the case of @ = 04. That is, we may assume that § = CgA<a, by for some a,b € A.
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Fix a transversal T  of the (04 : #)-classes of A. Fix also e, a tuple of length r with
exactly the elements of T" appearing in it.

Let u € A, and choose v € u/3. Then, by Theorem A.26, we get a term s so that
(v,u) = (s(a,€e”), s(b,e")), for some tuple €” of elements from A. Now, using that p

is a Mal’cev term, we have that

p(s(a,€”),s(b,e"),u) = p(v,u,u) =v=pv,v,v) =p(s(a,e’),s(a,e’),v).

From C((04 : 3),3;04), we can conclude that

p(s(a,€e’),s(b,e),u) = p(s(a,€),s(a,e),v)=uv,

for any tuple €’ related coordinate-wise by (04 : ) to e. Let € be the tuple of the
same length as €’ and whose elements are the unique representatives from 7" of the
corresponding elements of €”. It is easy to see that one can use s to construct a
term ¢ in r + 1 variables such that s(z,e’) = t(x,e) for any = € A. In particular,
(u,v) = (u,p(t(a,e),t(b,e),u). On the other hand, given any ¢ € Clo,;; A, and we
have that p(t(a,e),t(b,e),u) € u/p.

Thus, we can define a map from Clo, 1 A into u/f given by
ts p(t(a,e), (b, ), u)
and the map is is onto. The result follows. O

Theorem 3.18. Let m be a natural number. Let A be an algebra of nilpotence class
m (or less) that generates a congruence permutable variety V. Then A = v, where
n s any natural number so that m < (g) —such as n = [\/ QmW + 1. Thus, for any

congruences o < B of A, (a: B) is of index less than n and Ind(S/a) < |Fy(n)|.

Proof. Let n = [v Qmw + 1. Note that n > 1 and hence 2n — 1 > n. Thus, (g) =

2

e > ”2—3"“ = ("_21)2 > m. By, Theorem 3.16, we get that A = v,. Let o, €

Con A such that o < 5. By Theorem 3.12, (« : ) has index less or equal to n — 1
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(noting, of course, that congruence permutability implies congruence modularity.)

Therefore, by Theorem 3.17, we conclude that Ind(3, a) < |Fy(n)|. O

It is by means of the theorem just proved not only that we discover that for any
Mal’cev variety of algebras of nilpotence class k, and any A € V, we have a bound
Ind(8/a) for any prime quotient o < /3 of congruences on A, but that we are also
able to “lift” this bound to V) for large enough N. In the following sections we
shall explore some preliminary suggestions for how to apply this result towards the
finite basis result sought. First, we recall some facts concerning nilpotent algebras in

a Mal’cev variety, noted by Smith (1976).

3.4 SOME USEFUL ITEMS ADAPTED FROM SMITH (1976)

While the results and their proofs presented in this section can be found in Smith
(1976), he uses somewhat different concepts and language concerning the commutator
from that employed in the present paper. Some of these differences may even be of
more than a strictly superficial kind, but, in any case, we offer proofs using the

notation established earlier in this paper.

Lemma 3.19. Let A € V, a variety with a difference term, d. If a, 3 € Con A
with B < a such that [3,a] = 04, then (z,y) A (u,v) implies that v = dA(y,x,u).
If d is also a Mal’cev term, then for any o, 3 € Con A, (z,y) A (u,v) implies that

v o, B] dA(y, z,u).

Proof. Let d denote d®, as well. Let o, 3 € Con A. Suppose first that [3,a] = 04

and that 8 < a. Apply d coordinate-wise, “vertically” to the following pairs:

(v, ) AZ (y,y)
(z,y) AG (2, y)

(z,y) AF (u, v),
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to yield (d(y, z,z),y) A§ (d(y, z,u),v). Since [3, 8] < [B,a] =04 and (y,z) € 3, we
have that d(y,x,z) = y. Thus, the first claim follows by Proposition A.37.
The second claim is even easier, and it follows by a similar computation, and so

we omit it. (It is also a consequence of Theorem 2.24 together with Remark 2.6.) O

For any algebra A and any B C A, we shall say that B is normal provided it is
the class of some congruence—in particular, of Cg® B2.
The following is a generalization of Proposition 236 from Smith (1976). The proof

is adapted from his, as well.

Theorem 3.20. Let A be an algebra in a variety with difference term d. Let ( be
the center of A. Let M be a subalgebra of A with the property that M( = A. Then
M is normal in A, and A/ Cg M? is abelian.

Proof. Let d denote d®. Let fi be the binary relation on A defined by (a,a’) € i if

and only if there exist m,m’ € M such that
(a,m) AP (a’,m).

We claim that fi is a tolerance (that is, a reflexive, symmetric, binary relation that
respects the operations of A. Reflexivity of fi follows from reflexivity of Aé*“ and from
the hypothesis that M({ = A; put another way, M = A says precisely that given
any a € A, we can find an m € M so that m(a. The symmetry of ji is also easy
to see: One just needs the symmetry of Aé“‘. That [i respects the operations of A is
automatic from the facts that M and AéA are closed under the operations of A and
A2, respectively. It easily follows that the transitive closure u of fi is a congruence
on A.

Now, by the definition of A, we get that for any m,m’ € M,
(m,m) At (m!,m'),
and so m pum'. Thus, we see that M is contained in some p-class.
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We claim that M absorbs fi: That is, if m € M and a € A such that m i a,
then a € M. Let m and a satisfy these hypotheses. Say that (m,mg) Aé“ (a,my).
Then, it is not hard to see, by Mal’cev’s description of congruence generation (see
Theorem A.9) that (mg, m) Aé*“ (my,a), as well. Thus, since [(, 14] = 04, Lemma 3.19
tells us that a = p(m, mg, my) € M. We use this now to show that M absorbs . Let

m € M and a € A such that m pa. Then we can write

for some natural number k£ and a; € A for i < k. Since M absorbs i, we have that
a; € M. Thus, by inducting on k, we have that a € M, as well. As we saw above
that M is contained in a single u-block, it now follows that M is a congruence block
of u; hence M is normal.

We claim further that g = Cg M?2. Of course, we have just seen that Cg M? < u,
and so it remains only to show the reverse inequality. Indeed, using an argument
similar to the one just given, we observe that if (a,a’) € fi, then ¢’ = p(a, m,m’) for

some m, m’ € M. Thus,

{a,d") = (p(a,m,m), p(a,m,m"))
- p(<a, a>7 <m7 m/>7 <m7 m/>)

e Cg M?.

Thus, i < Cg M?, from which it now follows that 1 = Cg M?. Note also that since
M(¢ = A and M is a block of u, we get that uV { = 14.

It remains to show that A/u is abelian. To do so, by Proposition A.28; it is
equivalent to show that (u : 14) = 14. Note that since A is in a difference term
variety, we use Theorem 4.38 and the fact that C'({,14;04) to learn that C'(¢, 14; p).
Thus, ¢ < (p : 14). On the other hand, C'(u, 14;1) and so p < (p : 14), as well.

Thus, 14 =V < (n:1y), as desired. ]
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The following is given by Smith (1976), as Proposition 236. In fact, he says a
little more than we have included here—concerning the Frattini subalgebra of a given

nilpotent, Mal’cev algebra A, should it have one.

Theorem 3.21. Let A be a nilpotent algebra in a Mal’cev variety. Then every

maximal subalgebra of A is normal.

Proof. Let k be the nilpotence class of A. According to Theorem 4.30, since A is
nilpotent, we have that (¥ := ¢k = 1,. Let M be a maximal (proper) subalgebra of
A. Evidently, M(* = A. Let n be the least natural number so that M(" = A. Note
that n > 0, since (Y = 04 and M is a proper subset of A. Also, by the maximality of
M, we have that for any i < n, M¢* = M. In particular, M is a union of ("~!-blocks.

Let M/¢"! denote the set of ("~!-blocks contained in M. It is not hard to see that

(M/¢" ) Cajen-r = (M/C"H)(CM /¢ ) = AJC

It follows by Theorem 3.20 (and Definition 4.14) that M/¢"~! is normal in A /¢!
and that (A/¢" 1)/ Cg(M/¢"1)? is abelian. Recall from Theorem A.46, that, since
A is nilpotent and Mal’cev, it is also congruence regular. In particular, ("1 =

Cg™{{a,b) | b € a/¢" ' and a € M}. Thus, ("' < Cg® M?. Now, using also that
(Cg™ M2) /¢t = Cg™ < (/¢ (3.2)

(which can be seen from Proposition A.10), we can easily show that M is a congruence
block of Cg® M?; that is, M is normal in A: Let m € M and a € A such that

m Cg® M?a. Then,
<m/<n71’ a/<n71> S CgA ]\42/Cn71 = CgA/gn_l (M/Cnfl)Q’
and hence a/¢"' € M/("!, whence a € M. We also observe that from

n—1 n—
C'(lA/gn—I,1A/gn—1;CgA/C (M/¢"1)?),
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we can also deduce from 3.2 and Proposition A.28 (e) that
C(La, 143 Cg™ M?);

that is, Cg® M? is abelian. O

3.5 (SOME) FRATTINI CONGRUENCES

In group theory, the Frattini subgroup is defined to be the intersection of all maximal
subgroups of a given group—if it has any—and otherwise the group itself. (See Scott
(1964), section 7.3). In his Proposition 237, Smith (1976) showed that this concept
generalizes to Mal’cev nilpotent algebras with favorable results. On the other hand,
Smith has a counterexample demonstrating that the intersection of the maximal
subalgebras of a nilpotent, Mal’cev algebra may be empty (see p. 45 in Smith (1976)).
Kiss and Vovsi (1995) and Kearnes (1996) have argued that the concept of Frattini
subgroup is more aptly generalized by a congruence. We give their definition of the
Frattini congruence below, but we also offer a second one which we show is equivalent
to theirs in any Mal’cev variety of nilpotent algebras.

Let A be any algebra. Denote by My, or, if A is clear from context, simply,
M, the set of all maximal subalgebras of A (of course, M may be empty.) For any
nonempty subset B of A, let ¢ denote the largest congruence so that B is a union
of ¢pp-classes, noting, of course, that an easy computation is needed to justify this
definition. Given a subset B of A and a congruence 6 on A, we say that 6 is contained
in B provided B = B (see Definition A.12.) (We might also say that “B absorbs 6.”)
It is not hard to see, then, that for a given B C A, ¢p is also the largest congruence

contained in B; indeed, for a given § € Con A, B is a union of #-classes if and only

if B = B.

Definition 3.22. For a given algebra A, let '®, be the congruence on A defined as
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follows. If A has no maximal subalgebras, let 1®5 = 14. Otherwise, let

ICDA = ﬂ{ng | M e MA}

When it is clear from context, we shall drop the subscript A. We call this the ! Frattini

congruence of A.

Kiss and Vovsi (1995) and Kearnes (1996) used this to generalize some results
from Neumann (1967) concerning critical algebras and other matters. Our interest,
too, is critical algebras (albeit, we seek necessary conditions of criticality rather than
sufficient ones) and we have found some promise in answer Problem 1.3 through the
consideration of the following definition, which turns out to yield the same object as

Definition 3.22 in the context of a Mal’cev variety of nilpotent algebras.

Definition 3.23. For a given algebra A, let 2®4 be a congruence on A defined as

follows. If A has no maximal (proper) subalgebras, let 2@ = 14. Otherwise, we set
205 = [{Ceg™ M? | M € My}

When it is clear from context, we shall drop the subscript A. We call this the 2 Frattini

congruence of A.

Proposition 3.24. Let A be any algebra. If A is congruence reqular, then we have
that 1®5 < 2®a. If A is such that each of its maximal subalgebras are normal,

then 2®5 < '®4. In particular, if A is nilpotent and lies in a Mal’cev variety, then

1Py =20,

Proof. Note that if A is without maximal, proper subalgebras, we have that, by
definition, '® = ?® (where we have dropped the subscript, A.) So, let us suppose
that M = M, is nonempty.

First, suppose that A is congruence regular. Let (a,b) € '®. Let M € M. We

need to show that (a,b) € Cg® M?. Since (a,b) € '®, we have that Cg™(a,b) < d.
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Thus, M Cg™{a,b) C Moy = M and hence M is a union of Cg”™(a, b)-classes. But
since A is congruence regular, we thus have that Cg® (a,by < Cg® M?2. Tt follows
that '® C 2.

Now, suppose that A is such that each of its maximal subalgebras is normal. Let
(a,b) € 2®. Let M € M. We need to show that (a,b) € ¢p. It is sufficient to show
that M Cg™(a,b) = M. By assumption, we have that (a,b) € Cg® M?, and hence
Cg™(a,b) < Cg™ M?. Now, we have assumed that M is normal, and hence we must
also have that M is the union of Cg®(a, b)-classes. This puts (a,b) € ¢p. It follows
that *¢ C 1.

To see the final claim of this proposition, recall Theorems A.46 and 3.21. n

As in the case of the study of Frattini subgroups, we have a connection with the

'Frattini congruence and a notion of “nongeneration.” See also Kearnes (1996), p. 8.

Definition 3.25. For a given algebra A, we shall call any pair (r,y) € A? a

Ynongenerator for A whenever for any B < A, we have that

BCg™(z,y) = A= B=A.

Theorem 3.26. Let A be an algebra such that every chain of proper subalgebras of
A includes its least upper bound. Then '®4 is exactly the set of all ‘nongenerators

for A.

Proof. Note that, if A is without maximal, proper subalgebras, then, our hypothesis
concerning chains of subalgebras of A together with Zorn’s Lemma, implies that A is
without any proper subalgebras at all. Thus, under this circumstance, every pair of
elements from A is a 'nongenerator and so, by definition of '®, the claim is satisfied.
Thus, we will proceed under the assumption that M is nonempty.

Let (a,b) € '®. Let B < A and suppose that BCg(a,b) = A. If B # A, then,

by Zorn’s Lemma and our hypothesis concerning chains of subalgebras of A, we can
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extend B to a maximal, proper subalgebra M of A. Note that, since (a, b) € '® < ¢y,
we also have that M Cg(a,b) = M. Altogether, we thus have that A = B Cg(a,b) <
M Cg(a,b) = M, which contradicts the definition of M as proper. Thus, we are
forced to conclude that B = A, which shows that (a,b) is a 'nongenerator for A.
Now, assume that (a, b) is a 'nongenerator for A. Let M € M. We need to show
that (a,b) € ¢y, which is to say, that M Cg(a,b) = M. But, of course, the alternative,
namely that M Cg(a,b) = A is ruled out by the definition of 'nongenerator, as M is

assumed to be a proper subset of A. n

Lemma 3.27. Let A be an algebra with regular congruences, and suppose that each
of its mazximal, proper subalgebras are normal. Then if M is a maximal (proper)

subalgebra of A, then Cg M? is a maximal proper congruence of A.

Proof. Let A and M be as described. Denote Cg M? by p. Let 6 be a congruence
on A with p < 6. Note that M is a block of 1 and is also contained within a single
f-block, which is equal to M#. Since A has regular congruences, we must have that
M < MO = A. But this entails that all of A is a single 6-block and hence that

0 =14. [l

Theorem 3.28. Let A be an algebra that generates a Mal'cev variety and such that
each chain of subalgebras of A contains its upper bound. Let ® denote its * Frattini
congruence. Suppose that ® is finitely generated. Then A is generated by a transversal

of its ®-classes.

Proof. Choose a transversal T of the ®-classes of A. Let B = Sg 7. We claim that,
in fact, B = A. Note that B® = A.

By our hypotheses, we can write

P = Cg(xo,yo) 0 -+ 0 Cg{Tp—1,Yn—1)
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for some natural number n and some pairs (z;,y;) € A% Note that

B® = BCg(xo,y0) - - Ce(Tn_1,Yn—1)

By induction and Theorem 3.26, we have that

A=B Cg<$0, ?Jo> T Cg(%—h yn—1>

=A = BCg(zo, ) Cg{Tn_2,Yn_2)

=A=2RB

The following is noted by Smith (1976) as Proposition 234.

Theorem 3.29. Let A be any algebra. If every subalgebra of any algebra B in the
variety generated by A is normal, then A is abelian.
As a partial converse, if A is abelian and Mal’cev, then each of its subalgebras is

normal in A.

Proof. Suppose that each subalgebra of any algebra B in Var A is normal in B. Note
that it is not hard to see from Proposition A.37, that A is abelian if and only if 04 is
normal in A%g‘. But, by hypothesis, since Aﬁ is a subalgebra of A2, we have exactly
that.

Now, suppose that A is abelian with Mal’cev term operation p. Let B be a
subalgebra of A. Note that, by Proposition A.25, we have that Cg® B? = Sg**# B2U
04. We claim further that Sg*** B2 U 0,4 = B*A{* (see Definition A.12 for an
explanation of the notation.) Let A = A%‘Z. Note that, by the reflexivity of A, we
have that B2 C B2A. We claim further that 04 C B?A: Let a € A. Also, take any
b € B. Then (b,b) A (a,a) and so, indeed, 04 C B?A. Since B2A is closed under the

operations of A2, it follows that Sg™** B2U0,4 < B?A. Now, take any (a,a’) € B2A.
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Then we have some (b,b') € B? such that (b,b') A (a,a’). By Proposition 3.19, we

have that @’ = p(¥,b,a). Thus,

<CL, a/> = <pA(bv b, a)va(b,7 b, CL)> = pA2(<b’ b/>v <b7 b>7 <CL, a>)7

which puts (a,a’) in Sg*** B2U 04. It now follows that Cg® B = B2?A.
Now, take any b € B and a € A such that b B2A a. Then, for some by, b; € B, we
can write (b, a) A (by, b1). By Proposition 3.19, then, we get that a = p*(by, by, b) € B,

since B is closed under the operations of A. Thus, B is indeed normal in A. m

The following is apparently new, and includes a generalization of 7.3.3 from Scott

(1964); see also Theorem 237 in Smith (1976).

Theorem 3.30. Let A be an congruence reqular algebra in a Mal’cev variety. Suppose
also that for all v € Con A with v < 14 we have that 14 is abelian over ~y (which
means nothing more or less than that A/~ is abelian). If all the maximal, proper
subalgebras of A are normal, then *®x > [14,14].

Conversely, if '®a > [1a,14], then all mazimal, proper subalgebras of A are

normal, and hence, in fact, '*®p = 2D 4.

Proof. Let '® and 2® denote the ! and 2Frattini congruences of A, respectively.
Let M be the set of all maximal, proper subalgebras of A. First, assume that all
M € M are normal. From Lemma 3.27, for any M € M and p := Cg® M2, we
have that p < 14, and hence, by hypothesis, C'(14, 14; ) holds. By definition of ?®
(and Proposition A.28 (a)) we also have that C(14,14;%®) holds, which is to say,
20 > [14,14].

Now, suppose that '® > [14,14]. Let M € M. Note that M is a union of
1®-blocks. Let M/'® = (M'®)/'® denote the set of all '®-blocks contained within
M. Tt is not hard to see that M/'® is closed under the operations of A/'®. Note,

also that, by congruence regularity of A, '® < Cg® M?2. (See Theorem A.14.) Now,
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by Proposition A.28 (e), C(14,14;'®) implies that A/'® is abelian and hence, by
Theorem 3.29, M /'® is normal in A /'®. We claim that this entails that M is normal
in A. Let m € M and a € A such that m Cg® M?2a. Then, by Proposition A.10, we
have that

(m/'®,a/'®) € (Cg™ M?))'® = Cg™/'* (M) B)".

Since M/*® is normal, we then get that a/!® € M/'®, which puts a € M. It follows
that M is normal. Now, by the second part of Theorem 3.24, we then also discover
that 2® < '®. By the first part of Theorem 3.24, we also have that '® < 2@, and

hence the two are equal. O

Theorem 3.31. Let A be a nilpotent algebra in a Mal’cev variety. Denote its

2 FPrattini congruence by ®. Then A/® is abelian.

Proof. There is more than one way to see this. Note that if A is without maximal,
proper subalgebras, then ® = 1, and so the claim is trivial. So suppose otherwise.
Let M € M := M. Now, note from Theorem 3.21 and Lemma 3.27, we have that

Cg M? < 14. Thus, by Theorem A.48 we get that A/Cg M? is abelian. Now, since
A/D s TI{A/CgM?* | M € M}

and since abelianness is inherited under SP, the claim follows. (See A.1.1 for nota-

tion.) O

3.6 A CONDITION FOR THE FINITE AXIOMATIZABILITY OF SUPERNILPOTENCE OF

CLASS n

The following result is likely to be a necessary step in addressing the task suggested
by the second bullet near the beginning of Section 3.2. That is, while it is not
currently known whether the supernilpotence class ¢ of any supernilpotent algebra in

a congruence permutable variety generated by an algebra A (perhaps also assumed
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to be nilpotent) is controlled by the cardinality of A (or, perhaps, another related
parameter), but the following shows that, if this is the case, then such a bound on ¢
can be “lifted” to V™ for high enough n, under the circumstances described in the

theorem.

Theorem 3.32. Let n be a natural number. Let V be a Mal’cev variety of finite
signature such that each of its members is nilpotent of class n and so that Fy(2) is
finite. Then for all natural numbers k, there is a finite set Xy of equations in the
language of V such that for any algebra A in the same signature as V, we have that

if A =Xy, then A is supernilpotent of class k.

Proof. By Theorem 3.7 we get a natural number N > 2 such that V) is locally
finite (and hence V is locally finite, too). Let k be any natural number. Let S; be
the class of all algebras in V) that are supernilpotent of class k. It is also clear
that since N > 2 that V) is Mal’cev (see Theorem A.21). Note from Theorem 2.44
that S is a variety. Since V) is locally finite, we have that S is too. Thus, by
Theorem 2.30, S, is finitely based. Let ¥ be its finite basis. It is clear that ¥, has

the property claimed of it in the statement of this theorem. O]

See Neumann (1967), Lemma 52.35, for a model of precisely how this result might

be used.

3.7 SOME STRATEGIES FOR ESTABLISHING THAT V®) HAS A FINITE CRITICAL

BOUND FOR HIGH ENOUGH N

Let k be a natural number, and fix a Mal’cev variety V of finite signature, such that
each A € V is nilpotent of class k and so that F),(2) is finite. By Corollary 4.49,
we get a finite set of equations Ej satisfied in ) such that, for any algebra B of the
same signature as A, B = Fj if and only if B is nilpotent of class k. Since Ej is

finite, we get an Ny so that for N > Ny, VIV) |= E,. Suppose that N > max{ Ny, 2}.
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Since N > 2, we get that Fy,)(2) = Fy(2) (see Subsection A.1.1.) So by applying
Corollary 4.49, again, we find that each algebra in V) is nilpotent of class k.

By Theorem 3.7, we also learn that there is an N; such that for all N > Ny,
VW) is locally finite. Let N > max{N;, Ny,2}. Let C be critical algebra in V)
Then C is finitely generated and hence finite by the local finiteness of V). Thus, by
Theorems 3.26, 3.24, and 3.28 it is sufficient to find a bound for C'/®, where ® is the
ZFrattini congruence of C. We also get that |C/®| < IT{|C/ Cg M?| | M € M}, where
M is the set of all maximal, proper subalgebras M of C. Since N > max{Ny, 2}, we
have that C is nilpotent of class k. Thus, by Lemma 3.27, for each M € K, we have
that Cg€ M? is maximal in Con C—that is, Cg€ M? < 1. Now, by Theorem 3.18, for
each M € K, we have that |C/ Cg M?| < |Fy(n)|, where n = [\/ﬁw + 1, noting that
since V) is locally finite, Fy,(n) is finite. Thus, we need only bound the number of
maximal subalgebras of C (or, perhaps, the number of maximal, proper congruences
of C.) Now, we haven’t used the fact that C is critical, except to argue that it is finite.
So, really, unless for some reason we think that  might have an upper bound on the
size of its finite algebras, then we ought to find some further use for the hypothesis
that C is critical. Furthermore, we must recall Example 1 from Vaughan-Lee (1983):
We shall not be able to establish a finite critical bound in V™) without also assuming
that V is generated by a finite algebra, as he provides an example of a locally finite,

Mal’cev variety V of algebras of nilpotence class 3 such that V is not finitely based.

Remark 3.33. Let C be a subdirectly irreducible algebra lying in a congruence
permutable variety such that C is nilpotent. Let 8 be its monolith. Recall from The-
orem A.48, that [ is abelian, since C is nilpotent of class, say, m. From Theorem 3.18,
then, we have that Ind(8 : 04) < |Fy(n)|, where n = [\/%W + 1. In particular, if
V is a locally finite, finite signature, Mal’cev variety of algebras of nilpotence class
m, then by Corollary 4.49 and Theorem A.21, we get the same for V&) for all high

enough N. From Theorem 3.7, we also have that V") is locally finite for high enough
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N. Thus, if we can establish that the index of the monolith of any critical algebra
C € V™) is bounded, then we shall be able to establish a finite critical bound for
VW) While it is not true, in general, that a bound for the index of the monolith of
an arbitrary subdirectly irreducible can be found for V, it may turn out that such
a bound does exist for critical algebras. Of course, in the case of V, a variety of
groups of nilpotence class m, we do indeed get a finite critical bound for V; this can
be seen directly from Corollary 2.53 together with Theorem 2.13 and Theorem 2.24
(among other ways). It is interesting to note that Theorem 3.7 (iii) = (iv) of Kearnes
(1996), together with Theorem 3.18 shows that each of one particular class of critical
algebras in V—namely those whose monolith equals its annihilator—is of some finite,
bounded cardinality. On the other hand, Example 1 from Vaughan-Lee (1983) shows
that this class does not always comprise all of the critical algebras in V™).

A the very least, perhaps there is a way to bound the height of (0¢ : 3) above

in the lattice Con C. Theorem 3.18 would then finish the job.

A third strategy is outlined in the following. After giving this result, we shall
generalize it, but it still seems helpful to display the proof below, as an example of

the general case.

Theorem 3.34. Let C be a critical algebra in a Mal’cev variety. Then C is either

2-generated, or it is generated by a transversal of its (c-classes.

Proof. Let ¢ denote the center of C. We use that the term condition is equivalent to
the two-term condition in Mal’cev varieties (a fact which isn’t hard to prove directly,
but which is also evident from Theorem 2.24). Since C is critical, there is some
equation t ~ s that fails in C but which is satisfied in all proper factors of C.
Since the failure of ¢ &~ s involves a finite witness, say ¢ = (cy,..., ), for some

natural number /, it is thus evident that C is generated by {co, ..., c/}. Assume that
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t(co, ..., c0) # 5C(co, ..., c;) witnesses that C is critical, but also that ¢ is minimal
in this regard.

Suppose that ¢; ¢ ¢j, for some ¢ # j. By permuting the variables of ¢ and s, we
may assume that ¢ = 0 and j = ¢. Suppose, too, that ¢ > 2. Let us write ¢ for ¢,.
Now, from (the contrapositive of) Cs((, 1¢;0¢), we learn that one of the following

inequalities must hold:

t(c,c,c,...,c) #5%(c,c.c, ... 0),
t(co,c,c, ..., c) # 8%(co,c,c, ... C), or
t(c,c1,c0,. .. co1,¢) #5C(c e, 0, .. o1, €).

But, by the minimality of ¢, this cannot be. It follows that the elements in {cq, ..., ¢}

must lie in distinct (-classes. The claim follows. O]

The second part of the theorem just given is worth comparing to Theorem 51.35

of Neumann (1967), which we can now easily generalize:

Theorem 3.35. If C is an abelian, critical algebra in a Mal’cev variety V then C is
2-generated. If, too, V is provided with a named constant in its signature, then C is

1-generated.

Proof. The first claim is evident from Theorem 3.34. The second claim can be seen

by using the named constant in place of c. O

We also find that the previous theorem is a special case of the following, which
can be seen as a partial generalization of Proposition 2.13. Let A be an algebra
in a Mal'cev variety. Let n be a natural number. Note that from Theorem 2.37,
for any congruences 6y,...,6, 1 on A, we can find a highest a« € Con A such
that S,i1(a,6p,...,0,-1) = 04. Let &,(A) be the largest ¢ € Con A such that
Sp1(€,14,...,14) = 04. Note that £&(A) = Ca.
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Theorem 3.36. Let C be a critical algebra in a Mal’cev variety. Then for every
natural number n, C is either n-generated or it is generated by a transversal of its

&n(A)-classes.

Proof. Let n be a natural number. Denote &,(A) by &,. We use that the higher
term condition is equivalent to the higher two-term condition in Mal’cev varieties, as
shown in Theorem 2.24. Since C is critical, there is some equation t = s that fails in
C but which is satisfied in all proper factors of C. Since the failure of ¢t ~ s involves a
finite witness, say ¢ = (co, ..., ), for some natural number ¢, it is thus evident that
C is generated by {co,...,c/}: Indeed, the subalgebra generated by this set cannot
be proper. Assume that t©(cy,...,c)) # sC(co, ..., c,) witnesses that C is critical,
but also that ¢ is minimal in this regard.

Suppose that ¢; &, ¢;, for some ¢ # j. By permuting the variables of ¢ and s, we
may assume that ¢ = 0 and j = £. Suppose, too, that £ > n. For each r < 2™ — 1, let
0, be the endomorphism of the term algebra generated by the usual set of variables

with J, given by the substitutions
0pX; = Xy

if i < nand B.(¢4) = 0 orif i > n and f.(n — 1) = 0 but which is otherwise the
identity. Now, from (the contrapositive of) C5 ™ (&,, 1¢, ..., 1¢; 0¢), we learn that for

somer < 2" —1

6,5 (20, ..., x0)[c] # 0tC(xo, ..., z0)[c],
for else we would have that s€(cg,...,c,) = tC(co,...,c). But, by the minimality of
¢, this cannot happen. It follows that the elements in {cy, ..., c,} must lie in distinct
&, -classes. O

Lending more interest to the previous theorem and the strategy it suggests is the

following observation.
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Proposition 3.37. Let A be an algebra in a Mal’cev variety. Then

E(A) <&HA) < < E(A) < (A <o

Proof. For each natural number n, let £, denote &,(A). Let n be any natural number.

We wish to show that &, < &,,1. By Proposition 2.32, we find that

OA = Sn+1(§n7 1A7 R 1A) Z Sn+2(§n7 ]-A7 ceey ]-A)7

whence the result follows. O]

On the other hand, the following would seem to indicate that the strategy given

at the beginning of this section is more likely to work that that of Theorem 3.34.

Theorem 3.38. Let A be a critical algebra in a locally finite Mal’cev variety V. Then
|A| < |Fy(n)|, where n = |Fy(1)], or (o < '®4.

Proof. Let p be the Mal’cev term for V. Let ( denote the center of A. Let M be a
maximal, proper subalgebra of A. Suppose that M = A. Since M is a proper subset
of A, we can find a b € A\ M. Let B = Sg*{b}. Note that if B{ = A, then A/ is
generated by b/C: After all, if a € A, then we can find a unary term ¢ such t4(b) ¢ a
and hence t4/¢(b/¢) = a/¢. By Theorem 3.34, this would entail that |A| < |Fy(n)],
where n = |F)(1)|. So, we may assume that B( is a proper subset of A.

Let M x B¢ x¢ B denote the set of all triples (m,b,V') € A® such that m € M,
be B( and b’ € B such that b ( b'. Now, we define a map ¢ : M x B¢ x B — A by
©(m,b,b') = p»(m,b,V'). Note that Mx B xB is a subalgebra of a product of proper
factors of A. By Theorem 4.10, it is evident that ¢ is a homomorphism. We claim
that it is also onto. Let a € A. By assumption, we can obtain an m € M such that

m(¢a. Let b € B. Note then that p®(m, a,b) (b and hence (p*(m, a,b),b) € B( x; B.
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Then by Theorem 4.10 (or Proposition 2.26), we have that

p™(m, p*(m,a,b),b) = p*(p*(m,a,a),p™(m,a,b),p*(a, a,b))

A(m,m, a),p™(a,a,a),p*(a,b,b))

= p*(a,a,a) = a.

This entails that A is a homomorphic image of a subalgebra of a product of some
of its proper factors, which contradicts the assumption that A is critical. It follows
that M( = M, and as M was an arbitrary maximal, proper subalgebra of A, we have

that CA S 1(I)A. ]

The following is very similar to the last and, under the conditions of its hypotheses,

it is stronger.

Theorem 3.39. Let k and n be natural numbers so that k < (g) Let C be a
critical algebra in a Mal’cev variety V, and suppose that C is nilpotent of class k. Let
M € Mg, and let i = Cg® M?. Then either |Mc| < 2™ — 1, where m = |Fy(n)|
or, for any M € M¢ and pn = Cg® M2, we have that (0c : p) < p. In particular, if

IMc| > 2™ — 1, then (¢ < N{(0¢ : Cg€ M?) | M € Mc}, and (O¢ : ) is abelian.

Proof. Let p be a Mal’cev term operation for A. Note first that, by Theorem 3.18,
A has at most m p-classes. Thus, A has at most 2" — 2 collections C of pu-classes
such that UC ¢ {0, A}. Let M = M. Suppose that M| > 2™ — 1. We claim
that, for some M’ € M, M'yy = A. If not, then for all M’ € M, we have that
M’y = M’, which means that each M’ € M is a union of M’ classes. But, by our
initial observation, there is some M’ € M that is not a union of u-classes. Take such
an M’ € M, and note that M’y = A.

Let v = (0O¢ : p), and suppose now that M~y = A. Now, define ¢ : M x, M x,,
M'" — A by p(mg, mqy,m') = p(mg, mq,m’), where M x., M x, M’ denotes the set of

all triples (mg, my, m’) € M x M x M’ such that mg~ym; pm/, noting that it is easily
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seen to be a subalgebra of M x M x M'. Note also that by Theorem 2.23 (or by a
classic result), ¢ is a homomorphism. We claim further that ¢ is onto. Let a € A.
By assumption, we have some m € M and m’ € M’ such that m vy a um’. Note that
m pp(m,a,m’)ym’ and, in particular, by Theorem 3.21, p(m,a,m’) € M. Then, by

Lemma 2.23, we have that

QO(m, p(m7 a, m,)7 m,) = p<m)p(m7 a, m,)a m/)
= q(q(a,m,m"),m,m’)
= Q(Q(CL, m, m/>7 Q(a’ m, a)a Q(aa a, m/))

= q(a7 a/7 a) - a?

where q(z,vy,2) := p(y,z,z). Thus, ¢ is onto. But, this makes C a homomorphic
image of a subalgebra of a direct product of its proper factors, which contradicts our
assumption that C is critical. It follows that M (0¢ : ) = M. Thus, we have that M
is a union of (0¢ : p)-classes, which, since C is congruence regular (by Theorem A.46),

entails that (O¢ : u) < p. The other claims follow easily. O
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CHAPTER 4
NEW RESULTS ON THE COMMUTATOR IN VARIETIES

WITH A DIFFERENCE TERM

We begin with what is unlikely to be a new result, but which is worth promoting
here—that is, even if it is not something that has been heretofore overlooked, but
simply because it does not seem to have made it into print anywhere and deserves bet-
ter publicity. Following this, we offer some apparently new results. We shall establish
that, in any variety with a difference term, a natural generalization of “upward nilpo-
tence,” previously explored (from a somewhat different perspective) by J.D.H. Smith
(see Smith (1976), pp. 42-43) as a generalization of the concept of “upward central
series” from group theory, is equivalent to the traditional notion of nilpotence—which
we shall call “downward nilpotence.” Applying this, we show that the set of equa-
tions given by Freese and McKenzie (1987) in Theorem 14.2 as a characterization
of nilpotence (of fixed class) for congruence modular varieties also works if only the
availability of a difference term is assumed. In the process of obtaining these, we also
establish further results concerning the commutator in difference term varieties that
may be of independent interest. In particular, we offer new order theoretic properties
of the commutator in varieties with a difference term, a new condition concerning
when homomorphism will commute with the commutator, and a property concerning
affine behavior. We also argue that several of these properties are at least nearly

“sharp.”

95



4.1 A REMARK ON VARIETIES WITH A WEAK DIFFERENCE TERM

Definition 4.1. Let V be a variety with ternary term w such that for any A € V,

any 6 € Con A, and any (a, b) € 6, we have that
w(a,b,b)[0,0]all,0] w(b,b,a).
We say that w is a weak difference term for V.

This concept has been studied by Lipparini (1994) and Mamedov (2007); see also
Hobby and McKenzie (1988), especially their Theorem 9.6 for a related result.

Recall the finite basis result of Freese and Vaughan-Lee given in Freese and
McKenzie (1987) and Vaughan-Lee (1983), and given above as Theorem 2.29. We

assert that the following apparent broadening of their result holds.

Theorem 4.2. Let A be a finite nilpotent algebra in a variety with a weak difference
term. Suppose that A is the direct product of algebras of prime power order. Then

A has a finitely based equational theory.

Actually, the theorem of Freese and Vaughan-Lee has something further to say,
concerning special terms of the variety generated by A called commutator terms. We
could include a parallel statement here, but we leave this matter until another time.
For now, our purpose is simply to point out that this ostensibly new result is a trivial
consequence of the following observation, which does not seem to have made it into

print.

Theorem 4.3. Let V be a variety with a weak difference term. Let A be a solvable
algebra in V. Then A has a Mal'cev term. In particular, since nilpotence always

implies solvability, every nilpotent algebra in V also has a Mal’cev term.

Freese and Vaughan-Lee’s result might be said to properly concern Mal’cev alge-

bras; since nilpotent (even solvable) algebras in a congruence modular variety generate

96



a Mal'cev variety, they were able to state it as strongly as they did. Thus, this result,
although establishing that the result of Freese and Vaughan-Lee can be stated even
more strongly, still properly concerns Mal’cev algebras.

In Exercise 9, Ch. 6, of Freese and McKenzie (1987), we are invited to make the
following observations. Given a variety with a difference term d, for each natural
number n, we define a ternary term d,, as follows. Let dy(z,y, z) = z, and for n > 0,
set d,(z,y,2) = d(z,d,—1(x,y,y),dn_1(x,y,2)). Note, of course, that dy(z,y,2) =

d(z,y,z). We first observe that

Proposition 4.4. Let A be an algebra with a difference term operation d. Then for
all natural numbers n, d,(x,y,y) 0],z whenever (x,y) € § € ConA. (See Defini-

tions A.39 and A.45 for clarification.)

Proof. We shall induct on n. For the basis, note that [f]g = 6. Thus, the basis
is trivial. Now, assuming that the proposition holds for n = k — 1, we find that

dp(z,y,y) = d(z,dp_1(z,9,y),dr_1(x,y,y)) [0k x, since d is a difference term. ]
The above lends itself immediately to the following.

Corollary 4.5. Let A be an algebra with a difference term operation. Let n be any

natural number. If A €V is solvable of class n, then d,, is a Mal’cev term for A.
Proof. In light of Proposition 4.4, we need only note here that
Al do(z,2,y) =Y.

This can easily be shown by inducting on n, using only the fact that this holds for

n = 1 (solvability is not used in this part of the proof). O

Let V be a variety with a weak difference term. Through a similar construction,
we can also show that any solvable algebra in V has a difference term operation, and

hence a Mal’cev term operation. Define wy(x,y, z) = w(z,y, z) and for any n > 1, let

wn(xa Y, Z) = w(wn—l(‘ra Y, 2)7 wn—l(ya Y, 2)7 Z)'
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Lemma 4.6. Let A be an algebra with a weak difference term operation. Let 6 be a

congruence of A, and let {(x,y) € 0. Then for all natural numbers n > 0,

wy(z,y,y) [0,0] x,

and

Wy (7,2, y) 0]y

Proof. We induct on n; the basis follows from Definition 4.1. For the inductive step,

we observe that, by inductive hypothesis,

wy(z,y,y) = w(wa_1(x, ¥, ), Wao1(y, Y, y),y) [0, 0) w(z, y,y) [0, 6] x.

Also, by inductive hypothesis, we have that w,_1(z,z,y) [0],—1y. Thus, since w is a

weak difference term, we get that

wn(x> z, y) = ’LU(U)n,l(iL', xz, y)7 U)n71<.’lf, xz, y)? y) [e]n Y.
Thus, the claim follows by induction. m
In particular, the following soon follows.

Theorem 4.7. LetV be a variety with a weak difference term w. Let A be a solvable
algebra in V. Then A has a difference term operation and hence a Mal’cev term

operation.

Proof. Let n be the solvability class of A. By Proposition 4.6, we have that A has
a difference term d := w,. Then, by Proposition 4.5, we may conclude that d,, is
a Mal’cev term for A. Since such is characterized by satisfaction of some equations

satisfied by A, we have also that the variety generated by A is Mal’cev. O]
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4.2 A NEW RESULT ON AFFINE BEHAVIOR IN DIFFERENCE TERM VARIETIES

In his 1995 paper, Varieties with a difference term, Keith Kearnes obtains, as Lemma
2.9, the following partial generalization of a result of Freese and McKenzie concerning

the commutator in congruence modular varieties, given in (1987) as Theorem 5.7.

Theorem 4.8. For A € V, a variety with difference term d and a € Con A, the

following conditions are necessary and sufficient to exhibit [, a] = 04:

e For any fundamental operation s (and hence for any term operation) of arity,

say, n, and x;ay; oz, 1=1,....n,
d(S(X), S(Y)) S(Z))) - S(d(xb Y1, Zl)a s 7d(xn7 Yn, Zn))
and

o Forany xay,

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

Remark 4.9. Tt seems rather clear (though I haven’t fastidiously checked it) that
for A € V, a variety with a weak difference term w, a similar result holds with “weak

difference term” replacing “difference term.”

Now, it turns out that a stronger version of this theorem is also true—in fact,
Theorem 5.7 from Freese and McKenzie (1987) extends intact to varieties with a dif-
ference term, as shown in the following. Following its proof, we shall apply this result
to extend Freese and McKenzie’s characterization of the center of an algebra in a
congruence modular varieties to algebras; it works also if one only assumes the pres-
ence of a difference term. This latter finding enables us to similarly characterize the
upward central series of any algebra in a difference term variety. This, in turn, we use
to prove the equivalence of upward and downward nilpotence in a difference term va-

riety, which is enough to implicitly demonstrate that the equational characterization
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of nilpotence in congruence modular varieties, given by Freese and McKenzie (1987)
as Theorem 14.2, works also in difference term varieties. We do give an explicit proof

of this, however.

Theorem 4.10. For A € V, a variety with difference term d and < « from Con A,

the following conditions are necessary and sufficient to exhibit [, a] = 04:

e For any fundamental operation s (and hence for s any term operation) of arity,

say, n, and all x; By; v z;, 1 =1,...,n,
d(S(X), 3<y>7 S(Z))) = S<d(x17 Y1, Zl)a ] 7d(wn7 Yn, Zn))

and
o Foranyxfy, y=dy,z z)=dz,zy).

Proof. We begin with a brief

Lemma 4.11. Let A € V, a variety with a difference term, and o« > € Con A for

which [5,a] = 04. Then for any z,y € A, if

(i) (x,2) AP (y,z) for some z

or
(ii) (z,x) AP (z,5) for some z
then x =y.

Proof. We prove that (ii) implies the conclusion, the other case having a similar
proof. So suppose (ii) holds for some z, y, and z. In light of Mal’cev’s description of

congruence generation (Proposition A.9) we get that x 5y. Thus, using the definition
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of AP we find that

(z,x) Ag (z,x)
(z,2) AL (2,9)

(@, 2) A% (v, ).
Applying d “vertically" (and using also that [3, 5] < [3,a] = 04), we get that
(,2) A (y, ).
Now, by Remark A.38, the claim holds. n

Let A € V and o, 8 € Con A, be as described in the hypotheses. First, suppose
that [3,a] = 04. Then since d is a difference term and [, 5] < [5,a] = 04, we get
the second bullet immediately. Now, choose fundamental operation s of arity, say, n
and z; By;az;,i=1,...,n. Also, let z,y,z € A with z Sy a z. Since d is a difference

term and [, 5] < [a, 8] = 04, we can apply d vertically to

(z,2) AL (y, y)
(y, ) AL (y, )

(z,2) Ag (z,2)

to obtain that (d(z,vy,2),z) A% (z,3). We now apply this observation in two ways.

Since s(x) 3 s(y) « s(z), we have that

Also, for each i = 1,...,n we have that

<d($l7 Yi, Zi): mz) Ag <Zi, y7,>

Applying s to the tuple given on the left and right sides of the line above then yields
<5(d(-1'17 Y1, Zl): R d(xm Yn, Zn))? S(X» Ag <3(Z)7 S(Y))
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After using transitivity of A?, we can use Lemma 4.11 (ii) to obtain the first bullet.

We now assume that the bulleted conditions hold and prove that [5,a] = 04
(using, of course, too, that § < «). We claim that under our assumptions, we get
that

(z,y) AF (u,v) if and only if 28y au and v = d(y, v, u).

Let A’ be the binary relation on 3 characterized by the second part in the line above.
Notice first that for (z,y) and (u,v) as described on the right in the displayed line
above, v = d(y,z,u) fd(y,y,u) = u, and hence A’ is indeed a subset of 5 x 3. It

is important to note, too, that, since § < «, we have that z a y a v a v, for any

((x,y), (u,v)) € A.
We first show that A’ is a congruence on 3. To see that A’ is reflexive, take any

(x,y) € B. Then, since < a, we get x Sy ax and, by the second bullet,

y = d(y7 x? x)?
which puts (z,y) A’ (x,y). Now assume that (z,y) A’ (u,v). Using that 8 < a, we
have that v = d(y,z,u) a d(z,x,z) = x. Thus, u fvax. Also, by the first bullet,
using d’ := d in the place of s, we discover that
d(v,u,x) = d(d(y, x,u),d(z,z,u),d(z, z,))

=d(d(y,z,z),d (z,z,x),d (u,u,))

- d<d/(y7 x? I)? .T, x) - y7
where we have used the second bullet twice to obtain the last equality. Thus, we find

that A’ is symmetric.

To see that it is transitive, suppose that
(r,y) A" (u,v) A" (z,w).

For ease of reference, notice that this entails that x Sy aufva z, v = d(y,z,u), and

w = d(v,u, z). Again using that 5 < «, we have that ya z, and so = Sy az. Note,
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too, that uavaz. Using the equations just above and the bulleted conditions (again,

with d’ := d in the place of s), we also have that

d(y,z,2z) =d'(d(y,z,x),d(x,x,x),d(u,u, 2))
=d(d(y,z,u),d (z,z,u),d(z,z,2))
=d(v,u,z) = w.
It follows that A’ is transitive.

That A’ respects the operations of 8 follows immediately from the first bullet, the
fact that 8 and « respect the operations of A, that operations on B are computed
coordinate-wise, and that § < o. We observe this computation now. Suppose that f
is a fundamental operation of arity n , and (z;, y;) A’ (u;,v;) for i = 1,... n. Writing
out what this means, we get that for i = 1,...,n, z; fy; au; and v; = d(y;, i, u;).

Since a and f respect f, we immediately get that

fx) B fy)af(ua).

Using the first bullet, with f in the place of s, we also get that

f(V) = f(d(ylwrhul)? s 7d<yn>xn7un)) = d(f(y)7 f(X), f(u))

Finally, we observe that in 8, we compute that, for any n-tuples a and b from A,

fﬁ(<a17b1>7 Tt <ambn>> = <fA(a)> fA(b)>

Thus, A’ is a congruence on 3.
Note that for any xavy, reflexivity of 5 and the equation y = d(x,z,y) puts
(w,7) A’ (y,y); thus we have that the generators of A§ are contained in congruence

A’ and hence Agf C A
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Now take (x,y) A’ (u,v). Then x fyau and v = d(y,z,u). In particular, x au

and so (z, ) Af (u,u). Thus, using also the second bullet,

(x,y) = (d(z,z,z),d(y, z,z))
= d((z,y), (z,z), (z, 7))
AG d({z, y), (z,2), (u, u))
— (d(z, z,u), d(y, z, u))
= (u,v)

We thus conclude that A’ = A%, as claimed.

We will use this observation in concert with another claim, which we add now.

Under the present assumptions, we hold that

[, 8] € {{z, ) | (2, 2) AG (z, 9) -
Let
0:={{z,y) € o, 5] | (2, 2) AF (2,9)}.
We wish to show that 6 comprises the whole of [«, 5]. Using our characterization of
A% just given we will then quickly finish the proof.

We first show that € is a congruence. Reflexivity is immediate from the reflex-
ivity of [, 8] and Aj. Now, suppose that (z,y) € [o, ] and (z,2)Ag(z,y). Using
reflexivity of A%, we get that

(x,x) AG (x,x),
(z,2) A (z,1),

(v, y) A% (Y, y).

Of course, by definition of A%, we have x 8y, and, using the second bullet, we can

apply d “vertically” to the left and right sides above to obtain

(y,y) A% (y, ).
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We now need only notice symmetry of [«, 5] to conclude that @ is symmetric.
Similarly, to find that 6 is transitive, we suppose that x 0y 6 z. Immediately, we
get (x,z) € [a, B], by the transitivity of that relation. We apply d in the same way

as above, this time to the left and right sides of

(z, ) AG (2, y)
(v, ) AZ (v, y)

(v, y) A5 (y, 2)

to conclude that (z,z) Aj (z, z).

That 6 respects the operations of A is an immediate consequence of the facts
that [a, 8] and A% both respect the operations of their respective algebras and that
operations are computed coordinate-wise on 8. So, 6 is a congruence on A contained
in [o, A].

Now, by Theorem A.37, we have that [«, 5] is the least congruence v on A so that
v M B is the union of Ag-classes. We contend that ¢ is also the union of Ag-classes.
To see this, suppose that (z,y) € 6 and that (z,y) A§ (u,v). Since 6 C [a, 8] and the
latter is a union of Ag-classes, we get that (u,v) € [, 3]. But also (z,r) Aj (z,y) and
s0, by transitivity of Ag, (z,z) A§ (u,v). By Mal’cev’s characterization of congruence
generation A.9, we evidently have that x au. Thus, (u,u) Af (v, z) A§ (u,v), which
puts (u,v) € 6. Thus, the contention is good, and so @ is all of [«, 3].

Now, take an arbitrary z |3, a]y. By Theorem A.40, x [«, 8] y. Then, as we have
just seen, (z,r) A§ (r,y). But since A§ = A’, we get that y = d(z,v,r) = z. Thus,

[B,a] = 04, as claimed. This finishes the proof. ]
The following was noted by Kearnes.

Corollary 4.12. In a variety V with a difference term, every abelian algebra is affine

and, conversely, every affine algebra is abelian.
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For an explanation of what is meant by “affine” see Theorem 3.5.
Theorem 4.10 enables us to construct useful generators for [3, ], for any con-
gruences 5 and « of A such that f < «, for a given algebra A in a difference term

variety.

Theorem 4.13. Let V a be variety with a difference term d and equipped with fun-
damental operation symbols F. Let A € V, and let B, € Con A such that § < «.
Then (B, a) = Cg G, where

G = {(a*(f*(x), f2(y), f2(@)), FA(d™ (@1, 91, 20), - A (@, Yoy 20))) |

fEF andxiﬁyiazi}U{<y7dA<y7x7x)> |:c6y}

Proof. Write d for d*. Let § := Cg G, where G is as above. Using Theorem 4.10 and

a basic commutator fact that holds in any algebra—mamely that

[8/18,al,a/[B, a]] = 04/8,4)

—one soon finds that 6 C [, a]: Take any f € F' of arity, say, n. Let us write f for

fA, as well. Then, since [3,a] € aN B, we get that given z; By; azi(i = 1,...,n),

ZEZ/[57Q] 5/[6,0&] yZ/[B>O‘] 6/[5,0&] ZZ/[ﬂ, Oé],

and so, by Theorem 4.10,

d(f(x), [(¥), [(2)) [8; 0] f(d(1,91,21), -, d(@n, Yn, 2n)).

Similarly, if x 8y, then using the theorem again, we get that

y 18, ald(y, z, x).

It follows that 6 C [3, ], and, in particular, § C o N f.
To get the reverse inclusion, we need only check that C(3, a;6). Now, evidently,
by Theorem 4.10 we have that [3/60,a/0] = 04/9. Thus, C(8/6,a/0;04s9). By

Proposition A.28 we then get that C(3, «; 0). O
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4.3 THE EQUIVALENCE OF UPWARD AND DOWNWARD NILPOTENCE IN VARIETIES

WITH A DIFFERENCE TERM, AND AN APPLICATION

A key result of this section concerns a generalization of the “upper central series” from
group theory. A generalization of this was worked out by Smith (1976) (see pages
42-43 in Smith’s work) for congruence permutable varieties but does not seem to have
been used much since—although, it is certainly implicit in the proof of Theorem 14.2
from Freese and McKenzie (1987). We shall first define the natural generalization
of this group theoretic concept, using the term condition to define the center of an
algebra.

Throughout this section, for a given algebra A, we shall use (5o to denote the
center of A, which is defined as the largest ¢ € Con A such that C((,14;04) holds.

(See Definition A.29 in the appendix.)
Definition 4.14. For a given algebra A, set

Ca =04

and for k > 1 define
Ak = A/Czila

and let ¢§ be the (unique) preimage of (s, under the isomorphism of the interval
I[¢ ! 4] onto Con Ay that is provided by the correspondence theorem.

We say that A is upward nilpotent of class k whenever (§ = 1,4.
Remark 4.15. . For a given algebra A,
Oa=Ca< <GSR <<
We shall call this chain of congruences the upper central series of A.

Recall that for any algebra A and any a, € Con A, we use Proposition A.28
(b) to define (« : f) as the highest v € Con A such that C(v, 5;«). We shall have

repeated need of the following fact.
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Proposition 4.16. Let A be an algebra with congruences «, 3. Then (0a/q : /o) =
(a: B)/a.

Proof. Note that since C(a, ;) always holds (Proposition A.28 (f)) we have that
o < (a: 3). Thus, by Proposition A.28 (e) we find that C((a : 8)/a, B/a;04/,) and
hence (a : f)/a < (0a/q : B/a). On the other hand, if 7 is the unique congruence
above a so that /o = (04/4 : B/a) (provided by the correspondence theorem A.16)

then from Proposition A.28 (f) and the fact that C'(y/c, /c;04/a), we may conclude

that C(v, f;a). Thus, v < (a: ) and so (04/q : ) = v/a < (a: )/ O
Proposition 4.17. Let A be any algebra. Then, for all natural numbers k, (it =
(Ca - 1a).

Proof. For convenience, we suppress the subscript A, writing ¢* for ¢%.

From the definition of ¢*, we know that C'(¢*/¢*, 1 4/c0-1304/¢6-1). We also have
that ¢*~' C ¢*. Thus, by Proposition A.28 (e) and from the obvious fact that 1,/ =
14/0 for any congruence 6, we deduce that C(C*,14;¢*1). Thus, ¢¥ C (¢F71: 14).

Now, from Proposition A.28 (f), we have that C(¢*1, 14;¢*1), and hence ¢*~! C
(¢*1:14). We can then use the correspondence theorem and Proposition A.28 (e),

again, to see that
C((CM 1 14) /C* 1 a3 0 ycimn).
By the definition of ¢*, then, (¢*=1: 14) C ¢ O

This suggests another nice way of notating the upper central series, which helps

to generalize it.

Definition 4.18. Let A be an algebra. We define ¢ : Con A — Con A by ((0) :=
(0 : 1), for any § € ConA. Let us also write ((A) for ((04) = (a. We then

iterate ¢ in the usual way: For all # € Con A, let ¢°(#) := 6 while for n > 0 define

¢"(0) = ¢(¢"HO)).
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Note that, for all natural numbers n, (X = ("(04) = ("(A). We also may very
well get some usefulness out of replacing 14 in the above definition with an arbitrary

£ € Con A. We do this now.

Definition 4.19. Let A be any algebra. Let 3 € Con A. Let Zg) : Con A — Con A
be given by Zga = («a : ), for any o € ConA. Now, let « € ConA. Set
Z?ﬁ)a := « and for all natural numbers n > 0, let Zlpa = 2(5)2&3’)104. For example,
Zgﬁ)oz = ZpZpa = Zp(a: ) = ((a: p):5). Also, for any § € Con A and all

natural numbers n, ("(0) = Z(1,)(04). Let us call these annihilator operations.
Remark 4.20. Let A be any algebra. Let o, 5 € Con A. Then

=z 1 n n+1
O‘_Z(maﬁzw)aé~~§Z(5)agz(5) a< .-,

Proof. Let n be a natural number. By definition Z(’"gla is the largest v € Con A

such that C(~, g; Z(’/LB)oz). Now, since C’(Z&)a, B, Z(”B)oz) holds, the claim follows. [J

Definition 4.21. Let A be an algebra. Let ¢ € Con A. Similarly, let C(,) : Con A —
Con A be given by Cy)fl = [0,1], for any § € Con A. Now define C;,, by iterating
this functions in the usual way (with the 0" power denoting the identity function.)
In particular, for all natural numbers n, [14), = Chipla. (These operators are also

defined in McKenzie (1987b), section 3, although his notation would probably not be

advisable for use in the context below.)

Proposition 4.22. Let A be an algebra with congruences ¥ < ' and 6 < 6'. Then

for all natural numbers n, Cfi)0 < C(”w,)Q’.

Proof. This follows easily from the monotonicity of the commutator (Proposition A.30)

and induction. O

On the other hand, the order theoretic properties of an annihilator operation
appear to be a bit more complicated. We need use of the following, which appears

as Proposition 4.2 in Freese and McKenzie (1987). It has many consequences.
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Proposition 4.23. Let A be an algebra in a congruence modular variety. Let

a,,6 € ConA. Then C(«, 5;0) if and only if [o, 5] < 6

A restricted version of Proposition 4.23 holds in varieties with a difference term,

as we shall see below (and as noted in Kearnes (1995)).

Proposition 4.24. Let A be an algebra in a congruence modular variety. Let
©,0,1 € ConA such that ¢ < 0. Then Zyyp = (@ ) < (0 1Y) = Zpb.

Thus, for all natural numbers n. Zp, o < Z(,0

Proof. By Proposition 4.23, we have that for any a, 8 € Con A, C(«, ;) implies
that C'(a, 5;60) holds. Thus, since C((¢ : ©),1;¢) holds we may conclude that

C((¢ : v),1;0) holds. It follows that (¢ : 1) < (6 : ). ]

Proposition 4.25. Let A be any algebra, and let p,1,0 € Con A. Then
(i)  for all natural numbers n and k, C@) ”+k9 < Zpy0;

ii us, for all natural numbers m, n and k, % implies tha
i) th I natural numb d k, Ciy(p) < Z3\*0 implies that
m-+k n
Cloy ¥ < Zin?-
If, furthermore, A generates a congruence modular variety, then,
(iii)  for all natural numbers n and k, Cinf < Z(kw)C%rkG;
(iv) thus, for all natural numbers m, n and k, C@Tkgp < Z&)H implies that
m n+k
Cliye < 2y 0-

Proof. We first prove (i). We shall induct on k. Note that the basis step is trivial (in
this case, C(kw) is the identity.) Now, suppose that for some natural number k, item

(i) has been verified. Then, by Proposition 4.22,

Ck-&-lzgzw—i-k-i-le C ﬂ))c )Zn-l-k-i-le
< Cuy 25 0

[ZnJrle w]
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Now, since Z(”JSIQ = (Z(y0 : ¥) we have that C(Z ”+19 .3 Z(y0) and hence
(20010, 9] < 20,0

Item (i) follows, by induction.
To see (ii), note that if Cfj)p < Z”*’W then using Proposition 4.22 and then (i),
m+k k n+k n
we have that C(w ¢ =CinCiny < C(w 2 0 < Zp,0.
Suppose now that A generates a congruence modular variety. We show (iii) by
induction on k. Again, the basis step is trivial. Now, assume that the claim has been

verified for some natural number k. Then, using Proposition 4.24, we observe that

k+1, rm+k+1py __ k m—+k+1
ZENCUTE0 = Z) 20, ClT e

m+1
) 6.

2 Z2w)Cy)
Now, since Z(Ciyf"0 = (C{jy"0 « 1) and C{0 = [Cpiy0, ¥, it follows that
C(Zw)Ciiy 10,1 Clyy '0) and C(Cryy 0,45 Ci™ o),

and hence Zy CmH@ > C(yyf. The claim follows.
To see (iv), we use Proposition 4.24 and item (iii). Suppose that C%rkgo < Z(0-
n-‘,—k m+k m
Then 2 0= Z(w Zipnt = Z C @ = Clyep- [l

Corollary 4.26. If A is an algebra upward nilpotent of class k, then A is downward

nilpotent of class k, as well.

Proof. Let k be a natural number, and suppose that A is nilpotent of class k. Then
Chyla=1a=C"(A) = Z[ )04 entails that [14)y = Cf; ,)1a < 20,04 = 04, o

Corollary 4.27. Let A be an algebra in a congruence modular variety. Then, for all

natural numbers n, [14), = 04 if and only if ("(A) = 14.

Proof. Let n be a natural number. That upward nilpotence of class n implies down-

ward nilpotence of class n is true in general, as seen in the previous corollary. Now,

111



suppose that Cf, ,)1a = [La)n = 04 = 2{,,)04. Using Proposition 4.25 (iv), we thus

get that 14 = Cy 14 < 27} 104 = ("(A). O

There is another elementary fact concerning the elements of the upper central

series of an algebra worth noting here, which we shall have need of below.

Proposition 4.28. Let A be an algebra. Let o < 0 N be congruences of A. Then

for all natural numbers n,

Zu10)(0/9) = (Z(»0)/¢-

Thus, if ¢ is the center of A, then for all natural numbers n,

¢"(A/C) = C"HA)/C.

Proof. We induct on n to show the first claim. The basis is trivial, since, in this case,

Zy and Z(, o) are identity maps. Now suppose the claim has been verified for some

natural number n. Then, using also Proposition 4.16,

(Z0510) 0 = (200 - ¥) /¢
= ((Zpn0) /e ¥ /p)
= (204, (0/0) 1 ¥/ p)

n+1
= Z(010)(0/#).

The first claim follows by induction. To see the second claim, observe that

AL = 23, ,(C/0)
— (20,0)/¢

"(Q)/¢

A/

¢
¢
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Corollary 4.29. In a given algebra A, for all n > 1, A is upward nilpotent of class

n if and only if A/Ca is upward nilpotent of class n — 1.

In Proposition 4.27, we saw that upward and downward nilpotence is equivalent
in congruence modular varieties—a fact which was surely known prior to this. It was,
at least, proved for congruence permutable varieties, in a similar fashion, by Smith
(1976) on pp. 42-43. One of the main results of this section is the following, of which

we have already seen the forward direction in Corollary 4.26.

Theorem 4.30. Let A be an algebra in a variety with a difference term. For all
natural numbers n, A is upward nilpotent of class n if and only if A is (downward)

nilpotent of class n; in symbols,

gn(A) = 1A = [1A)n = OA.

Later in this chapter, we apply this result to show that the same equational
characterization of nilpotence of class k for algebras in a congruence modular variety
given by Freese and McKenzie (1987) works if we assume only the availability of a
difference term.

Theorem 4.30 is not hard to prove, although it may still be a new result. Indeed,
we saw in Corollary 4.26 that the “forward direction” of this theorem is automatic,
in the sense that we do not need to assume the availability of a difference term.

Consider further the following, to wind up the proof of Theorem 4.30.

Lemma 4.31. Let A be an algebra in a difference term variety. Suppose also that

[]-A)n = OA. Then Cn<A) = 1A-

Proof. By Theorem 4.5, A has a Mal'cev term. Let V be the variety generated
by A. Since such is defined in terms of satisfaction of an equation, we also have
that V is Mal’cev. By Mal’cev’s characterization of congruence permutability (The-

orem A.21), V is congruence permutable. Since congruence permutability implies

113



congruence modularity (Proposition A.24), we can apply Corollary 4.27, to wind up

the claim. [

4.4 NEW PROPERTIES OF THE COMMUTATOR IN DIFFERENCE TERM VARIETIES

It is also true that upward and downward nilpotence of a given class k for algebras
in a congruence modular variety is easy to check by induction, through the use of
the “homomorphism” property of the commutator given as Theorem 4.4 (1) in Freese

and McKenzie (1987). For reference, we state this property now.

Proposition 4.32. Let A be an algebra in a congruence modular variety. Let

a,B,m € ConA. Then

([, BIV ) /n = [(aVn)/n,(BVn)/n]

Thus, one might take Theorem 4.30 as a suggestion that a stronger homomor-
phism property of the commutator exists for varieties with a difference term. We
show such a result below, and give a generalization of the “reverse direction” of The-
orem 4.30. Thus, a still larger fragment of the commutator theory for congruence
modular varieties is found to extend to varieties with only a difference term.

In order to prove this new homomorphism property, we first establish another
apparently new result concerning difference term varieties, an order theoretic property
of the commutator, which we now give.

The proof of the following is patterned almost exactly after that of Lemma 2.5
from Kearnes (1995). Recall that, for any congruences «, 3,60 on a given algebra, we

denote by [, By the least congruence v > 6 such that C(«, 3;7); see Definition A.33.

Lemma 4.33. Let A be an algebra in a variety with a difference term d. Let o, 3,0 €
Con A such that B < a. Then

[V 0,5V 6] < [, 5] V 6.
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By the symmetry of the commutator in difference term varieties, it also follows that
[BVO,avE] <[B,0]V0.

Proof. Suppose instead that [V 0, 5V 0] £ [a, ] VO. We shall derive a contradiction.
Set 0" = [a, B] V 6. Then, by the monotonicity of the commutator, we must have
that [aV 0,8V 0] £ [a, 5] V . Thus, by changing notation, we now assume that
[aVO,5V0 £]a,5] V0 and that [«, 5] < 6.

We claim that 060 C 0o . Let (x,2) € fo6. Then we obtain y € A such that
xBy6z. Then

z[B, 8] d(x,y,y) 0 d(z,y, 2) Bd(y,y,2z) = 2.
Now, since [3, 5] < [a, 8] < 0, it follows that S o8 C 0o (3, as claimed. It follows
from Proposition A.19 that 5V 6 = [ o6.

Note that 0 < [aV 8,5V 0]y: After all, if instead 6 = [V 0, 5V 0]g, then we would
have that C(a Vv 0,5V 6;0), from which we could conclude that [aV 8,8V 0] < 0 =
[a, B] V 0, contrary to our assumptions. Now, it must also be that 0 < [a, 5V 0]g:
Indeed, 6 = [0, 5V 0]y always holds and so by Proposition A.34 (left semi-distributivity
of the commutator), if 8 = [«, BV 0]y, then we would also get that 6 = [V 6,5V 6y,
which we have just ruled out.

From 6 < [o, B V 0]y we have that for some natural number k, term ¢ of rank &,

and tuples (a,b) € a and (u;,v;) € fV 0, for i < k,
t(a,u) O t(a,v),
while
t<bv 11) [Oé, ﬁ v 9}9 \ 0 t(ba V)'

Since SV 6O = fof, for each ¢ < k, we may obtain a w; € A such that u; Sw;0v;. Note,
then, that t(a,u) 0 t(a,v)0t(a,w). Thus, by definition of [a, 8]y, we may conclude
that ¢ := t(b,u) [, Blg t(b,w) =: e. On the other hand, (c,e) = (t(b,u),t(b,w)) & 0,

for else we would have t(b,u) 6 t(b,w) 6 t(b,v), contrary to our assumptions.
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Now, let ¢’ be a polynomial on A defined by t'(x,y) = d(t(x,y),t(x,u),t(b,u)).
Note that

t'(a,u) = d(t(a,u), t(a,u),t(b,u)) = t(b,u)

and, as well,

Using also the symmetry of the commutator in difference term varieties, we thus find
that (t'(a,w),t'(b,w)) € [8,a] = [a,] C 6. Observe further that ¢ = t(b,u) =
A(t(a, ), Ha, ), H(b, w) 0 d(t(a, w), Ha, ), £(b, w)) = #'(a, w), while

#(b,w) = d(t(b, w), t(b, ), t(b,0)) [B, 8] (b, w) = e.

Note that [3, 5] C [a, B8] C 0. Altogether, then, we obtain that cOt'(a, w)0t' (b, w)0e,

which is a contradiction of our finding above regarding these elements. m

Theorem 4.34. Let A be an algebra in a variety with a difference term, d. Let
a, € Con A such that f < «. Let h : A — B be an epimorphism with kernel 6.
Then

(e, BIV 0) = [h(a v 0), h(5 V 0)].

By the symmetry of the commutator in difference term varieties, it also follows that
h([B, ] V 0) = [h(5 V 0), h(eV 0)].

Proof. Note that Theorem 4.10 gives us sets of generators G and G’ for [a, 3] and
[h(a VvV 0),h(5 V 0)], respectively. (Of course, it is necessary to note that, by the
correspondence theorem, h preserves the lattice order for congruences on A above 0.)

For ease of reference, we have

G:= {<dA (fA(X)7 fA(Y)7fA(Z)) afA (d(x07y0a 20)7 s 7dA(mn—17yn—1a Zn—l))> |

new, feF,,riay Bz fori<n}U{<dA(x,y,y),x> | xﬁy}
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and

G = {<dB (fB(X)7 fB(Y)a fB(Z)) 7fB (dB<any0720)7 s 7dB(xn717ynflaznfl)) > ‘
new, feF,,z;h(aVe)yh(BV0)z fori<n}U

{{d®(z,y.y).2) | zh(BV 0)y},

where, in both expressions, F,, denotes the set of fundamental operation symbols of
arity n in the signature of A. In particular, note that G U 6 generates [a, 3] V 6.
Take (a/,V') € h(G). That is, suppose that (a’,b') = (h(a),h(b)) for some
pair (a,b) € G. We have two cases to consider. First suppose that for some
fundamental operation symbol f in the signature of A of arity, say, n, and for
ag, ..., 0p_1,b0, ..., bp_1,co,...,cn1 € A, such that a; ab; 5¢; for each i < n, we

have

(a,b) = (d*(f*(a), fA(b), FA(c)), f* (d* (a0, bo, co), -, d*(@n1,ba1, cno1)) ).

Then

(ha, hb) = (hd™ (fA (), FA(b), FA(c)), hf* (d*(ao, bo, o)), -, d*(@n1, ba1, 1)) )
= (d®(f®(ha), fP(hb), fP(hc))),
/B (dB(haO, hbo, heo), . . ., dB(han_1, hby_1, hcn,1)>.

Now, since, for each i < n, we have that h(a;) h(a) h(b;) h(B) h(c;); it follows that
(h(a),h(b)) € G'. The other case can be treated similarly. Thus, we have that
h(G) C G'. Note also that h(G U @) = h(G) U h(f) = h(G) U0, and that O C G.
It follows from Proposition A.10 that h([c, 8] V 0) C [h(a V 6), h(5 V 6)].

Now, take (a’,0') € G'. Again, we have two cases to consider. Suppose that, for
some fundamental operation symbol f with arity n and some ay, ..., al,_,, b,..., 0,4,
Chy -y Cyqy € B with alh(aV )b h(5 V 0)c,, for each i < n, we have that

(@, b)) = (dP(FB(@), FP0), fB()), fB(dB(ah, by ), o dB (1B ¢hy)))-
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For each i, get a;,b;,¢; € A such that h(a;) = a}, h(b;) = b, and h(c;) = ¢, and so

that a; vV 0b; BV 0 c¢;. Then, of course, for

(a,b) == (d™ (F2(@), FA(b), fA(c)), FA(d* (a0, bos 0)s - ™ (a1, bu 1, 01)) ),

we have that (h(a),h(b)) = (a’,b'). Now, by Theorem 4.10, we also have that (a,b) €
[aV 0,5V 0. But, then, by Theorem 4.33, we have that (a,b) € [, 5] V 0. After
treating the second case in a similar fashion, we thus find that G’ C h([«, 5] V 0).
It follows that [h(a Vv 0), k(5 V 0)] C h([a, ] V ), which, together with the opposite

inclusion shown above, completes our task. O

Remark 4.35. It appears possible to prove, in a similar manner, that if A is an

algebra in a variety with a difference term, then for all «, 8,6 € Con A, we have that

([, 81V 0)/6 < [(ar v 6)/6, (5 6)/0].

Let A be an algebra in a difference term variety. Let o, € Con A. One ought to
be able to use Theorem 6.2 from Kearnes, Szendrei, and Willard (20134) to find
generators for [a, 3], much in the way that we used Theorem 4.10 to find generators
for [a, 8] in the case of § < a. With these generators in hand, a similar proof to
that of the first inclusion featured in the proof of Theorem 4.34 should do the trick.
We shall see below why the reverse inclusion is not available without additionally

implying congruence modularity.

Remark 4.36. Let A be an algebra in a variety with a weak difference term. In
Lipparini (1994), Theorem 4.3 (i), we learn that, for all a,6 € Con A,

[aVl,aVvi| <[a,a]Ve.

Thus, it seems that one might use the (likely) result of Remark 4.9 together with
the proof technique employed to get Theorem 4.34, to learn that, further, for all
a,0 € Con A,

[(av0)/0,(aV0)/0] = ([a,a] V 0) /9.
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We now draw some interesting conclusions from this result.

Corollary 4.37. Let A be an algebra in a variety with a difference term. Let o, 0 €

Con A. Then for all natural numbers n,

[(aV0)/0]n = ([odn v 0)/0

and

[V 8)/0)n = ([2)n v 6)/0

Proof. We shall show the first claim, since the proof of the second is entirely parallel.

We shall induct on n. The base case is rather trivial, as seen by computing that
(Vv 0)/0lo =140 =14/0=(1aV0)/0 = ([a)oVE)]/b.

Now, suppose the claim has been verified for some natural number n. Using also the

proposition above, we compute that

[V 6)/8lnsr = [[(aV 0)/6]n, [(aV 0)/6],]
= [([edn v 6)/8, ([adn v 0) /0]
= ([[edn, [a]n] v 6)/0

= ([a]nt1 v 0)/9.
[l

A portion of the following is got from Kearnes (1995), Lemma 2.3 (see his “In
particular...”), but not the full result, which has many consequences. In fact, the
portion of this proof not covered by Kearnes’ previous result seems to be the more

useful part.

Theorem 4.38. Let A be an algebra in a variety with a difference term. Let o, B,y €
Con A such that f < «. Then C(«, B;7) holds if and only if (o, ] < 7y, and C (B, ;)
holds if and only if [, ] < . Furthermore, C(«a, ;) holds if and only if C'(3, a;7)
holds.
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Proof. Note that if C(«, 3;7) holds, then, by definition [, 5] < . Now, suppose

that [, 5] <. By Theorem 4.34, we thus have that

[(aV )/, (BVY)/] = ([, BIVY) /v =7/7= 04/

Thus, C((a Vv v)/v,(B V 7v)/7:04/,) holds, which, by Proposition A.28 (e), entails
that C(a V 7,5V 7;v) holds. By the monotonicity of the centralizer in its first two
coordinates (Proposition A.28 (c)), we thus have that C(«, /5;7) holds, as desired.

We may also argue in a similar way, using Theorem 4.34, that C'(/3, ;) holds if
and only if [5, o] < 7.

To see the last claim, observe that C'(a, 8;) holds if and only if [«, 8] < 7. By
Theorem A.40, [a, ] = [B,a], and so we see that C(«, 3;7) holds if and only if
C(B8,a;7), as claimed. ]

Theorem 4.39. Let A be an algebra in a variety with a difference term. If a;(i €

I),5 € Con A such that a; < 3 for each i € I, then

[\/ Qay, 5] = \/[Oéu 5]-

1€l i€l

If a, B(i € I) € Con A such that o < B; for each i € I, then

[C“ \/ ﬁﬁ] = \/[Cyvﬁ%y

icl el
Proof. We will show the first claim, with the second having a similar proof. By the

monotonicity of the commutator, it is always true that

Ve, 8] < [V ai, 8]

el i€l

Thus, we need only show the reverse inequality. To do so, it is sufficient to show that

C (V ai 8; Ve, 81)

holds. By Proposition A.28 (b), it is sufficient to show that, for each i € I,
C (ai> ﬁ7 V[&ia 6]) :
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By definition, for each i € I, we have that C(«s, 8; [, ]). Now, by Theorem 4.38,
we have that, for each i € I, C(«y, B;V[ay, f]). The result follows. ]

We would further like to observe that Theorems 4.33 and 4.34 are—at least to
a degree—sharp. We make this claim precise in the next series of results. The key
result we shall use is given by Theorem 3.2 (i) from Lipparini (1994) (which actually

says something stronger). We state it here for convenience.

Theorem 4.40. Let A be an algebra in a variety with o difference term. Suppose

that for all a,, 5, € Con A, we have that

[V B,9] = [a, 7] V [B,7].
Then Con A is modular.

Theorem 4.41. Let A be an algebra in a variety with a difference term. Suppose

also that for all o, 5,0 € Con A we have that

(v 0)/0,(8V0)/0] = ([a, 5] V 0) /0.

Then Con A is modular. In particular, if V is a variety with a difference term,
then the above homomorphism property holds across V if and only if V is congruence

modular.

Proof. 1t is easy to mimic the proof of Theorem 4.38, above, to establish that, under
our assumptions, for all o, 3,7 € Con A, we have that if C'(a, 3; ) holds if and only if
[a, B] < . From this, it is easy to see that for all «, 3,+,~" € Con A such that v < +/,
we have that if C(«, 8;7) then C(«, 5;7") holds as well. One can then prove, using
little more than the basic facts concerning the commutator—that is, which hold in all
varieties—that we must have that for all o, 8,7 € Con A, [V 5,7] = [a, 7] V [5,7].
(The fact just cited appears in Lipparini (1994) as Proposition 1.6.)

Now, by Theorem 4.40, we may conclude that Con A is congruence modular. [
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We see from Theorem 4.40 that for a given variety V), the finite additivity of the
commutator plus the availability of a difference term implies that V is congruence
modular. Here we note—apparently for the first time—that the finite “subadditivity”
of the commutator is enough to force congruence modularity in any difference term

variety.

Theorem 4.42. Let A be an algebra in a variety V with a difference term. Suppose

that Con A is subadditive. That is, suppose that for all o, 3,0 € Con A we have that
[V 0,8V 6] < [a, 8]V 6.

Then Con A is modular. In particular, V is congruence modular if and only if Con A

is subadditive for all A € V.

Proof. Suppose that for all «, 8,6 € Con A we have that
(@ V6,8V 0] < [a, 8] V6.

We may easily mimic the proof of Theorem 4.34 to argue that these assumptions

imply that for all a, 5,0 € Con A, we have that

[(av0)/0,(8V0)/0] = ([a, 5] v 0) /0.

Thus, that (i) = (ii) follows from Theorem 4.41.
The finish the second claim, one only needs the addivity of the commutator in

congruence modular varieties, together with Proposition A.31. O]

Theorem 4.34 also provides a (somewhat) interesting proof of Theorem 4.30, in-

dependent of Corollary 4.5.

Proof. (of Theorem 4.30) Let ¢ = (a. Suppose that [14), = 04. We wish to show that
¢ = 1,4. We shall induct on n. For the base case, observe that (§ = 04 = [14)0 = 14.

Now, suppose that n > 0 and that the (n — 1)-case has been verified. Note that
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[14), = 04 entails that [14),-1 < (a. From Corollary 4.37, we also have that
1a/c)n-1 = ([1a)n-1V{)/¢, and hence [14/¢)n—1 = 04/¢. By inductive hypothesis, we
have that CZJS = 14/¢. By Proposition 4.28, then, we have that (j = 14, as claimed.
Thus the “reverse direction” follows by induction.

Now suppose that (X = 14. Again, we induct on n. For the case of n = 0,
note that [14)g = 14 = (% = 04. Assume that n > 0 and the (n — 1)-case has
been verified. We wish to show that [14), = 04. This is equivalent to showing that
[14)n_1 < Ca. By Proposition 4.28, we have that (% = 14 entails that (3 ' = Laje.
Thus, by inductive hypothesis, we have that [14/¢)n—1 = 0a/c. By Corollary 4.37,
then, we have that

([Ta)n-1VQ)/C=[1ajc)n—1 =04/

thus, by the correspondence theorem A.16, we have that [14),_1 V ¢ = (, which is
to say, [1a)n—1 < ¢. Thus, this direction follows by induction as well, completing the

proof. O

There is a third path to this result, via the following more general fact. First,

consider this lemma.

Lemma 4.43. Let A be an algebra in a variety with a difference term. Let 1,60, p €
Con A with ¢ < 6 and such that for all natural numbers n, Z(”w)G <. Then Zyy)p =

(p:) <(0:9¢)= Zw0 and hence, for all natural numbers n, Z("w)go < Z&)Q.

Proof. From Theorem 4.38, it is easy to see that C'((¢ : ¥),1; ¢) implies that C((¢p :
), 1;0). Thus, (¢ : 1) < (0:1). The rest follows by induction. ]

Proposition 4.44. Let A be an algebra in a variety with a difference term. Let
Y, 0, p € Con A such that for all natural numbers n, Z&)G <. Then, for all natural

numbers k,m, and n,

: m m—+k
(1) Ciiylf < Z(Ciiy "0 and
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(i)  Cuyte < 27,0 implies that Clyp < Z{5k0.

Proof. The same proof as was supplied for Proposition 4.25 (iii) and (iv) works here,

substituting the use of Proposition 4.24 in favor of 4.43. O]

Corollary 4.45. Let A be an algebra in a variety with a difference term. Let 6 €
ConA. Then ("(0) = 14 if and only if [14), < 6.

Proof. This is just an application of Propositions 4.44 and 4.25. O]

We have a further use for Theorem 4.10; it enables us to use the same proof of
Theorem 14.1 in Freese and McKenzie (1987) to get a new result, with “congruence

modular,” in the statement of their theorem, replaced by “difference term.”

Theorem 4.46. For A € V, a variety with a difference term d, a(a b if and only if

fd(ri(a,b),r1(b,b), 1), ..., d(ry(a,b),r,(b,b),¢c,)) =

d(f(ri(a,b),...,rn(a,b)), f(ri(b,b),...,r(b,D)), f(c)) (4.1)

and

d(r(a,b),r(b,b),r(b,b)) =r(a,b), (4.2)

for all fundamental operations f, all ¢ = {(c1,...,c,) € A", and all binary term

operations r and r;.

Proof. The proof supplied by Freese and McKenzie for the case of V congruence
modular goes through intact, replacing only their proposition 5.7 with Theorem 4.10.

[]

We can also use Theorem 4.46 to find an equational characterization of nilpotence
in varieties with a difference term in much the same way that Freese and McKenzie
did for congruence modular varieties; in order to make their proofs work, however,
we require the fact that upward and downward nilpotence are equivalent in varieties

with a difference term.
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Definition 4.47. For V, a variety with a difference term, set
EO = {l’ ~ y}7

and for k£ > 0 let Ey,q be the set of all equations of the form

fd(ri(s,t),ri(t,t),z1),...,d(rp(s,t), r(t, 1), z,))

~d(f(ri(s,t),...,r(s,0), f(ri(t,t),...,ra(t, 1)), f(2))
union the set of all equations of the form
d(r(s,t),r(t,t),r(t,t)) =~ r(s,t),

where f is a basic operation symbol, r and r; are binary terms, s ~ t € Ej, and the

z; are any variables.

Theorem 4.48. Let A € V, a variety with a difference term. Then for all natural

numbers k, A satisfies Ey, if and only if [14)r = 04.

Proof. We essentially use the proof of Freese and McKenzie, except for added steps
that invoke Theorem 4.30 We induct on k. The case of n = 0 is clear from the
definition of [14)¢ as 14. That is, if A is nilpotent of class 0, then, evidently, 04 =
[14)o = 1a. This can only happen if A is a singleton, and so we see that A = Ej.
Now, suppose that the theorem holds for some k£ > 0. By Theorem 4.30, we
find that [14), = 04 & ¢k = 14. By Corollary 4.29 and a second application of
Theorem 4.30, we have that (5§ = 14 & Cﬁ;éA = lajc, & [1A/<A)k—1 = 04/¢s- Now,
using the inductive hypothesis and A/(a in place of A, we have that [14/c, )p—1 =
04/¢, if and only if for all evaluations (a,b) of any s =t € Ej_; in A, we have that

a(ab. By Theorem 4.46, the last condition holds if and only if for all evaluations
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(a,b) of any s = t € Ey_1 in A, for all fundamental operations f of any arity n, all

binary terms r;, (i = 0,...,n), and all elements ¢y, ..., ¢, from A,

F(d(ri(a,b),71(b,b), c1), . .- d(ra(a,b), 7 (b, ), ) =
d(f(ri(a,b), ... ra(a,b)), f(ri(b,b), ... (b)), f(c))
and
d(ro(a, b), mo(b, b), ro(b, b)) = ro(a, b).
But, of course, this says precisely that A = E,. O

We thus get the following, which parallels Theorem 14.3 from Freese and McKenzie
(1987).

Corollary 4.49. Let V be a variety of finite signature with a difference term such
that F\y(2) is finite. Then for each natural number n, there is a finite set of equations
E,, depending only on F\,(2) and the signature of V such that A €V is nilpotent of
class n if and only if A = E,.
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CHAPTER 5

(QUESTIONS FOR FURTHER STUDY

5.1 CONCERNING PROBLEM 1.3

The following is known, through a combination of results in Aichinger and Mudrinski

(2010) and Kearnes (1999).

Theorem 5.1. Let A be a nilpotent algebra in a variety with a Mal’cev term. Then

the following are equivalent.

(i) A is supernilpotent.

(ii) A has a finite bound on the rank of its nontrivial commutator polynomials.
(iii) A has a finite bound on the rank of its nontrivial commutator terms.

(iv) A factors as the direct product of algebras of prime power order.

Proof. That (i) implies (ii) is given above as Corollary 2.52 (and was given prior to
this as Lemma 7.5 in Aichinger and Mudrinski (2010)). That (ii) implies (iii) is trivial
(see Definition 2.50). We get that (iii) implies (iv) from Kearnes (1999), Theorem
3.14. Finally, that (iv) implies (i) is given by Aichinger and Mudrinski (2010) as
Lemma 7.6. [

What is left to be desired in the above is a parallel characterization of supernilpo-

tence of class n, for fixed n.

Problem 5.2. For a given natural number n, find a characterization of supernilpo-

tence of class n in a Mal’cev variety that parallels Theorem 5.1. In particular, can we
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find a bound on the rank of the nontrivial commutator terms for an (finite?) algebra
of supernilpotence class n that depends (only?) on n? Is there a combinatorial de-
pendence on the parameter n of the number of factors or the powers associated with

the prime power factorization of a Mal’cev algebra of supernilpotence class n?

If we are to follow an Oates-Powell strategy—as discussed in Chapter 3—to solve
Problem 1.3, it seems likely that we shall require a generalization of the following

facts.

Proposition 5.3. (see 51.24 (p. 146) in Neumann (1967)) Let A be a group. Then
we have that the nilpotence class of any nilpotent group in Var A is bounded by the

highest nilpotence class among nilpotent factors of A.

Proposition 5.4. For each natural number n, there is a finite set 3, of first order
sentences in the language of groups such that an algebra A of the signature of groups

is nilpotent of class n if and only if A E %,.

Of course, what we have in mind in the above proposition is simply the usual
commutator equation. Though something quite of this strength is not necessary,
something along these lines, together with Proposition 5.3 is needed to prove the

following.

Proposition 5.5. (See Lemma 52.35 (p. 153) in Neumann (1967)) Let A be a finite
group, and let V = Var A. Suppose that all nilpotent factors of A are nilpotent of
class at most ¢ (finite). Then, there is a natural number N such that for alln > N,

for all nilpotent groups B € V™ we have that B is nilpotent of class c.

Problem 5.6. Establish the following analogy to the above proposition. Let A be a
finite, nilpotent algebra that generates a Mal'cev variety V of finite signature. Suppose

that all supernilpotent factors of A are supernilpotent of class at most ¢ (finite). Then,
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is there a natural number N such that for all n > N, for all supernilpotent algebras

B € V™ we have that B is supernilpotent of class ¢?

In Theorem 3.32, we have undertaken one of the necessary steps to address the

above problem. A second would be to find an analogy to Proposition 5.3:

Problem 5.7. Is it true that, given a finite, nilpotent, Mal’cev algebra A that there
is a bound for supernilpotence classes of all supernilpotent algebras in the variety

generated by A7

Perhaps the nilpotence class of A itself bounds the highest supernilpotence class
possible in Var A—but I would hazard that it does not. Proposition 5.3 can be proved
with reference to Sylow theory (see 51.24 (p. 146) in Neumann (1967)). It does not
seem readily apparent how to generalize this approach, but I suggest that further
study or adaptation of Kearnes (1999) or perhaps Smith (2015) may yield an answer
to this problem.

Now, another approach to its solution is suggested by McKenzie (1987b). Here,
we find that, if A is a finite algebra that generates a congruence modular variety, then
there is indeed a bound on the nilpotence class possible in the variety generated by
A; see Theorem 3.2 and Corollary 2.12 (or Kiss’ improvement on this latter result)
in McKenzie’s paper for an explanation of how this is established. However, the
proof of this fact—as suggested by the results cited in McKenzie (1987b)—appears
to depend on the fact that nilpotence is recursively defined, whereas supernilpotence
is not apparently so definable. For instance, it is unclear whether a collapse in the

middle of the chain
Ta > S%(1a,14) > S3(1a,1a,10) > -0,

for a given algebra A, will result in the collapse of the remainder:
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Problem 5.8. If for a given Mal’cev algebra A we have that, for some natural number
n, S*(1a,...,14) = S™(14,...,14), then, is it the case, too, that S™(14,...,14) =

S™(1a,...,14) for all m > n?

On the other hand, Lemma 3.1 of McKenzie (1987b), which feeds into his Theorem
3.2 does appear to work if one exchanges the iterated commutator for the higher
commutator. A sort of illustration of this is given in Proposition 2.43. A source of
insight into these questions may also be provided by some of the material in Mayr
(2011).

Despite Theorem 3.32 or, rather, encouraged by it, one wonders whether su-
pernilpotence of a given class and in a fixed Mal’cev variety can be defined in terms
of satisfaction of some finite number of equations given, say, a finite signature and
a degree of local finiteness—but independently of Freese and Vaughan-Lee’s finite

basis.

Problem 5.9. Let V be a locally finite, Mal’cev variety of finite signature. Let k be
a natural number. Find, independent of the finite basis result of Freese and Vaughan-
Lee, a finite set o; of equations in that language of V such that for any A € V, A is

supernilpotent of class k if and only if A = 0.

Perhaps the algorithm developed in Neumann (1967), Lemma 33.37, can be (some-
how) adapted to show that the equations given implicitly in Theorem 2.24, only lim-
ited to ¢t a term in k variables characterize supernilpotence of class k. An answer
to this problem will then lend itself to a new, arguably easier proof of the finite
basis result of Freese and Vaughan-Lee: Using Theorem 3.7 and the arguments of
Proposition 2.13 (together with Theorem 2.24), one could then show that if V is a
congruence-permutable variety of supernilpotent algebras such that Fy(2) is finite,

then V™ is a Cross variety, for large enough n.
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By consulting pages 156-7 of Neumann (1967), one can observe that our strategy
of estimating the cardinality of an algebra in a congruence permutable variety given
in Theorem 3.28 has a precedence. For any group A, it is remarked there that A
is generated by a transversal of its ®-classes, where ® is the Frattini subalgebra of
A. Building on this fact, Neumann is able to establish a bound on the cardinality
of any critical group A—under the assumptions of a finite exponent, a bound on the
nilpotence class of any of its nilpotent factors, and a bound on it chief factors—by

counting each of the factors in the following:
|A/®| =|A/C|-|C/F|-|F/2], (5.1)

where ® is the Frattini subgroup of A, F is the Fitting subgroup of A, and C is the
centralizer of F/®. Among other facts, this count relies on the fact that in any finite
group, the Frattini subalgebra of a group is nilpotent (and hence contained in the
Fitting subgroup of the group, by definition.) (See Scott (1964), 7.4.4.) It is here
that Neumann employs Theorem 51.37 (by way of Corollary 51.38), which we have
sought to generalize with our Theorem 2.56. Thus, if this program is to be followed,

we will need to answer (among other things) the following in the affirmative.

Problem 5.10. Let A be a finite Mal’cev algebra. By Theorem 2.54, A has a highest
supernilpotent congruence, which we shall label o. If ® is the 'Frattini congruence
of A, then is ® < ¢? That is, is the 'Frattini congruence of a finite Mal’cev algebra

also supernilpotent?

Again, if we are to follow closely the example set by group theory in establishing
this, it may be through an extension of Sylow theory to this more general setting;
see Scott (1964), 7.3.13. Together with the desire to understand Problem 5.6, it is
more than enough to motivate the next interesting problem. Note also that Theo-
rem A.47 establishes that any nilpotent, Mal’cev algebra is polynomially equivalent

to a quasigroup with operators.
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Problem 5.11. Find out to what extent Sylow theory can be extended to quasigroups
with operators, or, more generally, to congruence regular algebras. In particular,
further analysis of (regular) congruences of prime power index (meaning each of its

congruence class is of prime power) in any setting is desired.

This project has already been begun implicitly in Kearnes (1999) and Smith
(2015), and perhaps elsewhere. This project may be substantial enough, but what
may be ultimately needed is a generalization of the result of Gaschiitz, given as
Lemma 52.42 in Neumann (1967). On the other hand, perhaps only a small part
of Sylow theory may be necessary to establish and make use of such a result in the
broader setting of, say, nilpotent, Mal’cev algebras. Kearnes (1996) is also worth
consulting regarding this question.

One can check by hand that the Mal’cev algebra supplied on p. 45 of Smith (1976)
as an example of an algebra with an empty Frattini subalgebra is abelian. (Let me
suggest using Remark A.38 to verify this—though there may be an easier way.) In
light also of Theorem 237 in Smith (1976), it seems fair to wonder whether any
nilpotent, Mal’cev algebra with an empty Frattini subalgebra is in fact abelian. This
would make the Frattini subalgebra a potentially useful notion to answer Problem 1.3.

For reference, we restate this now.

Problem 5.12. Settle whether or not any nilpotent algebra in a Mal’cev variety that
has an empty Frattini subalgebra (as defined by Smith (1976), e.g.: Proposition 235)

is abelian.

Finally, there is a subject which I have not touched on in this thesis, though
it is well-developed elsewhere. Further study of the notion of what Kearnes (1996)
calls normalization may lead to the resolution of Problem 1.3. I believe this to be
a promising avenue of study and one which is evidently related to Theorem 3.12,

above—at least if one considers their respective consequences. See also Freese and
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McKenzie (1987), Chapter 10, for a further discussion of these matters. In partic-
ular, T would like to know whether if A is a subdirectly irreducible algebra that
generates a congruence modular variety, then is A found in the variety generated by

its normalization?

5.1.1 A SMALL RESULT AND THEN A QUESTION, ON THE FIRST-ORDER

DEFINABILITY OF CRITICALITY

The strategy of many finite basis results, including McKenzie (1987a), Willard (2000),
and Kearnes, Szendrei, and Willard (2013+) can be subsumed under the use of a
general fact: that for a given locally finite variety V of finite signature, if it happens
that there is a natural number N and elementary sentences ¢ and 6 in the language
of V, such that the class of subdirectly irreducibles in V&) is axiomatized by ¢, while
the class of subdirectly irreducibles in V is axiomatized by 6, then V is finitely based.
Using Mal’cev’s description of congruence generation (Theorem A.9) it is not difficult
to see that the concept of subdirect irreducibility is elementarily expressible, although
one has to take greater pains and make use of further assumptions to capture such
with a single sentence. On the other hand, criticality has historically (see MacDonald
and Vaughan-Lee (1978) and Neumann (1967), for instance) included finiteness as
part of its definition, which makes it impossible to first-order define. Now, we have
shown in the above that it may not be necessary to include finiteness as part of the
definition of criticality. On the other hand, as we observed, any critical algebra in
a locally finite variety does indeed turn out to be finite. Indeed, our definition also
remains resistant to elementary definition, as shown in the following result, which is

really just an immediate corollary to work of MacDonald and Vaughan-Lee (1978).

Theorem 5.13. There is a class KC of algebras of finite signature and a variety V' for

which no set T of first order sentences exists such that

CritV={AeK|AET}
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Proof. In MacDonald and Vaughan-Lee (1978), the authors exhibit a finite algebra M
so that Var M contains an infinite chain of critical algebras—in particular, it has no
finite critical bound.! On the other hand, since V := Var M is locally finite, we have
that each of these critical algebras is finite. A routine application of the compactness

theorem then demonstrates the result. O
However, the following appears to be an open question.

Problem 5.14. Is there a variety V without a finite critical bound and yet for which
Crit V is still first-order definable (noting, as seen in the above, that V cannot then

be locally finite)?

5.2 CONCERNING THE HIGHER CENTRALIZER OF BULATOV

Is Bulatov’s higher centralizer the “right” definition? How would one decide? One
possible defect is its lack of symmetry and—what I take to be related—the apparent
difficulty presented in discovering what properties and applications it holds outside of
the context of congruence permutability. Even some properties, which are simple to
prove in the case of the usual term-condition centralizer and commutator, are man-
aged with surprising difficulty for the higher centralizer and commutator. Consider
some “symmetrically-defined higher centralizers,” by way of an example. Let A be
an algebra with congruences 6y, 6, and 65. Let n be any natural number, let ¢ be a
term for A of rank n. Choose natural numbers /g, 1, and ¢, that sum to n, and pick
tuples a; and b; of length /;, for each ¢ < 3 such that a; in b;. One might consider
the (four-place) centralizer defined by requiring the following implication to hold for

all such choices in A:

LM’ is for Murskii, who invented it.
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tA(a()a ay, 3.2) 7 tA(a()a ay, b2) and tA(b()’ ay, a2> 7 tA<b07 ay, b2>

4

tA(a(]a b17 3.2) Y tA(a()a b17 b2) and 2(/-‘A(.b(h b17 a2) Y tA<b07 b17 b2)

Or, perhaps, the following implication would provide a better definition:

tA(a()v ay, a2) Y tA(a()? ay, b2> Y tA(b(]a ay, a2) Y tA(bOJ ay, b2)

4

tA<a07 bl) a2) Y tA<a07 b17 b2) Y tA(bOa b17 32) Y tA(b()a b17 b2>

It may be that a collection of rather more involved implications would be of even
greater use. Indeed, the central principal to pay attention to may be the tracking
of “collapse” in the dimensionality of the “geometric” arrangement (in the way of
Gumm (1983)) of the various congruence relations possible between a so-called ma-
trix of terms. A plausible commutator may come out of any reasonable notion of
“collapse” and “projection” so conceived. But, for now, a specific question: Is the
alternative centralizer or centralizers here conceived useful? My sense is that restor-
ing the symmetry to the definition of the higher centralizer would yield properties, in
the congruence-modular setting, for a higher centralizer and commutator so-defined,
properties analogous to those that hold for the term-condition centralizer and com-
mutator there, namely those given in Chapter 4 of Freese and McKenzie (1987). The
further question is whether such a symmetrically-defined centralizer would continue
to find as impressive applications in congruence permutable varieties; might any of
these symmetrical centralizers be equivalent in the congruence permutable setting to
the higher centralizer as originally defined?

The main question concerning the Bulatov centralizer and commutator is this:

Can the properties that are known to hold for it in Mal’cev vareities be extended to a
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more general setting. A nice further project would be to see whether, using the 4-ary
difference term of Kiss (see Kearnes, Szendrei, and Willard (2013+), section 6) in
place of the Mal’cev term, one might be able to establish a part of Theorem 2.24 for
varieties with a difference term. That is, by building a sequence of terms ¢, through
the composition of the Kiss difference term, rather than building these with the
Mal’cev term, might we achieve an end as strong or nearly so as got in Theorem 2.247

For instance, with q := g5 the 4-ary difference term of Kiss, for n > 2, let

qn(l’o, Ce ,ZL’Qn_l) = Q(qn_l(l'(), PN ,I’anl_l), Ton—-1_1, qn_l(l’gnfl, N 71)2"—1)7 Ign_1).

Theorem 2.24 (i) = (ii) appears to work for this new sequence of g,’s, using the
“same proof.”

As proof of concept, we now work toward a new result that serves as an illustration
and application of what we have in mind. Fix a variety V with a difference term d.

Following Lipparini (1999), we let

Q(x()? Ty, Tg, $3) = d(d(xla I3, 1‘3), d(moa T2, x3>7 $3).

Note that V = q(z,y,z,y) = y =~ q(z,z,y,y). We also need the following observation
from Lipparini (1999). Let A € V, and let o, f € Con A. Let z,y, z,w,w’ € A such
that (z,y), (z,w), (z,w') € o and (z, 2), (y,w), (y,w') € B. let d denote the difference

term operation for A. Note that
d(d(w,w,w),d(z, z,w),w) =w[an B,anf]ddw,w w),d(z,zw),w).
It follows that
d(d(y, w,w),d(z, 2, w), w) [B,a N B] d(d(y,w', w'), d(z, 2z, w'), w).
In particular, these terms are [3, o]-related. That is,
q(z,y,2z,w) [B, 0] q(z, y, 2, w').
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Recall the notation of Theorem 2.24. Let 6y,6; € Con A. Let n, ¢y, and ¢; be
natural numbers so that £y + ¢; = n. For j = 0,1, choose aj,b; € A% such that

a, Gﬁj b;. Let ¢ be any term operation of rank n for A. Let
e = <t(a0, al), t(bo, al), t(a(), bl), t(bo, b1)>
Then

ﬁlq(e) = q(t(bo, al),t(bo, al),t(bo, bl),t(bo, bl)) = t(bo, b1>,

ﬁQQ(e) - q(t(a()u b1)7 t(b07 b1)7 t(a()a b1)7 t(b07 bl)) - t<b07 bl)? a’nd

psq(e) = q(t(bg, b1), t(bg, b1), t(bg, b1), t(bg, b1)) = t(bo, by).
In particular,
q(t(bo,a1),t(bo,a1),t(bo, b1), {(bg, b1)) = q(t(bo, b1), ¢(bo, b1), t(bo, b1),t(bo, b1))
and hence
q(t(ag,ay), t(bg,a;),t(ag, by),t(bg, b1))[bo, 01]
q(t(ao, b1), t(bo, b1), t(ao, b1), t(bg, b1)) = t(bo, by).
Using this observation and previous work, we soon find the following.

Theorem 5.15. Let A be an algebra in a variety with a difference term d. Define q

as above. Let 6y,0; € Con A. Then the following are equivalent:
(i) C(0o,01;04);

(ii) q? (e, €1, e2,e3) = e3, for all e € Q(Ay,0,) and if e, e’ € Q(0y,0,) such that,

fori <3, e; = €, then q*(eo, €1, €, e3) = q*(eo, €1, €2, €});
(111) 02(90,91;0A>.

(See Definition 2.4 for notation.)
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Proof. In the argument proceeding the statement of this theorem, we saw that (i)
implies (ii). That (iii) implies (i) was done in Proposition 2.12.

Now, suppose that (ii) holds. Let n,¢y, and ¢; be natural numbers such that
lo+ ¢, =n. For j = 0,1, choose a;,b; € A% such that a, 9? b;. Let ¢t and s be any

term operations of rank n for A. Suppose that
t(ag, a1) = s(ao, a1),
t(bg,a;) = s(bg,a;), and

t(a(],bl) = S(ao, bl)
Then, by (ii), we have that
t(b()u bl) = qA<t(a07 al); t(b()u al); t(a(J? b1)7 t(bOJ bl)) =
qA<S<a07 al)? S(b07 al); S<aO7 bl); 8(b07 bl)) = S(b(); bl)?
which proves (iii). O

A portion of the above theorem is covered by Lemmas 2.3 and 6.2 from Kearnes,
Szendrei, and Willard (2013+).

In order to generalize the above theorem, it may be necessary to first develop
a generalization of the 4-difference term of Kiss. I submit the following for further
consideration. Let n be a natural number. Fix a variety V. Suppose that ¢, is a

rank-2" term for V, such that

V ): ﬁTQn('T07 s 7']:2"71) ~ Ton_1,

for each natural number r such that 0 < r < 2". Suppose also that the following con-
dition holds. Let A € V, and choose 6y, ...,0,_1 € Con A. Let e,e’ € Q(0o,...,0,_1)

such that e; = e}, for i < 2" — 1. Then we require that

qrjf‘(em coyeam1) S(0o, ..., 0h1) qf?(eloa e 76/2m1)-

(See Definition 2.27 for notation.) Let us call such a term an n-difference term.
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Problem 5.16. Let n be a natural number. Do difference term varieties have an

n-difference term? Do congruence modular varieties have an n-difference term?

5.3 CONCERNING THE COMMUTATOR IN VARIETIES WITH A WEAK-DIFFERENCE

TERM

In analogy to Theorem 4.42 and Theorem 4.41 in Chapter 4, it would be interesting

to know whether the following hold.

Problem 5.17. Let V be a variety with a weak-difference term. Suppose that for

any algebra A € V and any «a, 3,0 € Con A such that § < «, we have that
@ V8,8V 6] < [a, 8] V6.
Does it then follow that V has a difference term?

Problem 5.18. Let V be a variety with a weak-difference term. Suppose that for

any algebra A € V and any «, 3,60 € Con A such that § < «, we have that
[(aV0)/0,(BV0)/0] =lav0,5v0]/0.

Does it then follow that V has a difference term?
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APPENDIX A

FUNDAMENTALS

A.1 FUNDAMENTALS OF GENERAL (UNIVERSAL) ALGEBRA

Following in the footsteps of Garrett Birkhoff, Anatoli Mal’cev, Alfred Tarski and
others, we take a permissive view of the appellation “algebra.” When we say algebra
we mean a nonempty set A together with an indexed list, say ®, (possibly empty)
of operations on A. We use boldface for the algebra, as distinguished from the set,
as in A = (A, ®). In this case, we also call A the universe of A. The operations of
A, that is, the elements ¢ appearing in ®, should be viewed as elements of A4", for
some cardinal k where k is called the arity of f. Throughout this text, however, we
shall consider only the case of x a finite cardinal; that is, all operations will be of
finite arity. We shall call any one-element algebra trivial.

Now, it is useful to consider the class K of all algebras each of whose list of
operations is indexed by the same index set, say I'. We call F' the set of fundamental
operations for . For each A = (A, ®) € K, we devise an interpretation of f € F
in A, by mapping f to the element of ® indexed by f. The interpretation map so
defined is written f +— f#, for a given A € K and f € F. The interpretation of f in
A, that is, f4, is called a fundamental operation of A. We may also use the symbol
FA in place of ® in this context.

We shall also like to associate a uniform arity to all fundamental operations in-
dexed by the same symbol. Thus, we require a function, say p that assigns to each

f € F its intended arity. Let K be a class of algebras each of which has fundamental
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operations indexed by F', with which is associated the arity function p. Suppose also
that for any A,B € K, and any f € F of arity, say r, f& € A4" and fB € BP".
When this holds, we shall say that K consists in similar algebras or algebras of the
same similarity type. If you like, the word ‘type,” here, refers to the arity function, p,
which we shall also call the signature of KC. Thus, we shall typically say that similar
algebras are of the same signature.

Within the context of a fixed signature, we can develop the standard mathemat-
ical notions of homomorphic image, subalgebra, and direct or Cartesian product.
Fix any class I of similar algebras. Given A|B € K, and a map h : A — B,
we say that h is a homomorphism, provided it respects the indexing of the respec-
tive operations, indicating this by modifying the map-notation to include bold print,
writing h : A — B. That is, h : A — B is a homomorphism if and only if, for
any fundamental operation symbol f (with arity, say, r) and any aq,...,a,_1 € A,
h(f*(a)) = fB(h(ao), ..., h(a,-1)).

Any subset A’ of A that is closed under the operations of A can also be used as
the universe of an algebra of the same similarity type; for fundamental operation f,
we interpret 4’ to be the restriction of f to A’. In this circumstance, A’ is called
a subalgebra of A.

If C is a collection of subalgebras of a given algebra A, then NC is also a subal-
gebra. In particular, if D is any collection of subalgebras of a given algebra, and C
is the collection of all subalgebras that contains UD, then NC is the least subalgebra
containing all of them. From these observations, it is established that the set of sub-
algebras of a given algebra can be given a lattice structure—that is, it is naturally
endowed with a partial order (set inclusion) with which we can associate least up-
per bound and greatest lower bound functions. We remark here, too, that if S is a
subset of the universe of some given algebra, then we can obtain a least subalgebra

containing S; we call this the subalgebra generated by S, and denote it Sg S.
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Now, let I be any (index) set, and let A; € IC for all i € I. We take the direct
product I;c; A; of these algebras as the universe of an algebra by interpreting a given
fundamental operation symbol coordinate-wise: Let r be a natural number, and say
that f is a fundamental operation symbol of arity r. Take ag,...,a,_; € II;A;; then

we set
fHIAi(ao, ce ,ar_l) = <fA(aO(i)7 s aar—l(i)) | S ]>

In the usual fashion, we shall write Ay x Ay for II;A;, when I = {0,1}, and so on.
Also, when A; = A, we write IL,c;A; = Al calling such a power of A.

Let h: A — B be a homomorphism of similar algebras. As is always the case, we
can associate with h an equivalence relation on A, denoted by ker h and defined by
(x,y) € kerh & h(z) = h(y). As h respects the indexing of the operations of A and
B, we get also that ker h respects or is compatible with this indexing. That is to say,
for @ = ker h, we have that if f is any fundamental operation symbol of arity, say, r,
and (ag,bo), ..., {a,_1,b,_1) € 0, then (fA(ao,...,a,_1), fA(bo,...,b,_1)) € 0. Any
equivalence relation # on A that respects the operations of A in this way is called
a congruence on A. We denote the set of all congruences on A by Con A. Note, in
particular, that every congruence forms the universe of a subalgebra of A x A.

Like the set of all subalgebras of a given algebra, we find that its set of congruences
forms a lattice, where, again the partial order is simply set inclusion. As well in this
case, we also find that the intersection of any collection of congruences on a given
A is again a congruence. Thus, for any set of pairs R C A%, we can obtain a least
congruence on A containing R; we call this the congruence generated by R, denoting
it Cg® R, often choosing to suppress the mention of A in the notation.

It is useful to note that the study of congruences parallels the study of normal
subgroups in group theory and of ideals in ring theory; indeed, it is adequate to
completely replace or reconfigure the study of these concepts in the respective areas

mentioned. Indeed, one can view the kernel of a group homomorphism h as simply
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the equivalence class of the identity element, with the equivalence relation being that
induced by the map h. As the presence of a one element subalgebra is not, in general,
assured, it is not always possible to associate congruence classes with subalgebras in
this way; thus, in most applications, the study of congruences replaces what we might
have taken as the generalization of the study of normal subgroups and the like.

As is the case in many areas of mathematics, we also can develop a notion of
quotient structure. Fix a signature, say p. Let A be an algebra, and let # € Con A.
For any a € A, we shall denote by a/6 the set {b € A | (a,b) € 6}. We shall then
let A/6 ={a/0|a € A}. It is not difficult to verify that the fact that 6 respects the
operations of A enables us to define an interpretation of the fundamental operations
on A/f. For any fundamental operation symbol given by p, of arity, say, r, and
any elements ag,...,a,_, € A, we let fA%ag/0,...,a,_1/0) = f2(ag, - a,_1)/0.
It is also not hard to discover that the natural quotient map from A into A/f is a
homomorphism, and, conversely, any image of A under a given homomorphism A is
isomorphic to the quotient structure on the ker h-classes of A. This series of facts
is usually called the Homomorphism Theorem or the First Isomorphism Theorem.
Another closely related fact is also easily verified: The image of any homomorphism
is a subalgebra of the codomain-algebra. We display these observations here for ease

of reference.

Theorem A.1. (First Isomorphism Theorem) Let h : A — B be a homomorphism.
Let im h denote the image of A under h. Then B’ :=imh is closed under the opera-

tions of B. Furthermore, B’ is isomorphic to A/ ker h.

Let A be any algebra in some class K of similar algebras, with set of fundamental
operation symbols F. As is always the case, we may compose any fundamental
operations provided on A to build new ones, calling these derived operations term
operations. It is useful to devise an indexing system for these term operations as

well. To that end, we choose any set of distinct symbols X duplicating the natural
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numbers, which we shall call the set of variables. We shall write X = {z; | i € w}.

We now let T' be smallest set of strings of symbols in the alphabet X U F' so that
e T'D X and

e whenever f is a symbol of intended arity r (for whatever r) and to, ..., t,_4 € T,

then fto ot €T

Note that this definition is sound, as, whenever T" and T” have the bulleted proper-
ties, their intersection does as well. The elements in T" are called terms. Observe also
that we can provide the set T" with the structure given by the signature of IC; that is,
we can interpret each of the fundamental operation symbols for I as operations on
T. Given fundamental operation symbol f of arity, say r, and any to,...,t,_1 € T,
we set f¥(to,...,tr—1) = fto...t,_1.

We shall extend the meaning of our interpretation map to also include these terms.
We do so recursively. For each z; € X and for any A € K, we let 22 € A4” be the
ith projection function. Then, for any ¢t = fty...t,_1, where f is a fundamental
operation of a given arity r, and ¢; is a term operation for each i < r, for any w-tuple
a of elements of A, we let tA(a) = fA(t5(a),...,t2 (a)).

Even though we interpret each term operation in A as an element of A4 —and
are thus all operations of arity w, apparently—there is a more useful notion of arity
to associate with a given term ¢: that of the number of distinct variables that appear
in t. With this basic aim in mind, for set of terms 7', we shall let Rank : T' — w be
the function that identifies the highest index, plus one, among variables appearing
in a given term. Of course, for a given ¢t € T, we shall call Rank(t), its rank. (For
instance, if only the variable xq appears in a term, then it is of rank 1.) We shall

most often adopt a notation for terms to emphasize their rank, writing, for instance,

t =t(zg,...,x,—1) for a term t of rank r.
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Fix a signature, and an algebra A of this signature. Let n be a natural number.
We shall let Clo,, A denote the set of all term operations on A. That is, letting T" be

the set of terms, as defined above, we set
Clo, A = {t* | Rank(t) = n}.

We shall also denote by Clo A or Clo, A, the set {t* | t € T} = U,e, Clo, A. Tt

necw
is not difficult to see that Clo A and, for any natural number n, Clo, A can provide

the universe of an algebra of the same signature as A, and that, furthermore, we get

that, for o € w U {w}, Clo, A is a subalgebra of A4, In fact,
Clo, A = SgAAw {22 | n€a};

that is, Clo, A is the subalgebra of A4” generated by the set of projection functions,
{22 | n € a}.

Let A be any set. For any A € A, let m, be the A\* projection function from A*
onto A. We let Cloy A be the subalgebra of A4" generated by {my | A € A}. We call
the algebra Cloj A the clone of A over A.

We shall also like to refer to an operation s formed on a given algebra A by
beginning with a term operation and substituting in fixed elements of A for some of
its variables; we shall call maps formed in this way, polynomials. To be precise, for

any a € wU {w}, we shall let
Pol, A := SgAAw {22 |n€a}u{a®|ac A},

where, for any a € A, a® : A — A is the map defined a®(x) = a, for all x € A¥,
It will be our most common practice to write term operations and polynomials
as if they only depend on the variables of index lower than their rank, as in ¢ =

t(zg,...,x,—1) for a term ¢ of rank 7.

A

Now, it may happen, given terms ¢ and s, that t* = s4. When this occurs we

Y

say that the equation t ~ s holds in A. Thus, by “equation,” we mean an ordered
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pair of terms, but writing it in the manner above. Under this circumstance, we also
write A |= s & t, reading it as “A models s &~ t” or “p is true in A.” Further, if C is
any class of similar algebras and ¥ is any set of equations written using the symbols
provided by the signature, then we write IC |= 3 provided A | ¥ for all A € K, with
A =3 meaning that A = ¢ for all ¢ € ¥. Let us call the set of equations associated
with a given signature the language provided by the signature.

Now, within a class IC of similar algebras, we can consider the subclass of algebras
each of which satisfies a given set of equations. Given ¥, a set of equations written in
the language associated with the signature, we call the subclass of algebras A in /C,
such that A |= X, the variety based on ¥; denote this by Mod . On the other hand,
for any class KC of similar algebras, we can lay our hands on the set of equations ¢
such that A |= ¢ for all A € KC; let us call this the equational theory of K, denoting
it They K. Further, for a fixed signature, one can begin with X, a set of equations in
the language provided by the signature, and consider ® = The, Mod XJ; we then say
that ¥ provides a base for . We also write ¥ = @, reading it as “3 logically implies
®” Whenever for a given equational theory ® or variety ¥V we can find a finite set
Y of equations such that 3 = ® or V = Mod X, we say that ® or V is finitely based.
One of the fundamental goals with we are concerned with in this thesis is to develop
tools that may help in establishing what varieties are finitely based. Such a result we
call a finite basis result.

Let us take an arbitrary class IC of similar algebras and denote by Var C the
class of all algebras satisfying each equation true in I, i.e., Mod They K. (For K =
{A}, we shall write Var A in place of Var K.) This is the variety generated by K,
and, we might remark, represents the structures satisfying a syntactically-framed
condition holding in &C. It is natural to wonder whether one can obtain a structural,
or “semantic,” description of such a class of algebras. Indeed, Birkhoff was able to

show that Mod Theq K is precisely the closure of K under the formation of products,
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subalgebras, and homomorphic images; conversely, any class closed under these three
class operators is also equationally definable—that is, it is a variety. Thus, Birkhoff
gave a semantically-minded description of a natural syntactically-framed notion—
unless what he did was provide a syntactical description of a structurally-focused
condition that we may find natural to consider, namely closure under the three class
operations just mentioned.

To formalize the preceding paragraph, let I be a class of similar algebras. Let C

be the class of all algebras of that signature. Let
HK ={A | A= h(B) for homomorphism h and B € K}.

Let
SK ={A| forsome A’ € K, and Be £, A = A’ <B},

and let
PK ={A | for some set I, and A; € K, for each i € I, A = II;A;}.
What Birkhoff showed, then, is the following.

Theorem A.2. (Birkhoff’s HSP-Theorem) Let IC be a class of similar algebras.
Then IC is a variety if and only of I = HSPK. In particular, Var K = HSPK.

A.1.1 ON FREE ALGEBRAS

It is useful to prove a part of Birkhoff’s HSP-Theorem, as we are able to extract
from the proof some further important concepts. Let V be a variety. Let ® be the
set of all equations that fail in V. Then, for any ¢ € ®, we can find an A, € V such
that A, & ¢. Let B =IIsA,. Note that if ¢ is any equation that fails in V), then ¢
fails in B, since term operations and hence equations are computed coordinate-wise.
Let x be any cardinal. Let F = Clo,B. Recall that Clo,B is the subalgebra of

BP”" that is generated by the projection functions {my | A < x}. We claim that any
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r-generated algebra A from V is a homomorphic image of F. To see this, we shall
first demonstrate that any equation that fails in B fails also in F. So, suppose that
t ~ s is an equation in the language of V' that fails in B. Suppose that t and s
are of rank r (or less), and write t = t(xg,...,2,_1) and s = s(zg,...,x,_1). Take

bo,...,b._1 € B such that

tB(bo, ceey br—l) 7A SB(bo, ceey br—l)-

Now, take any A, ..., \,_1 < k and choose any b € B” such that b(\;) = b; for each

7 < r. Observe that

tF(ﬂ-)\ov T 77T>\r71)(b> = tB(ﬂ-)\o (b)v s T (b))
=tB(by,...,br_1)
7£ SB<bQ, N 7b7n_1)
= SB<7T)\0 (b)7 s 77T>\r71(b))

= SF(TD\()a s 77T)\7‘—1)(b)'

We thus have that t¥(my,,...,mx,_,) # s¥(7Tag,---,T,_,), and hence F [£ ¢ ~ s, as
claimed.

Now, let A be any algebra in V that is generated by k of its elements, say {a, |
A<k} Let hg: {mn | A <k} — {ay | A < k} be the map defined by ho(my) = a, for
each A < k. Let t & s be any equation that holds in F. As we have just seen, this
implies that B =t ~ s. But, by construction, this entails also that A |=t ~ s: After
all, if A £t~ s, then t ~ s fails in V and hence in B. Thus, we can define a map h
from F' onto A as follows. For ¢, any term for V of rank, say r, and Ao, ..., \,_1 < K,

let

h(tF(TD\O, e 77'('/\T71) = tA(a,\O, e ,a,\rfl).

It is not hard to see that this map is both onto and a homomorphism (and, as we

have just established, it also well-defined).
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Any k-generated algebra F € V with the property just demonstrated—mamely
that any map from its set of generators onto the cardinality-x generating set of any
other algebra in V' extends to a homomorphism—is called a freely k-generated algebra
for V. Now, it is clear that any two such algebras will be isomorphic, and so we
typically use the definite article in this case—and it is convenient to think of the
construction just given as the canonical representative. Indeed, the choices made for
each A, € V with ¢ € ® are immaterial in the sense that any choice will result
in an isomorphic copy of that constructed through another choice. We shall denote
“this” algebra, then, by Fy (k). For an arbitrary set A and the algebra B given
above, we write Fy,(A) = Clo,B, again noting that this definition is sound, modulo
isomorphism.

As a special case, consider V = Var B, the variety generated by some given algebra
B. Again, B has the property that for any equation ¢ in the language of VV and any
algebra A € V, we have that B = ¢ entails that A |= ¢. Thus, we have that Clo,B
is, as it was above, freely generated for V. Now, since Clo,B is a subalgebra of B®"
and every rk-generated algebra A in V is a homomorphic image of Clo,B, we have
that |A| < |B|IB!". In particular, if » is a natural number and B is finite, we find that
A must be finite also. Thus, we see that in any variety that is generated by a finite
algebra—or, which is equivalent, generated by finitely many finite algebras—each of
its finitely generated algebras is finite. Any variety with this last property—that is,
so that each of its finitely generated algebras is finite—is called locally finite.

There is an important, generic finite basis result for certain locally finite varieties—
namely, those that are defined by the n-variables laws that hold in a given variety,
where n is a natural number. Let V be any variety. Let n be a natural number. Let
Y, be the set of equations that hold in V involving terms of rank at most n. Let
V™) = Mod %,,. The following was found by Birkhoff; it has been used in a majority

of finite basis results since.
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Theorem A.3. For any natural number n and for any variety V of finite signature
such that Fy(n) is finite, V™ is finitely based. In particular, if V is locally finite
and of finite signature, then Y™ is finitely based for all natural numbers, n, and,

furthermore, V is thereby finitely based if and only if, for some n, ¥V = V™.

Let S and I be any sets, and let ® = (¢; | ¢ € I) be a system of maps each with
S as its domain and, for each ¢ € [ some codomain S;. We say that ® separates
points provided for each a,b € S such that a # b, we have some ¢ € ® such that
¢(a) # ¢(b). The point of this concept is that it provides us with an injection of S
into P := Il;c1S;, namely, the natural map defined for s € S by s+ (¢:(s) | i € I).

Let A be any algebra. Let I = {{a,b} C A | a # b}. For each i = {a,b} € I,
using Zorn’s Lemma, it is not difficult to lay our hands on a maximal congruence 6;
such that (a,b) &€ 0. For each ¢ € I, let ¢; be the natural quotient map of A onto
A/0;. Tt is evident that ® = (¢; | i € I) separates points. It is also not hard to see
that the map from A into Il;c;A/0; given, for any a € A, by a — (a/0; | i € I) is
a homomorphism. Let ¢ stand for this homomorphism. As noted in Theorem A.1,
given similar algebras A and B and homomorphism A : A — B, that im h, the image
of A under h, is a subalgebra of B that is also isomorphic to A. It thus follows
from the work above that any algebra A is isomorphic to a subalgebra C of a direct
product of quotients of A. Furthermore, it is easy to see that this subalgebra has the
property that the restriction of any of the projection maps to C is onto. We call any
subalgebra C of a direct product D with this latter property a subdirect product. To
indicate that a given algebra A is isomorphic to a subdirect product, as in the above,

we shall write, for example,

A —q e A6,

Note, also, that, for a given algebra A, for any set {#; | © € I} C Con A, and for
0 = Nicr 0i, we have that A /0 < ;1A /6.
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When A, {6; | i € I}, and ¢ are given as above, we say that the image of ¢ is
a subdirect representation of A. This construction was first given by Birkhoff (1944)
and is now called Birkhoft’s Subdirect Representation Theorem. Note, however, that,
for a given i = {a,b} € I, there is no reason why we might not have that the equality
relation (denoted ‘=, of course) on A—that is, the set of all identical pairs from
A—is a maximal congruence with respect to the property that (a,b) ¢=. Note that,
then, for any # € Con A different from =, we have that (a,b) € 6. We shall call a
pair (a,b) € A? with this property monolithic for A or, simply, monolithic; we shall
also refer to Cg™(a, b) as the monolith of Con A, whenever (a,b) is monolithic, that
is. Thus, when Con A has a monolith, the subdirect representation of A is a trivial
thing: A is one of the factors of the direct product into which we obtain an injection
of A. As a result, we call algebras with this property—that is, with a monolithic
pair—subdirectly irreducible.

For a given class of similar algebras K, let Sd KC denote the subdirectly irreducible
quotients of elements of IC. As a direct consequence of Birkhoff’s Subdirect Repre-

sentation Theorem we get the following.

Theorem A.4. LetV be any variety. Then VarSdV = V. In particular, if W is any
variety, then YV =W if and only if SAV = SA W —that is, if and only if they have the

same subdirectly irreducible members.

A.2 SOME GENERAL STRATEGIES OF PROOF FOR FINITE BASIS RESULTS

Oates and Powell established in 1964 that all finite groups have a finitely based
equational theory. Later, it was found that the same holds for finite rings through
the use of a similar argument to that found in the Oates-Powell paper. However,
their strategy does not seem to have been used much since. We have sought to
remedy that by establishing several results for Mal’cev varieties of nilpotent algebras

that parallel those instrumental in the Oates-Powell result. Interestingly, much of the
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underlying mechanics of their proof owes to work of Graham Higman (1959), which he
developed to reprove a result of Lyndon (1952): Every nilpotent group has a finitely
based equational theory. See Neumann (1967) for an exposition of Higman’s work as
well as that of Oates and Powell.

There is another proof-technique for getting finite basis results, which has been
used more recently, namely that of establishing that, for a given variety ¥ and some
(sufficiently large) natural number N, the set of subdirectly irreducibles in V) is
precisely the same as the set of subdirectly irreducibles in V. By Birkhoft’s Subdirect
Representation Theorem, any variety is determined by its subdirectly irreducible
members. Thus, this is evidently sufficient to get a finite basis result, provided V is
locally finite and has a finite signature, in light of Birkhoff’s other work that showed
how to find a finite basis for the N-variable laws of any such variety. Any variety
that has this property is said to have a finite residual bound. Some who have used
the technique—such as McKenzie (1987a), Willard (2000), and Kearnes, Szendrei,
and Willard (2013+)—have actually added a finite residual bound as an hypothesis.
However, as has been observed before, it is not a necessary hypothesis. It is well
known that the 8-element quaternion group Q, generates a variety without a finite
residual bound. On the other hand, it is indeed finitely based—or “doubly so,” to
hyperbolize—as can be seen from Lyndon (1952), as Q forms a group of nilpotence
class 2, as well as from Oates and Powell (1964), since they are finite. We have sought
to study whether the results of Lyndon and Oates and Powell generalize further than
is currently known.

The key fact used in the Oates-Powell result is that any locally finite variety of
algebras, say V, is determined by a certain subclass of algebras, the class of all critical
algebras in the variety, which we soon define. Let A be an algebra. We shall say
that any element B of HSA is a proper factor of A provided its cardinality is strictly

less than that of A, while A is called critical provided it is not found in the variety
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generated by its proper factors.! Equivalently, A is critical if and only if there is an
equation ¢ in the signature of A so that A [~ ¢ and yet, if B is any proper factor of
A, B = ¢. Suppose also that ¢ = s & ¢ is an equation in the variables xq, ..., x, 1.
Let (xq,...,Z,_1) = {(ag,- .., a,_1) be an assignment that witnesses the failure of ¢ in
A. Then, evidently, A is generated by S = {ao,...,a,_1}: after all, by assumption,
Sg S is not a proper factor of A. Thus, if A is critical and lies in a locally finite
variety, then A is finite.

For any class K of algebras, let Crit C be the class of critical factors of algebras
in IC. For K = {A}, write Crit K =: Crit A.

As mentioned above, we have the following.

Theorem A.5. Let V be a locally finite variety. Then V = Var Crit V. Moreover,
every nontrivial algebra in V is contained in the variety generated by its critical fac-

tors.

Proof. Let A € V. Let ¢ be an equation in the signature of ¥ that fails in A (hence,
we have tacitly assumed that A is nontrivial). Since this failure involves a finite
witness, and V is locally finite, we may obtain a finite subalgebra B of A in which ¢
fails. Since B is finite, we can also find a minimal, proper factor C of B—and hence
of A—in which ¢ fails. Evidently, C is critical, since, if D is any proper factor of C,
¢ is satisfied in D, by the minimality of C. Set C, := C.

Now, let & = {¢ | A ~ ¢}, and consider A’ := [IC,. We claim that A is in
the variety generated by A’. After all, if A’ = ¢, then we must have that A |= ¢:
Otherwise, we would have ¢ € ® and hence C,, [~ ¢ whence A’ |~ ¢, contrary to our
assumption. We thus see that A is in the variety generated by its critical factors.

The first part of the theorem then easily follows. n

!This is not always how such is defined: In Neumann (1967) and MacDonald and Vaughan-Lee
(1978), critical algebras are defined to be finite.
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This fact provides an interesting strategy for demonstrating that a given locally
finite variety has a finite basis. Recall that for a given variety V and natural number
N, V™) is defined to be the variety based on the N-variable equations true in V.
Recall also that Birkhoff showed how to find a finite basis for V(V), provided V has a
finite signature and Fy, (V) is finite, which, for instance, occurs whenever V is locally
finite. It turns out, by the following theorem, that ) will inherit the finite basis
property for V) provided V) is locally finite and has, up to isomorphism, only
finitely many critical algebras. Note also that, in the presence of a finite signature,
this last property is equivalent to a finite bound on the cardinality of the critical
algebras; this last property is styled “having a finite critical bound.” Any variety that
is finitely based, locally finite, and has, up to isomorphism, only finitely many critical

algebras is called a Cross variety.
Theorem A.6. Every subvariety of a Cross variety is also a Cross variety.

Proof. Let V be a Cross variety, and let W be a proper subvariety of V. Let X be a
finite basis for V.

It is clear that W is both locally finite and has a finite critical bound. What
we need to show is that W is finitely based. Now, by Theorem A.5, we have that
Crit WW must be a proper subclass of Crit V. Let f be a choice function for the set of
isomorphism classes of Crit V: for a given C € Crit V, we set f(C) to be the uniquely
chosen representative of the isomorphism class of C. Now, let C = {f(C) € CritV |
C ¢ W}. Note that C is a finite set. Now, for each C € C, we can find an equation
© = ¢ so that C }= ¢, while W |= ¢. Let & = {pc | C € C}, noting that ® is finite.

Note that W C ModX» U ®. We claim further that Mod>X U ® C W. Let
A € ModX U ®. Clearly, A € V. By Theorem A.5, A € VarCrit A. Note that
Crit A = X U ®. Thus, Crit A C Crit W: After all, for C' € Crit V' \ Crit W, there is

an equation ¢ = @y € ® such that C’ [~ ¢, which entails that C' = ®. It follows
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that A € W, as we claimed. Thus, W = Mod ¥ U ®, which demonstrates that W is
finitely based. L

It follows that, in order to show that a given variety V is finitely based, it is
sufficient to show that V) is a Cross variety, for some natural number N. If V is
locally finite and of finite signature, using Birkhoff’s finite basis for V) available
under these conditions, we find that we need only show that V) is locally finite and
has a finite critical bound for all high enough N. We present some results relevant

to this strategy in Chapter 3.

A.3 ON CONGRUENCES, THE COMMUTATOR, AND RELATED CONCEPTS

We shall often be concerned below with lattices and mainly with congruence lattices.
It may be helpful to formalize what we mean here, as well as establish some useful

notation.

Definition A.7. By a lattice, L, we mean an algebra with a signature that provides
two binary operations, symbolized by A and V, referred to as “meet” and “join,”
respectively. Furthermore, we require that A and V are idempotent, commutative,
and associative operations. We also require that L satisfy the equations (xAy)Vy =~ y
and z A (zVy) = x

We can also give any lattice L a partial order < by letting, for x,y € L, v < y
if and only if x Ay = x. One can also deduce that + < y if and only if z Vy = y.
Furthermore, A and V represent “greatest lower bound” and “least upper bound”
relations, respectively. That is, for instance, for any =,y € L, we have that x <z Vy

and y <z Vy, while if z € L with z < z and y < z, then x Vy < z.

Let L be any set equipped with a partial order < (such as a lattice), and let

r<ze&L Weset I[z,z] ={y € L |x <y <z}. Also, suppose that, for any y € L
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such that x < y < z, we have that y € {z,z}. Then we write z < z and say that z
covers x. We shall call any pair (a, §) of congruences with o« < 5 a quotient.

Recall from above that the set of all congruences on a given algebra A can be given
a lattice structure, with the order simply that of set inclusion, and that, furthermore,
the greatest lower bound of any set of congruences can be found (and, therefore, the
least upper bound of any set of congruences on A can be found as well). Let A be
an algebra, with set of congruences Con A. We shall denote by 04, the least element

of Con A (that is, the greatest lower bound of the set of all its congruences), namely
04 ={(a,a) [ a € A},

often called the diagonal. We shall denote by 14 the top element of Con A, that is,
A2, We shall use ‘" for the meet-operation on Con A, since it is, after all, simply
the intersection. For C C Con A, we have that VC = N{# € Con A | UC C 6}. For
C ={a,B} C Con A, we shall write VC = a V 3.

Recall the notion of congruence generation, which was defined in the first chapter:
given an algebra A and a set of pairs X C A% we can find the least congruence
containing X; we denote it Cg® X. For X = {(a,b)}, we write Cg* X = Cg*(a,b).
In common with perhaps all mathematical concepts of “generation,” there is also a
constructive notion of congruence generation. Mal’cev gave a useful description of

Cg® X of this kind. Before we give it, we need one further technical concept.

Definition A.8. Let A be an algebra. We shall define the set of translations
on A as a set of unary polynomials of a special type. First, we define the no-
tion of basic translation. Let f be a fundamental operation symbol with given
arity, say, r. Then for any ¢ < r, we say that A € Pol; A is a basic translation
when \(z) = f2(ao,...,ai—1,7,ais1,...,a,_1) (with x in the i*" position), where

ag, - - -, Ai—1,ai1,---,0,—1 € A. Too, we say that the identity is a basic translation.

160



We define the set of translations to be the least set of unary polynomials containing

the basic translations and closed under composition.

It is easy to see that this definition is sound and that the set of translations can

be recursively or constructively described as well.

Proposition A.9. (Mal'cev (1954}): Congruence generation) Let A be any algebra.
Let X C A2 Let 0 be the set of pairs (a,b) € A? for which there exists a natural

number ¢, pairs {(a;,b;) € X and translations \; on A for i < { so that
e \o(ag) = a and M\(b)) = b and
o \i(b;) = Niya(a;) fori < (.

Then 6 = Cg™ X .

We call this arrangement of pairs and translations—the witness of (a,b) € Cg X—

a Mal’cev chain. It is convenient to formalize such as a pair of tuples, say C, as in
C = ({{aibi) |1 < 0), (N [P <0)),

for given natural number ¢; we call £ + 1 the length of C.

We shall need the following further fact of an elementary nature concerning con-
gruence generation. In the following, and throughout this text, for any sets A and B
and any map h: A — B, any set [, any X C Al and any a = {(a; | i € I) € X, we
shall abuse notation by writing h(a) = (h(a;) | i € I) and h(X) = {h(a) | a € X}.

Proposition A.10. Let A and B be algebras, and let h be a homomorphism of A
into B. Let 0 be a congruence on A, generated by some set X of pairs from A. Let
1 € ConB be generated by Y, a set of pairs from B. If h(X) C Y, then h(0) C 9.
If, furthermore, h is onto and kerh C 0, then Y C h(X) implies that ¢» C h(0). In

particular, if h is onto, kerh C 0, and h maps X onto Y, then h(6) = 1.
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Proof. First, suppose that h(X) C Y, and let (b,0') € h(f). Then we can write
(b,0') = (h(a), h(a)) for some (a,a’) € H. As # = Cg™ X, we obtain a Mal’cev chain

of some length ¢ + 1 witnessing this:
(i) [0 < 0), (N [0 < 0));
that is, we get pairs (z;,9;) € X and translations on A, \;(z) = t&(z,¢;), for i < ¢,

such that a = t§* (20, ¢o), @’ = t7*(ye, ¢0), and t2(y;, ¢;) = t24, (Tiy1, € for all i < L.

It is easy to check, then, that the Mal'cev chain

(((hlza), h(ya)) i <€), (N i < 0))
witness that (b,b') € ¢, where X(z) = tB(z, h(c;)) for each i < £. Thus, h(X) C Y
implies that h(0) C .
Now, assume that A is onto and that kerh C #. Suppose that Y C h(X). Let

(b,b') € 1, and take a Mal’cev chain witnessing this, say,
(i) |1 <0, (N i< 0)),

where X(z) = tB(z, cl), (z},4}) € Y for eachi < £, and (b, ') = (t&(zf, c}), )tE (y), c}).
Using that h is onto, get c; such that h(c;) = ¢ for each i < ¢. Using that Y C
hX), get (x;,y;) € X so that (h(z;), h(y;)) = (x},y.) for each ¢ < {. Let (a,d') =

(t& (o, co), 2 (ys, cg)). Using that h is a homomorphism, we have that, for each i < ¢,
(t¥(ys €)1 (Tig1, €i41)) € kerh C 6,
while, clearly, for each i < ¢, t&(z;,¢;) 0 t2(y;,¢;). Thus, (a,a’) € 6. The second

claim now follows. O

Generation of subalgebras is even simpler to characterize than generation of con-
gruences. (After all, congruence generation is a case of subalgebra generation, with
added constraints.) Again, we have that the intersection of any nonempty collec-
tion of subalgebras on a given algebra A is again a subalgebra. Thus, we have the

following.
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Proposition A.11. Let A be any algebra. Let X C A. Then Sg® X is precisely the
set of elements t*(x,...,7,_1) where t is a term of rank, say, r, and x; € X for

1< 7.

Definition A.12. For any algebra A, any binary relation # on A, and any subset B
of A, we set

Bl ={a € A|bfa for some b € B}.

We shall call B the ezpansion of B by 6.

Now, note that if € is a congruence on a given algebra A, and B C A, then B6 is
a union of #-classes, namely, those that intersect B. As such, one can sensibly define
the symbol (B6)/6 to mean the set of #-classes contained in B6.

Before considering the next theorem, note also the following.

Proposition A.13. Let A be any algebra. Let B be a subalgebra of A and let 6 be

a congruence of A. Then 6 N B? is a congruence of B. We shall denote it by 0 |g.

Theorem A.14. (Second isomorphism theorem, and companion results) Let A be an
algebra with subalgebra B. Then B is closed under the operations of A, (BO)/0 is
closed under the operations of A/, and (B6)/0 = B/(6 N B?).

The following notation and elementary fact will be used in the next two theorems.

For any algebra A and any congruences § < 6, we have that
0/ :={(a/5,b/9) | aOb}
is a congruence on A /J.

Theorem A.15. (Third isomorphism theorem) Let A be an algebra with congruences

d <6. Then (A/))/(0/0) = A/0.
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Theorem A.16. (Correspondence theorem) Let A be an algebra, and take any con-
gruence  on A. Then the map from I1[6,14] into 1[0ass,14/5] given by 0 — 0/6 is a

lattice isomorphism.
We shall also occasionally make use of the following concept.

Definition A.17. For a given algebra A and subset B of A, we say that B is normal
provided it is a class of some congruence on A. In particular, then, B = b/ Cgh B2,

for any b € B.

There is another description of the join of congruences we shall give, which involves

the following binary operation for binary relations.

Definition A.18. Given two binary relations, R and S on some set A, we let their
composition, denoted R o S be the set {(z,y) | z RuSy, for some u € A}.

For a given binary relation R and for each n > 0, we shall define R™ recursively
by R' := 1 and R" ' o R. (Note that this composition operation is associative, as

well.)

Proposition A.19. Let A be an algebra, and let o, B € Con A. Let v := ao3. Then

aV 6 - Un>0 ’Yn
This description sometimes simplifies, as it does in the following situation.

Definition A.20. Let A be an algebra. We say that A is congruence permutable
provided ¢ o § = foa for all o, € ConA. Any class V such that A € V is

congruence permutable for all A € V is also called congruence permutable.

It is not hard to see that if A is congruence permutable, then for any o, 5 € Con A,
aVp=a«aof.
It turns out that many familiar classes of algebras are congruence permutable:

groups, rings, modules and vector spaces, as are every sort of algebra which has one
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of these as a reduct (meaning, in the event that some of the structure is ignored),
such as Lie algebras and various sorts of structures commonly referred to as “algebras”
(meant in the narrow sense) in the literature. As a less common example, quasigroups
are also congruence permutable. A simple algebra A is one which has no nontrivial
congruences: that is, besides those that are always available, namely 04 and 14.
Thus, it is easy to see that all simple algebras are congruence permutable. On the
other hand, there are numerous algebras that are not congruence permutable: lattices
are not, in general, congruence permutable, nor are semilattices or semigroups.

For all variety V that are found to be congruence permutable, there is an inter-

esting characterization, given by Mal’cev (1954):

Theorem A.21. LetV be a variety. Then V is congruence permutable if and only

if there is a ternary term p for V such that

VEp(,y,y) =z ~pyy,z).

A congruence permutable variety is thus often referred to as Mal’cev; occasionally
we shall also refer an algebra in a congruence permutable variety as Mal'cev, as
well. This result of Mal’cev has been imitated in many ways: When various lattice
theoretic equations hold in the congruence lattices of algebras across a given variety,
this often implies and is implied by the presence of a set of terms, which are given to
satisfy certain equations. Results of this type are called Mal'cev conditions. There
are two generalizations of congruence permutability, important to the present thesis,
that have been characterized in this way. The first of these we shall now define by
a sentence in the language of lattices; the second is usually defined in terms of the

commutator, and so we leave it for below.

Definition A.22. Let L = (L, A, V) be a lattice with meet operation A, join oper-
ation V, and associated order <. Let x,y,z € L such that z < x. We say that L is

modular provided z A (y V z) = (x Ay) V 2.
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Definition A.23. Any algebra whose congruence lattice is modular is said to be
congruence modular. For any variety V such that for all A € V we have that A is

congruence modular, we say that V is congruence modular, as well.
The following can be shown through an elementary argument.

Proposition A.24. Congruence permutability entails congruence modularity. That
is, if A is an algebra for which Con A is congruence permutable, then Con A is also

congruence modular.

In Chapter 4, we shall make use of a Mal’cev-type characterization of congruence
modular varieties, given by H.P Gumm, but we defer its statement until then.

Mal’cev varieties (that is, congruence permutable varieties) have many nice prop-
erties, and it seems that the theory of Mal’cev varieties has much left to be discovered,

as well. As a first, consider the following observation.

Proposition A.25. Let A be an algebra in a Mal'cev variety. Any reflexive binary
relation that respects the operations of A is a congruence on A.

In particular, we have that, for any X C A x A,
Cgh X = Sg™ A X U0,.

We shall often make use of the following easy application of Proposition A.25, as

it supplies a nice description of congruence generation in Mal’cev varieties.

Proposition A.26. Let A be an algebra in a Mal’cev variety. Let X C Ax A. Then
Cg® X = {(s(20, -, Zn_1),510s -+ Yn_1)) | n € w and s € Pol, A}.

A.3.1 A COMMUTATOR

The commutator, which was originally a group theoretic concept, has found its use-

fulness extended to more general contexts, though with its definition necessarily
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adapted. A pioneer in this study was J.D.H. Smith, who, in 1976, extended many
of the group-theoretic results concerning the commutator to congruence permutable
varieties. Subsequently, a rich theory of the commutator for algebras in a congruence
modular variety was developed by Hagemann and Herrmann (1979), Gumm (1983),
Freese and McKenzie (1987), and others. Much of the strength of their theory has
also been extended to more general settings still. We shall define these more general
settings, shortly, as we have made some further contributions to this effort.

There have been a number of different perspectives or notions put forward as a
generalized “commutator,” each specializing to the concept of the same name when
applied to groups (interpreted in the right way), but we shall mostly only consider
one or two of these. To give the first, we define the so-called “term condition” (see

Freese and McKenzie (1987)).

Definition A.27. (The centralizer relation, or, the “term condition”) Given some
algebra A, we define a ternary relation C' over the set of binary relations on A as
follows. For any binary relations «, 5 and v on A, we say that C(«, 3;7) holds if
and only if for any natural number n; any n-ary term ¢; and any pairs (z,y) € a and

(uy,v1), ..., {(Up_1,v,_1) € B, the following implications hold:
t(z,u) v t(x,v)
)
t(y,w) v t(y, v).

However, we shall only be concerned with «, 3, congruences of the given algebra
A.
We collect here a selection of elementary (meaning they are derivable from the

definition) facts about the centralizer relation, which we put to use in this paper.

Proposition A.28. For any algebra A and congruences o/ < o, 3" < 5,v,7; (i € I),

)< anpnn:
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(2)  C(a, Bim), for each i € I, implies that C (a, ; y);

(b)  C(v, B;a), for each i € I, implies that C(Vv;, B; «);

(c)  Cla,B;7) implies that C(d', B';7);

(d) C(a, B;anN B) always holds;

(€)  Cla,B:v) holds if and only if C(a/8, B/8;~/8)holds;

(f)  and, finally, C(«a, B8;14), Cla, B;a) and C(a, 8;8) always hold.

Definition A.29. In light of Proposition A.28 (a) and (f), given algebra A and any
congruences « and 3, we obtain the least congruence v so that C'(a, 8;7), referring
to it as the commutator of a and B and denoting it by [a, f].

Similarly, we make use of Proposition A.28 (b) to obtain a largest congruence 7 so
that C(v, B;a). We denote this v by (« : ). This is typically called the annihilator
of B over a. In particular, we shall be interested in the case of « =04 and g = 14.

In this instance, we write (o = (04 : 14), referring to this as the center of A.
Here are two more elementary facts owing to Proposition A.28.

Proposition A.30. (Monotonicity of commutator) The commutator respects the lat-
tice order in each coordinate. That is, given algebra A and congruences o/ < «,
B < B,

[0, 5] < [a, A

Proposition A.31. The commutator of congruences is included in their intersection.

That is, for given algebra A and congruences o, 5 on A, [a, f] C aNf.

Here is a third, which is superfluous in the context of congruence modular varieties,
but sometimes comes to the rescue when one leaves the convenience of that assump-

tion behind; it is easy to prove using Proposition A.28 (b) and Proposition A.30.
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Proposition A.32. (Left semi-distributivity of the commutator) Let A be any alge-

bra. Let oy, B,y € Con A, for some index set I. If [a;, 5] = vy, for each i € I, then
Vier ais, 8] = 1.

Definition A.33. Let A be any algebra with «, 5,0 € Con A. By Proposition A.28
(a) and (f), it is evident that there is a smallest v > 6 such that C(«, ;7). We

denote this by [a, (.
The following is no more difficult to see than the propositions it refers to.

Proposition A.34. Let A be any algebra with congruence 6. Propositions A.30
(monotonicity of the commutator) and A.32 (left semi-distributivity of the commuta-

tor) hold with the commutator [, -] replaced by [-,-]s.

There is one other elementary fact that we shall make use of concerning the
commutator and its interplay with restriction of congruences to a subalgebra. For
any algebra A with subalgebra B and 6 € Con A, let § [g= 6 N B x B. One can

easily verify, arguing via elements, that 6 [g is a congruence on B.
Theorem A.35. Let A be an algebra with subalgebra B. Let o, B € Con A. Then

la B, B IB] <[, B] IB

We shall prove a more general result of this kind later (which has not appeared
in print anywhere, to the best of my knowledge); however, both this and the general
case are immediate from an a fortiori argument concerning the centralizer relation.

There is also a useful relational characterization of the commutator, one which
is closer in spirit to its original inception by Smith (1976) and to its elaboration by

Gumm (1983).

Definition A.36. Given any algebra A and congruences «, on A, we define a

congruence on 3 by

&= Ce?{((z, ), (v, 9) | zay}.
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Proposition A.37. For a given algebra A and congruences o, 3, and v on A,
C(a, B;7) if and only if B N v ids the union of Aj-classes. In particular, [, 3] is

the smallest congruence on A that is the union of A§-classes.

Proof. First, suppose that C(«, ;) holds for congruences «, 3,7 of some given al-
gebra. Let (a,b) € B8N~ and suppose that ({(a,b),({c,d)) € Af. Using Mal'cev’s
characterization of congruence generation, we get xg,...,x, and ¥y, ..., ¥y, such that
(x;,y;) € a for each ¢ and translations py, . .., t, of B so that
to{zo, To) = (a,b)
1iYis i) = Miv1(Tit1, Tia), (1 =0,...,n —1)
Hin(Yns Yn) = (c, ).

For each translation p; and any (z,y) € 3, we may write

pir.y) = (tile,0), iy, v'),
where t; is a k; + 1l-ary term for some natural number k;, and u; 15} vé for each j < k;.
In particular, it is immediate that (c,d) € §. Furthermore, from (a,b) € =, we get
that
to(zo,u?) v to(wo, v0).
From C'(a, 8;7) we then get that
ti(z1, ut) = to(yo, u°) Y to(yo, v°) = ti (w1, v1).

Similarly, by induction, we get that

c= tn(ynv un) th(ym Vn) =d.

This establishes the forward direction.
Now, suppose that 3 M is a union of Aj-classes. Pick an arbitrary term ¢

operation of some rank r for A and suppose that for some a and some ¢; 5 d;, (i < r),

t(a,c)vt(a,d).
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Take b such that (a,b) € . Let p be the translation on /5 defined by
e, y) = (t(z, ), t(y, d)).
By the definition of A%, we then get that
({t(a, ), t(a,d)), (t(b, ), (b, d))) = (u{a, a), u(b, b)) € AF.

Note that

(t(a,c),t(a,d)) € BN.
Since 3 M~ is a union of Af-classes, we then get that
(t(b,c),t(b,d)) € BNH.
We may conclude that C(«, 5;7) holds, from which the result now follows. ]

Remark A.38. In particular, we note that, for a given algebra A, [, 5] = 04 if and

only if for any z,y,2z € A with (x,y), (z,2) € a and (y, z) € 8 we have that
(z,2) AZ (y, 2) =y = 2.

Indeed, this implication says precisely that 04 is a union of Af-classes. In particular,

a given algebra A is thus abelian if and only if 04 is normal in A2

The concept of “difference term” is also typically defined with reference to the
commutator (although, it does turn out to have other useful characterizations (see
Kearnes, Szendrei, and Willard (20134))—a lattice theoretic characterization as well

as a Mal’cev condition.

Definition A.39. We say that V is a variety with a difference term d when d is a

ternary term operation for V, so that for A € V and any a,b € A,
d(b,b,a) = al0,0]d(a,b,b),
where 6 = Cg*(a, b).
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Thus, one can remark that to say that a variety has a difference term is weaker
than finding that it has a Mal’cev term; a difference term is, in some sense, “half-

Mal’cev.” Less obviously, all congruence modular varieties have a difference term.

A.3.2 SOME RESTRICTED PROPERTIES OF THE COMMUTATOR

Usually, we shall have one further nontrivial property of the commutator available,

which we now give. Its proof can be found in Kearnes (1995), Lemma 2.2.

Theorem A.40. Let A be an algebra in a variety with a difference term. Let a, B €
Con A. Then [a, 8] =[5, a].

We shall call this property symmetry of the commutator.
There are two other strong properties of the centralizer relation and commutator

available only in congruence modular varieties, which frequently come in handy.

Theorem A.41. Let A be an algebra in a congruence modular variety. Let o, 3,7 €

Con A. Then C(a, B;7) holds if and only if [a, f] < 7.

Theorem A.42. (Additivity of the commutator) Let A be an algebra in a congruence

modular variety. Let o, 5;(i € I) € Con A. Then

[047 \/ ﬁl] = \/[O@ﬁl}

iel iel

In fact, as noted by Lipparini (1994) as Theorem 3.2, V is congruence modular
if and only if it has a difference term and the commutator is additive, as in Theo-
rem A.42.

A.3.3 ABELIAN, NILPOTENCE, AND SOLVABLE CONGRUENCES

Next, we define abelianness, three types of nilpotence, and solvability.
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Definition A.43. Let A be an algebra, and let o < € Con A. We say that
is abelian over a whenever C(, 3;a) holds. (Otherwise, we say that the quotient

(o, B) is nonabelian.) We say that A is abelian whenever 14 is abelian over 04.

Definition A.44. For a given algebra A and o € Con A, set

[@)o =«
and for kK >1
[k = [[@)k-1, 0]
Similarly, set
(a]p := «
and for kK > 1
(adr = [ov, (a]e—1].

We say that « is left nilpotent of class k whenever [a), = 04. We say that A is
left nilpotent of class k whenever [14)r = 04. We say that algebra A is left nilpotent

provided it is left nilpotent of class k for some natural number k.

We can similarly define right nilpotence, if we should find a use for it; however,
in varieties for which the commutator is symmetric, these definitions in fact coincide.
(One can check this via an easy proof by induction).

We shall also make use of the concept of “solvability,” which is a generalization

of the concept of the same name from group theory.

Definition A.45. For a given algebra A and o € Con A, we define

and for n >1

173



In particular, whenever [14]x = 04 for some natural number k, we say that A is

solvable of class k; A is said to be solvable if it is solvable of class k for some k.

Note that by the monotonicity of the commutator and Theorem A.31, for any A,

a € Con A, and any natural number n > 0,
: g [a]n+1 g [a]n g [a)n g [1A)n g [1A)n—1 g tr g [1A)O = 1A'

In particular, nilpotence of class n implies solvability of class n.

A.3.4 REGARDING NILPOTENT ALGEBRAS IN A MAL'CEV VARIETY

There are many reasons for studying nilpotent algebras in the congruence modular
(or, equivalently, weak difference term, difference term, or Mal’cev setting; see Theo-
rem 4.7 in Charpter 4). Now, while the study of nilpotence and solvability in group
theory can be viewed as the effort to generalize some of the desirable properties of
abelian groups, the assumption of nilpotence in the Mal’cev setting allows one to
recover some of the nice properties available in group theory. Among these is the fact

noted by Freese and McKenzie (1987).

Theorem A.46. Let V be a variety with a Mal’cev term (or, by Theorem 4.7, a
weak-difference term), and let A € V be a nilpotent algebra. Then A has uniform

and regular congruences: that is, for any 6 € Con A and any a,b € A, we have

la/0] = |b/6] and § = Cg™ a /8, respectively.

See Corollaries 7.5 and 7.7 in Freese and McKenzie (1987) for a proof of this
theorem. These results of Freese and McKenzie (but which have earlier origins) owe

to another result of theirs, which we shall also need.

Theorem A.47. LetV be a variety with a Mal’cev term p. Let n be a natural number.

Then V also possesses a ternary term f, such that for any A €V, and x,b,c € A,
frlzk(pACU? ba C)7 b7 C) (1A]n x
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and
p(fu(z,b,¢),b,¢) (1], z.

Furthermore, one can deduce that if A is nilpotent of class n, then A satisfies

fYL(Z?x?Z) ~ fn(p(x,y,z),y,z) %p(fn(xvyaz)vyv Z) ~ T

See Theorem 7.3 and Lemma 7.6 of Freese and McKenzie (1987) for proofs of
these facts.
The following is known from Hobby and McKenzie (1988), Theorem 7.2, but it is

also easy enough to show directly, and so we do so now, for convenience.

Theorem A.48. Let A be a solvable algebra in a Mal’cev variety. Let a, f € Con A

such that a < 3. Then [ is abelian over a.

Proof. We need to show that C'(3, §; «). However, since A is in a congruence modular
variety, by Theorem A.41, it is sufficient to show that [5, 3] < . Since a@ < 3 and
(8, 8] < B, we have that either [3, 5] V a = a, as desired, or [3, 3] V a = . We shall
suppose the latter and derive a contradiction.

We claim that, under this assumption, we get that for all n > 0, [5], < [, 5] V
[Blni1. We shall show this by induction. By the complete additivity (Theorem A.42)
and symmetry (Theorem A.40) of the commutator in congruence modular varieties
(plus, the fact that congruence permutability entails congruence modularity) we get

that

161, =[5, 7]
=[laVI[ppl,aVvs 5
= [, a VBB VB, Al a Vs b
= [, a VBB VB, AL o]V [Pl
= o, A1 V [Pl
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establishing the basis. Now let n > 1 and assume that the claim has been verified for

n=m — 1. Then

[Blm = [[Blm-1, [Blm-1]
< {la, 81V [Blms [, B V [Pl
= [l B, lev, B}V [, B, [Bln] V [Blimta
< [, 8]V [Blmt1-

The claim goes through by induction.

Now, since, by the monotonicity of the commutator we have that [, 5] = [a, f] V
(8, 8] = |o, 8] V [B]1, we can apply the above claim inductively to learn that [3, ] <
[a, B] V [B], for all n > 0. But, of course, since A is solvable, we get that for any
high enough n, (8], < [1a], = 04. It follows that [3, 5] = [a, B]. Thus, we get that
g =1[6,6]Va=|xpB]Va=«a a contradiction which forces a V [3,] = «, as

desired. O

176



	University of South Carolina
	Scholar Commons
	2015

	Commutator Studies in Pursuit of Finite Basis Results
	Nathan E. Faulkner
	Recommended Citation


	Dedication
	Acknowledgments
	Abstract
	Introduction
	On centralizers and commutators of higher order
	On cube terms and strong cube terms
	``Affine'' properties of strong cube terms
	Supernilpotence and a broadening of the finite basis result of Freese and Vaughan-Lee
	Some properties of higher centralizers and commutators, some old and some new
	Supernilpotence and commutator polynomials
	Some possible applications to Problem 1.3

	Toward a finite basis result for finite, nilpotent, Mal'cev algebras
	Lifting local finiteness
	Towards an Oates-Powell-style proof
	Lifting the bound on the chief factors, and other results
	Some useful items adapted from Smith1976
	(Some) Frattini congruences
	A condition for the finite axiomatizability of supernilpotence of class n
	Some strategies for establishing that V(N) has a finite critical bound for high enough N

	New results on the commutator in varieties with a difference term
	A remark on varieties with a weak difference term
	A new result on affine behavior in difference term varieties
	The equivalence of upward and downward nilpotence in varieties with a difference term, and an application
	New properties of the commutator in difference term varieties

	Questions for further study
	Concerning Problem 1.3
	Concerning the higher centralizer of Bulatov
	Concerning the commutator in varieties with a weak-difference term

	Bibliography
	Fundamentals
	Fundamentals of general (universal) algebra
	Some general strategies of proof for finite basis results
	On congruences, the commutator, and related concepts


