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ABSTRACT. We develop the theories of the strong commutator,
the rectangular commutator, the strong rectangular commutator,
as well as a solvability theory for the nonmodular TC commutator.
These theories are used to show that each of the following sets of
_ﬁstatements are equivalent for a variety V of algebras.
(I)  (a) V satisfies a nontrivial congruence identity.

(b) V satisfies an idempotent Maltsev condition that fails
in the variety of semilattices.

(¢) The rectangular commutator is trivial throughout V.

(I)  (a) V satisfies a nontrivial meet continuous congruence
identity.

(b) V satisfies an idempotent Maltsev condition that fails
in the variety of sets.

(¢) The strong commutator is trivial throughout V.

(d) The strong rectangular commutator is trivial through-
out V.

(IIT) ~ (a) V is congruence semidistributive.

(b) V satisfies an idempotent Maltsev condition that fails
in the variety of semilattices and in any nontrivial va-
riety of modules.

(¢) The rectangular and TC commutators are both trivial
throughout V.

We prove that a residually small variety that satisfies a congruence
identity is congruence modular.


   
Callout
tame congruence theory?

   
Callout
are there  analogs of Theorems 9.14 and 9.15 from Hobby-McKenzie that could be proved?


Dedicated to Bjarni Jonsson,
For his work on congruence varieties,

To Ralph McKenzie,
For his work on commutator theories,

And to Walter Taylor,
For his work on Maltsev conditions.

iii



Contents

Chapter 1. Introduction
1.1.  Shapes of Congruence Lattices
1.2. Maltsev Conditions
1.3.  Commutator Theories
1.4.  The Results of This Monograph

Chapter 2. Preliminary Notions
2.1.  Algebras, Varieties, and Clones
2.2. Lattice Theory
2.3. Meet Continuous Lattice Theory
2.4. Maltsev Conditions
2.5. The Term Condition
2.6. Congruence Identities

Chapter 3. Strong Term Conditions
3.1.  Varieties Omitting Strongly Abelian Congruences
3.2.  Join Terms
3.3.  Abelian Tolerances and Congruences

Chapter 4. Meet Continuous Congruence Identities
4.1. Maltsev Conditions From Congruence Identities
4.2. Congruence Identities From Maltsev Conditions
4.3. Omitted Sublattices
4.4. Admitted Sublattices

Chapter 5. Rectangulation
5.1. Rectangular Tolerances
5.2. Rectangular Tolerances and Join Terms
5.3. Varieties Omitting Rectangular Tolerances

Chapter 6. A Theory of Solvability
6.1. Varieties With A Weak Difference Term
6.2. oo-Solvability
6.3. An Alternative Development

Chapter 7. Ordinary Congruence Identities

v

— o W= =

14
14
16
21
22
26
30

36
36
48
o7

61
63
71
81
83

88
88
96
104

117
118
122
142

146



vi CONTENTS

7.1. A Rank for Solvability Obstructions
7.2. Congruence Identities

Chapter 8. Congruence Meet and Join Semidistributivity
8.1. Congruence Meet Semidistributivity
8.2. More on Congruence Identities
8.3. Congruence Join Semidistributivity

Chapter 9. Residually Small Varieties
9.1. Residual Smallness and Congruence Modularity
9.2.  Almost Congruence Distributive Varieties

Bibliography

Index

146
158

162
162
166
180

185
185
189

193
197



CHAPTER 1

Introduction

This monograph is concerned with the relationships between Mal-
tsev conditions, commutator theories and the shapes of congruence
lattices in varieties of algebras.

1.1. Shapes of Congruence Lattices
Carl F. Gauss, in [23], introduced the notation
(1.1) a=b (modm),

which is read as “a is congruent to b modulo m”, to mean that the
integers a and b have the same remainder upon division by the integer
modulus m, equivalently that a — b € mZ. As the notation suggests,
congruence modulo m is an equivalence relation on Z. It develops that
congruence modulo m is compatible with the ring operations of Z, and
that the only equivalence relations on Z that are compatible with the
ring operations are congruences modulo m for m € Z.

Richard Dedekind conceived of a more general notion of “integer”,
which nowadays we call an ideal in a number ring. Dedekind extended
the notation (1.1) to

(1.2) a=0b (mod u)

where a,b € C and p C C; (1.2) is defined to hold if a — b € p.
Dedekind called a subset ¢ C C a module if it could serve as the
modulus of a congruence, i.e., if this relation of congruence modulo
1 is an equivalence relation on C. This happens precisely when p is
closed under subtraction. For Dedekind, therefore, a “module” was an
additive subgroup of C.

The set of Dedekind’s modules is closed under the operations of in-
tersection and sum. These two operations make the set of modules into
a lattice. Dedekind proposed and investigated the problem of determin-
ing the identities of this lattice (the “laws of congruence arithmetic”).
In 1900, in [13], he published the discovery that if a, 3,7 C C are
modules, then

(1.3) an(B+(any))=(anp)+(@n9).
1
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This 3-variable law of the lattice of modules is now called the modular
law. Dedekind, went on to prove that any equational law of congru-
ence arithmetic Yhat can be expressed with at most 3-variables is a
consequence of the\modular law and the laws valid in all lattices.

Dedekind did not write the law in the form (1.3), which is an iden-
tity, but rather as a qtasi-identity: for all modules o, 3,7 C C

(1.4) ady—an(@B+7y)=(anp)+~.t

Dedekind also discovered a useful “omitting sublattices” version of
the modular law. It is the assertion that there do not exist modules
a, 3,7 C C which generate a sublattice isomorphic to N5 (Theorem
[.7.12 of [1]).

f+ra=0+7
[0

B
Y
BNa=pFNy

FIGURE 1.1. The lattice Nj

More generally, a congruence on an arbitrary algebra A is an
equivalence relation on the universe of A that is compatible with the
operations of A. Equivalently, it is the kernel of a homomorphism with
domain A. The set of all congruences is a sublattice of the lattice of
equivalence relations on A. A congruence identity of A is an identity
that holds in the lattice Con(A) of all congruences of A. Dedekind’s
observation is that the modular law is a congruence identity satisfied
by C as an abelian group. In fact, it is a congruence identity of any
group, ring, vector space, Boolean algebra or lattice.

Dedekind’s result initiated many lines of research in the 20th cen-
tury, but to avoid losing focus we mention only a few. Garrett Birkhoff
observed that the congruences of any group permute, meaning that
ao 3 = [foa, and that any lattice of permuting equivalence relations is
modular. This “explains” Dedekind’s result to some degree, but in [22]
N. Funayama and T. Nakayama showed that the lattice of congruences
of a lattice satisfies the distributive law: for all o, (3,

(1.5) an(B+v) =(@np)+(anny),

'In fact, Dedekind used the symbols + and — instead of + and N.
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which is stronger than the modular law, yet congruences of lattices
need not permute. Thus permutability implies modularity, but not
vice versa. Bjarni Jénsson then refined the results of Birkhoff and
Dedekind by showing in [37] that any lattice of permuting equivalence
relations satisfies the arguesian law, which is stronger than the modular
law. Conversely, he showed that any complemented lattice satisfying
the arguesian law is embeddable into the lattice of congruences of an
abelian group. Here the arguesian law is the 6-variable law asserting
that for all oy, 5;, 1= 0,1, 2,

(1.6) (co+Bo) Ny +B1)N(az+B2) S apN(y+ar)+BoN(y+5)

where v = (ao+a1) N (Bo+ 1) N (dg+01), dg = (a0 +a2) N (Fo+F2) and
01 = (aq + ag) N (B1 + B2). Thus Jénsson solved the special instance
of Dedekind’s problem (of determining the laws of modules) which
concerns only complemented lattices of modules. The full problem is
still open, although in the same paper Jonsson gave an example of a
finite noncomplemented arguesian lattice that is not embeddable in the
congruence lattice of a group, and in [30] Mark Haiman proved that
lattices of permuting equivalence relations satisfy laws stronger than
the arguesian law.

1.2. Maltsev Conditions

Let R be the variety of rings and A be the variety of abelian groups.
The fact that rings have a term-definable underlying abelian group
structure may be denoted A < R, i.e., rings have the structure of
abelian groups and more. A. I. Maltsev proved in [62] that a variety V
of algebras has the property that the congruence lattices of its members
consist of permuting equivalence relations if and only if P < V where
P is the variety with one ternary basic operation symbol p that is
axiomatized by the Maltsev identities:

(1.7) p(z,y,y) =z and  p(y,y,r)~ .

In other words, )V consists of congruence permutable algebras if and
only if there is a ternary V-term p, called a Maltsev term, such that
the identities (1.7) hold in V. Thus, one may refine Birkhoft’s earlier
explanation of Dedekind’s modularity result to: groups are congruence
modular because groups have a Maltsev term p(z,y,2) = 2y 'z, so
groups have permuting congruences, and lattices of permuting equiva-

lence relations are modular.
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Let U be a finitely presented? variety. The condition on a variety
VY that U < V may be expressed as “there is a finite set of V-terms
corresponding to the basic operation symbols of ¢ such that the finite
set of identities corresponding to the axioms of & hold in V.” A con-
dition of this type is called a strong Maltsev condition, and given
a finitely presented variety U the class {V | U < V} is the strong
Maltsev class that is defined by this condition. Given a descending

sequence --- < Uy < U; < Uy of finitely presented varieties, the class["the" instead of "a"

{V | In(lU,, < V)} is the Maltsev class that is defined by

to the basic operation symbols of i, such that aTfinite set of identities
corresponding to the axioms of U, hold in V.

After Maltsev published the condition from (1.7) defining the class
of varieties with permuting congruences, Alden Pixley found in [72] a
strong Maltsev condition defining the class of varieties with distribu-
tive and permuting congruences, B. Jénsson found in [38] a Maltsev
condition defining the class of varieties with distributive congruence
lattices, and Alan Day found in [8] a Maltsev condition defining the
class of varieties with modular congruence lattices. These results (and
many others like them) culminated in the theorem, obtained indepen-
dently by Pixley [73] and Rudolf Wille [78], that if € is any lattice
identity, then the class of varieties whose congruence lattices satisfy
¢ is the intersection of countably many Maltsev classes. This proves,
in particular, that if two varieties satisfy the same Maltsev conditions,
then they satisfy the same congruence identities. This result of Pixley
and Wille includes an algorithm for generating Maltsev conditions as-
sociated with congruence identities, paving the way for a deeper study
of congruence identities.

J. B. Nation discovered in [69] that there exist lattice identities
that are strictly weaker than the modular law when considered as lat-
tice identities, but equivalent to the modular law when considered as
congruence identities. That is, there exists a variety W of lattices
that strictly contains all modular lattices, yet any variety V of algebras
with the property that the congruence lattice of every algebra from
V is found in W is actually congruence modular. Nation’s Theorem
brought attention to the possibility that there might be “few” different
congruence varieties, which are varieties of lattices of the form

(1.8) CON(V) = HSP ({Con(A) | A € V}).

le., U is a finitely axiomatized variety with finitely many basic operation
symbols.
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For example, it suddenly became plausible that the only proper nondis-
tributive congruence varieties might be those of the form Con(M)
where M is a variety of modules. Nation’s result led Ralph McKenzie
to conjecture in [65] that if ¢ is any nontrivial lattice identity, then & im-
plies modularity when considered as a congruence identity. Studies of
identities of small complexity yielded positive evidence for McKenzie’s
Conjecture in [9, 10, 21, 39, 68]. The most general of these results is
the theorem of Ralph Freese and J. B. Nation that any lattice identity
¢ that can be written as an inclusion of the form

/\ \/ /\ variables < \/ /\ \/ variables

implies modularity as a congruence identity. Similar results were proved
at the same time about congruence identities implying congruence dis-
tributivity, and in [17] one finds the result that any congruence identity
implying congruence modularity must also imply the stronger argue-
sian identity as a congruence identity.

McKenzie’s Conjecture was refuted by S. V. Polin in his famous
paper [74]. Polin constructed a locally finite variety P that is not
congruence modular, but satisfies a nontrivial congruence identity. To
describe a congruence identity that holds in Polin’s variety, let =,y and
z be lattice variables and let y; = y,21 = 2,ypy1 = y + (£ N z,), and
Zni1 = 2+ (x Nyy). Let J,, be the weakened distributive law:

rN(y+2) = (zNy,) + (N z,).

The identity 0; is the usual distributive law. Although 9, is strictly
weaker than distributivity as a lattice identity, it implies distributivity
as a congruence identity.> Polin’s variety satisfies d5 as a congruence
identity.* Since it does not satisfy &5, and since any lattice variety
that satisfies 03 and not d, is nonmodular, Con(P) is an example of a
proper, nondistributive congruence variety that differs from Con(M)
for any variety of modules M.5 Polin’s variety was thoroughly investi-
gated by Day and Freese in [11] with the result that we now have an
efficient algorithm for determining if an identity implies modularity as
a congruence identity. In an unpublished manuscript, Day showed that

3We know this because Ralph Freese showed us that dy fails in Con(Fp(1)).
Using this observation and the main result of [11] it is easy to see that J, implies
distributivity as a congruence identity.

4Polin showed that P satisfies a different congruence identity. Alan Day was
the one to emphasize the importance of the identities d,,.

5We now know that there are continuumly many different nonmodular congru-
ence varieties (see [11]), and even some congruence varieties of groups that differ
from any congruence variety of modules (see [71]).
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the Polin construction can be iterated® to produce varieties satisfying
weaker and weaker nontrivial congruence identities.

Not all of the preceding results were originally proved via Maltsev
conditions, but they could have been, and the analysis of Maltsev con-
ditions is a powerful method for obtaining further results like these.
Moreover, there are results on congruence identities that have been
proved by a careful analysis of the Maltsev conditions defining a given
class of varieties that seem unreachable by any other method, such as
Paolo Lipparini’s results on congruence identities satisfied by congru-
ence n-permutable varieties” in [55, 57, 59, 60, 61].

1.3. Commutator Theories

Birkhoftf’s HS P Theorem asserts that if IC is a class of similar alge-
bras, then any model of the identities true in L may be constructed as
a homomorphic image of a subalgebra of a product of algebras in K,
that is as B/0 where B < [ A;, A; € K. Replacing each A; by the
projection of B onto the i-th factor, we find that a typical model has
the form B /6 where B is a subdirect product of subalgebras of members
of IC. Tt is therefore important to know how to construct congruences
on subdirect products. The case of two factors is already difficult. If
B <4 A; X Ay and «; € Con(A,;), then the restriction of ay X ay to B
is a product congruence on B. All other congruences are skew. For

1x1

0x1 A 1x0

0x0
FIGURE 1.2. Con(Zsy X Zs)

example, the congruence lattice of the group B = Zs x Z, is pictured in
Figure 1.2. There is one skew congruence, A, which is the congruence
that has the diagonal subgroup of Zy X Zs as a class.

6This and other modifications of Polin’s construction were rediscovered and
appear in [53] and [70].

Congruences o and 3 n-permute if the alternating composition a o, § =
aofoa---, with n — 1 occurences of o, equals 0 o,, a. A variety is congruence
n-permutable if the congruences on all members n-permute.
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To understand skew congruences like this one, let us attempt to
describe a typical “diagonal congruence” on a typical “diagonal sub-
algebra” B of A? for some algebra A in a congruence permutable va-
riety V. Here a “diagonal subalgebra” is one containing the diagonal
of A?, and a “diagonal skew congruence”’ is a congruence generated
by a set of pairs of elements from the diagonal. More formally, if
d: A — A%:a — (a,a) is the canonical diagonal embedding, then
B < A? is a diagonal subalgebra if § factors through the inclusion of
B into A%, A diagonal congruence on B is the extension to B of a
congruence on J(A).

Since we have assumed that A has a Maltsev term, the only diagonal
subalgebras B of A? are those whose universe B is a congruence on A,
say B = f3. Since the diagonal of A? supports a subalgebra isomorphic
to A, the only diagonal congruences on B are the extensions to B of
congruences 0(«) for a € Con(A). Thus, the construction of a typical
diagonal congruence on a typical diagonal subalgebra B < A? involves
a pair of congruences a, 3 € Con(A). Specifically, we are considering
B to be the subalgebra supported by [, and a diagonal congruence
A = A, 3 on B that is generated by {((u,u), (v,v)) | (u,v) € a}. We
next try to understand how A is related to the product congruences of
B.

Since we have assumed that A has a Maltsev term, and B is in
the variety generated by A, Con(B) is modular. It is a consequence
of Dedekind’s analysis of 3-variable consequences of the modular law
that the 3-generated free modular lattice has only 28 elements, hence
any 3-generated modular lattice can be easily drawn. In particular, the

FIGURE 1.3. (n1,m2, A | n1 N = 0)

modular lattice with the presentation (1,79, A | N7y = 0) is the one
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in Figure 1.3. Hence the sublattice of Con(B) that is generated by the
projection kernels 17, = 0 x 1 and 7, = 1 x 0 together with A = A, 5 is
a homomorphic image of this lattice. The smallest product congruence
containing A, the “product cover” of A, is

(A4+0x1D))NA+(1x0)=axa=21.
We take the interval I[A, ], from A to its product cover, to be a

measure of the skewness of A. Meeting with 7, and joining with 7,
projects this interval in two steps to the isomorphic interval

(1.9) Il + (ANnz),m+ (¥ Nn2)] = Il + (AN n), (0N §) x 1]

so the interval in (1.9) can also be taken to be a measure of the skewness
of A. But the interval in (1.9) lies entirely in the interval above the
first coordinate projection kernel n;, which is naturally isomorphic to
Con(A), so we can measure the skewness of A by considering the
corresponding congruence interval of A. The left lattice in Figure 1.4

(a+p) x1 a+t
ax1 8 x1 Qo B
(anp) x1 ang

m + (A Nn) ?

7’/1:0X1 0

FIGure 1.4. I[0 x 1,1 x 1] vs. Con(A)

indicates the interval in Con(B) above 7, while the right lattice shows
the corresponding congruences on A. Note especially the question mark
by the right lattice, which labels the congruence on A induced by A.
This induced congruence is a function of a and (3, and will be written
[, B] and called the commutator of o and 3. For groups it is the
ordinary group commutator.® The interval from the commutator [c, 3]
to the intersection awN 3 is the interval in Con(A) that measures the
skewness of A.

In analogy with group theory, we call a congruence interval |, 7]
abelian if [7,7] < o, and call A abelian if Con(A) is an abelian con-
gruence interval. If 7 is defined to equal o N 8 in the last paragraph,
then 7 < a and 7 < 8 so [1,7] < [a,(]. This shows that the in-
terval I [[a, ], N B], which measures the skewness of A, is abelian.

8This means that if N, and N, 3 are the normal subgroups corresponding to the
subscripted congruences, then [Ny, Ng] = N4 g]-
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Conversely, every abelian interval I[o, 7] is contained in an interval
that measures the skewness of some diagonal congruence, namely A ..
Hence diagonal congruences fail to be skew in V if and only if V omits
abelian congruence intervals if and only if the commutator trivializes
throughout V in the sense that

(1.10) Va, B([a, B] = a N B)

holds throughout V. It can be shown that for varieties with a Mal-
tsev term the commutator identity (1.10) is equivalent to congruence
distributivity, and from congruence distributivity one can derive that
there are no skew congruences of any type in finite subdirect products
of algebras in V. Thus, although it seems that we examined only a very
special instance of a diagonal skew congruence, which then resulted in
the definition of the commutator, this commutator controls all skew
congruences in finite subdirect products in varieties with a Maltsev
term.

In fact, the assumption that A has a Maltsev term was used only
to deduce that every diagonal subalgebra of A2 has a congruence as
its universe. This fact turns out to be inessential; the theory can be
developed under the weaker hypothesis that A lies in a congruence
modular variety. The theory of this commutator was developed by
Jonathan D. H. Smith (when V has a Maltsev term) in [75], Joachim
Hagemann and Christian Herrmann in [28], Heinz-Peter Gumm in [27],
and Freese and McKenzie in [19]. The strength of the theory lies in
the representation theorem for abelian algebras, proved by Herrmann
in [31], which states that an abelian algebra in a congruence modular
variety is affine. This theorem associates to an abelian algebra or
congruence interval a module in the modern sense, i.e., a module over
aring. The fact that the commutator links every skew congruence with
a module is the key to dealing with these congruences.

To emphasize the link with what we have said earlier, the commu-
tator in congruence modular varieties encodes the existence of skew
congruences. When the commutator trivializes, skew congruences are
omitted, and this restricts the shape of the congruence lattices in
some way. In the case of the modular commutator, this restriction
on shapes is expressible by a congruence identity stronger than modu-
larity, namely the distributive law.

When V is not congruence modular the types of skew congruences
multiply. Different commutator theories have been invented which deal
with this. The TC-commutator is a commutator based on the term
condition (Section 2.5). It was invented by Ralph McKenzie to gen-
eralize the modular commutator. As such it éncodes the existence of

provide a reference
for this, if possible.
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diagonal skew congruences. A useful and completely general repre-
sentation theorem for abelian algebras and congruences is not likely
to exist, but Keith Kearnes and Agnes Szendrei extended Herrmann’s
representation theorem for congruence modular varieties to any variety
satisfying some nontrivial idempotent Maltsev condition in [52].

McKenzie next introduced the strong term condition, [66, 34,
a concept similar in spirit to the ordinary term condition. He proved
its usefulness in many ways, but he did not develop a commutator
theory for it. Later McKenzie defined the concept of rectangulation,
[54], and established its usefulness. His definition was slightly short of a
term condition for rectangulation, and he did not develop a commutator
theory for it.

In the early 1990’s we worked on the problem of developing a com-
mutator theory for McKenzie’s strong term condition. We found that
certain “cross-diagonal” skew congruences occur naturally in algebras.
These are congruences on symmetric diagonal subalgebras B < A? gen-
erated by pairs of the form ((u,v), (v,u)). The behavior of this type of
skew congruence is encoded in a commutator we call the strong rect-
angular commutator. It is so named because it has an associated
term condition related to McKenzie’s description for rectangulation.
We developed the theory of this commutator in [49] and proved a rep-
resentation for its abelian algebras and congruences. We found that
McKenzie’s strong term condition was exactly the conjunction of his
original term condition (TC) and our term condition for strong rectan-
gulation, therefore a commutator theory for the strong term condition
follows from the theories of the TC-commutator and the strong rect-
angular commutator without further effort.

In this monograph we introduce a term condition for rectangula-
tion, develop the theory of the rectangular commutator, and prove a
representation theorem for its abelian algebras and congruences (Chap-
ter 5).

There are actually many more commutators than the four described
above, but the others are approximations to these. Each of these com-
mutators has an ideal model of an abelian algebra. For the TC com-
mutator, the ideal model is an abelian group expanded by unary en-
domorphisms, i.e., a module over a ring. For the strong commutator
it is a set expanded by unary endomorphisms, i.e., a unary algebra.
For the rectangular commutator it is a semilattice expanded by unary
endomorphisms, which is a natural type of semimodule. For the strong
rectangular commutator it is a reduct to an antichain of a semilattice
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expanded by unary endomorphisms. The strangeness of this fourth no-
tion of ‘abelianness’ is a reminder that these commutator theories do
not begin by postulating the structure of an ideal abelian algebra, but
rather by identifying a natural type of skew congruence.

1.4. The Results of This Monograph

The theorem which prompted us to write this monograph was our
1999 discovery that a variety satisfies a nontrivial congruence identity
if and only if it satisfies an idempotent Maltsev condition that fails in
the variety of semilattices (Theorem 7.15). David Hobby and Ralph
McKenzie proved in Chapter 9 of [34] that a certain Maltsev condi-
tion, that we will call in this introduction “HM”, defines the class of all
varieties satisfying an idempotent Maltsev condition that fails in the
variety of semilattices. HM is a disjunction \/ HM,, of strong Maltsev
conditions. The proof of the 1999 theorem is based on a careful analy-
sis of various Maltsev conditions equivalent to HM. A novel feature of
the proof is that it deals only with the local effects of HM on nonsolv-
able intervals in congruence lattices of algebras in a variety V satisfying
some HM,,. Namely, we prove that every nonmodular interval in a con-
gruence lattice contains what we call a “solvability obstruction”. We
use HM,, to introduce a rank function on solvability obstructions that
appear in congruence lattices of algebras in V. Then we prove that

o

FIGURE 1.5.

for every solvability obstruction that appears in the interval I[3,q]
of some copy of N5 in some congruence lattice there is associated a
solvability obstruction of strictly smaller rank in the interval I[o,~]
(cf. Figure 1.5). By iterating this observation, one obtains that deeply
nested copies of N5, as depicted in Figure 1.6, can appear as a sub-
lattice of a congruence lattice of an algebra in ) only if solvability
obstructions of large rank exist. We complete the proof by proving
that the complexity of HM,, induces a uniform (finite) bound on the
rank of solvability obstructions throughout V), hence for some ¢ it is not
possible to embed Ny, 5 into the congruence lattice of any member of
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To
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Oy
01
00

FIGURE 1.6. The lattice Ny 5

V. This fact is converted into a nontrivial congruence identity satisfied
by V.°

This theorem gives a simple answer to the question “Which varieties
satisfy nontrivial congruence identities?”” But more importantly, the
effort to prove the theorem answers the questions “Which varieties
have trivial rectangular commutator?” and “What kinds of restrictions
on congruence lattice shapes are linked to having trivial rectangular
commutator?” | since the combination of Theorems 5.25 and 7.15 prove
that a variety V satisfies a nontrivial congruence identity if and only if
the rectangular commutator is trivial throughout V.

This monograph contains many characterizations of the class of va-
rieties whose rectangular commutator is trivial: by the shapes of con-
gruence lattices in these varieties and by the Maltsev conditions they
satisfy (see, for example, Sections 5.3, 7.2 and 8.2). But it also contains
characterizations of other classes of varieties with parallel descriptions.
Namely, we consider the classes of varieties (i) whose strong commuta-
tor is trivial (Sections 3.1, 4.2 and 4.3), (ii) whose strong rectangular
commutator is trivial (Sections 3.2, 4.2 and 4.3), (iii) whose TC com-
mutator is trivial (Section 8.1), and (iv) whose rectangular and TC
commutators are both trivial (Section 8.3). These characterizations of
classes of varieties are also in terms of the shapes of congruence lattices

9t is interesting that Dedekind’s investigation into the arithmetic of congru-
ences of (C; +, —, 0) led to the law postulating the omission of sublattices isomorphic
to N5, while the natural extension of that investigation to arbitrary algebras leads
to “generalized modular laws” postulating the omission of sublattices isomorphic
to Nyy5 for some £.
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in these varieties and the Maltsev conditions they satisfy. One byprod-
uct of this investigation is our first real understanding of congruence
join semidistributivity: a variety ) is congruence join semidistributive
if and only if it is congruence meet semidistributive and satisfies a non-
trivial congruence identity (equivalently, if all commutators trivialize
throughout V).

We end the monograph with a chapter on residually small varieties
satisfying congruence identities (Chapter 9). The main result of this
chapter is that a residually small variety satisfies a congruence identity
if and only if it is congruence modular, hence McKenzie’s Conjecture
is true for residually small varieties. We apply the main result of the
chapter to show that there is no “almost congruence distributive” va-
riety that satisfies a nontrivial idempotent Maltsev condition.

Ten open problems are posed in this monograph (six in Chapter 4,
one in Chapter 6, and three in Chapter 9).



CHAPTER 2

Preliminary Notions

Here we fix notation and introduce definitions and results with the
purpose of providing a bridge from standard material to the material
in this monograph.

In this chapter and the sequel we use the following conventions
concerning notation. The set of natural numbers is w. The first natural
number is 0. Sequences or tuples of elements from a set X are written
in boldface, as in x € X (or x € X™ if the length n is to be specified).
The i-th coordinate of the tuple x is written in italic as z;. If two
sequences x,y € X have the same length and R is a binary relation
on X, then we may write x =y (mod R) or x =gp y or x R y to
mean that (z;,y;) € R for all i. If R is a binary relation on X, then
the set X™[R] consists of the tuples x € X" such that z; =g z; for
all 1 <1 < 75 < n. The projection of a subset S C Hiel X, onto
a subset of coordinates J C I is denoted 7;: S — H]EJ X, and its
kernel is denoted n;. If 6 is an equivalence relation on [] jes Xj, then
0 denotes 7, (0) (so 05 = ny). When J = {j}, then we write m;,7;
and 0; instead of 7y, ¢,y and O;y. Expressions A := B or B =: A
mean “A is defined by B”.

non-empty set

2.1. Algebras, Varieties, and Clones

An algebra is a model of a 1-sorted first-order algebraic language.
o fix conventions, an algebraic signature is a pair o := (F, «) where
is a set (of operation symbols), and «: F' — w is a function (assigning
rity). An algebra of signature o is a pair A := (A; F') where A is a
set, called the universe of A, and for each f € F with a(f) = k there
is an assigned k-ary operation fA: A* — A. The operations f# are
called the basic operations of A.

If Y is a set that is disjoint from F', then T'(Y') is the smallest set

of words in the alphabet F'UY satisfying

(i) Y CT(Y), and
(i) if f € F, a(f) =k and g1,...,gx € T(Y), then fg;---gx €
T(Y).
14
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When YV = X := {z; | 1 <i < w}, then T(X) is the set of terms of
signature o, and its members are called terms. When Y = X, :=
{z1,...,z,}, the members of T'(X,) are n-ary terms.

T(Y) has a canonical structure of an algebra of signature o. If
f € F has arity k, then in the term algebra T = T(Y’) the operation fT
is defined so that if ¢1,...,gx € T, then fT(g1,...,9%) = fg1- g €
T. If A is an algebra of signature ¢ and ¥ = X or X, then an
assignment in A of the variables Y is a function v: Y — A. It
follows from the unique readability of terms that any assignment v
extends uniquely to an algebra homomorphism v: T — A; ie., T is
free over Y in the class of all algebras of signature o. If ¢t € T, then
both v(t) and t(v) denote the image of ¢ under .

If A is an algebra of signature ¢ and ¢t € T(X,,), then ¢ deter-
mines an n-ary term operation on A, t4: A" — A, defined by
(a1,...,a,) +— t(v) where v: X,, — A is the assignment x; — a;.
These remarks apply in the case where A = T = T(X,), and show
that, if t € T(Xy) and g1,...,9xr € T(X,), then there is a term
t(g1,---,9%) = tT(g1,...,gr) € T(X,). It can be proved by induc-
tion that, in this notation, the term t(xy,...,x) is simply ¢ itself.

The language L associated with the signature o is the set of first-
order formulas in this signature. Parentheses may be added to formulas
to improve readability. An identity in the language L is an atomic
L-formula, which is a formula of the form p ~ ¢ where p, ¢ € T'(X,,) for
some n. A satisfies p ~ ¢, written A = p = ¢, if p(v) = ¢q(v) for every
assignment in A (equivalently if p» = ¢*). A class of algebras in the
language L is a variety if it is definable as the class of all L-algebras
satisfying some set of identities. The smallest variety containing an
algebra A is denoted V(A).

A quasi-identity is an open first-order formula of the form

where p ~ ¢ and each p; = ¢; is an identity.
A clone is a multisorted structure C = (Cy, C1, . ..; F'), with sorts
indexed by w, where

(i) Each of the sorts C;, i € w, is a set.
(i) F={n|necw,1<i<n}U{comp]” | m,n € w}) is a set of
operations between the C.
(iii) Each 7" is a O-ary operation (a constant) in C,,.
(iv) comp™: C,, x (C,)"™ — C,, is an (m + 1)-ary operation.
(v) compp(f,n},..., ) = f and comp] (7", fi,...., fm) = [i.
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(vi) comp? (f,comp! (g1, h1,..., hy),...,compl (gp, h1,... hy)) =

compy (comp? (f,g1,...,9p),h1,..., hy).

For an example of a clone, take (', to be the set of n-ary L-terms, take
7' to be z;, and take comp]' to be the composition of an m-ary term
with m n-ary terms. This is the clone of L-terms. The clone of A
when A is an algebra is defined similarly using the term operations of
A instead of the L-terms.

It is evident that clones are multisorted algebras defined by identi-
ties, hence the class of clones is a multisorted variety. This implies that
the usual algebraic notions apply to clones. In particular, a sequence

h:(ho,hl,...):C—>D

is a homomorphism between clones if each h;: C; — D; is a func-
tion, and the sequence h preserves the clone operations of composition
and projection. The notions of kernel and quotient are defined in the
obvious way.

Let V be a variety of 1-sorted algebras in the language L. The
clone of V, denoted Clo(V), is that quotient of the clone of L-terms
that is obtained by identifying terms p, ¢ € C,, if p & ¢ is satisfied by all
algebras in V. The correspondence V — Clo(V) is essentially bijective.
Namely, each variety V is assigned the clone Clo(V), and each clone
C is assigned a variety Var(C) which we define now. The operation
symbols of Var(C) are J,,, C; where the arity of f € C), is defined to
be n. The identities defining Var(C) are of two types:

(i) projection identities: 7" (xy,...,x,) ~ x; for each 1 < i < n,
and
(ii) composition identities:

flz, . xn) = glhi(xy, .o xn), o b1, -0 2))

whenever the equality f = comp!(g, hy, ..., hy) holds in C.

It can be shown that C = Clo(Var(C)) holds for any clone C, while V is
definitionally equivalent to the variety Var(Clo(V)) for any variety V.

We write Y <V if there is a homomorphism h: Clo(U/) — Clo(V).
This notation is used to express the fact that the algebras in V have
an underlying U-structure.

2.2. Lattice Theory

A partial lattice is a structure P = (P;V, A, <) where (P; <) is
a partially ordered set and V and A are partial binary operations on P
(called join and meet respectively) such that, if @ V b is defined, then
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it is the least upper bound of a and b in (P; <), and if a A b is defined,
then it is the greatest lower bound of a and b in (P;<). A lattice
is a total algebra L = (L;V,A) on which there is an order making
(L; vV, A, <) a partial lattice.

If + < y in some lattice L, then the interval between them is
Iz, y] == {2z | < 2z < y}. A lattice ideal of L is a subset [ C L
closed under join (z,y € =2 Vy € I) and close downward (z €
I & 2 < x=2z € I). The dual concept is a lattice filter. The
principal ideal determined by = € L is (2] :== {2 | 2 < z}. The
collection Z(L) of all ideals of L, ordered by inclusion, is the ideal
lattice of L. If I, J € Z(L), then I A J = 1N J and

IVJ={z|3zel,ye Jz<zVy)}

Lattice terms may be called words. If p and ¢ are n-ary lattice
words, then the inclusion p < ¢ is satisfied by a lattice L if and only if
p < ¢ in the pointwise order. Therefore L satisfies p ~ ¢ if and only
if it satisfies both p < ¢ and ¢ < p. Note also that p < q is satisfied by
L if and only if the identity p ~ p A ¢ is satisfied by L. It follows that
a class of lattices is definable by identities if and only if it is definable
by inclusions. The variety of all lattices is denoted L.

If @ is the lattice quasi-identity A(p; =~ ¢;) — (p = q), then the
@-configuration is a pair (P(Q),p =~ ¢) where P(Q) is the natural
partial lattice of subterms of terms of (). That is, P(Q) is the partial
lattice presented by (G | R) where G is the set of subterms of terms
appearing in ) and R consists of relations of the following types: if
s,t and s V t are subterms, then R contains a relation expressing that
sV t is equal to the join of s and ¢, R contains similar relations for
meet, and for each premise p; =~ ¢; of () the set R contains the relation
p; = q;- It is not assumed that R contains p = ¢ where p ~ ¢ is the
conclusion of (). This definition exists to make the following statement
true: an assignment of the variables of ) in a lattice L which satisfies
the premises of () determines and is determined by a homomorphism
of partial lattices ¢: P(Q) — L, and the assignment will satisfy @

precisely when ¢(p) = ¢(q).

DEFINITION 2.1. The meet semidistributive law is the quasi-
identity

(2.1) (pAg)=s)&((pAr)=s)— ((pA(gVr)) =s),

and the join semidistributive law is the dual quasi-identity.

Quasi-identity (2.1) is equivalent to
22)  (prg=s)&(pAr)=s)&((gvr)=p)— (p=s).
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The reason this is so is that any assignment of variables which fails to
satisfy (2.2) will also fail to satisfy (2.1), while conversely if p — a, ¢ —
b,r — ¢, s — d is an assignment of variables in some lattice that fails to
satisfy (2.1), then p — aA(bVc),q — b,r +— ¢, s +— d is an assignment
that fails to satisfy (2.2).

The SD,-configuration is the Q)-configuration where @) is quasi-
identity (2.2). More explicitly, let P(SD,) be the partial lattice gener-
ated by {p,q,r,m,j} where m =pAqg=pArand j=qVr>p. Then
the SD-configuration is (P(SD,), p &~ m). An SD,-failure in a lattice
L is an interval of the form I = I[¢p(m), p(p)] where ¢: P(SD,) — L
is a homomorphism of partial lattices. This SD-failure is trivial if [
has one element and is nontrivial otherwise. The SD,-configuration
and SD,-failures are defined dually. Thus a lattice is meet semidis-
tributive if and only if it has no nontrivial SD ,-failures.

For finite lattices, or for varieties of lattices, the meet and join
semidistributive laws are characterized in the following theorem.

THEOREM 2.2.

(1) (Cf. [7]) A finite lattice is meet semidistributive if and only
if it has no sublattice isomorphic to Mz, Dy, E;, Ey and G.
(These are five of the following siz lattices.)

N7
Q& &

(2) (Cf.[41]) A variety of lattices consists of meet semidistributive
lattices if and only if it does not contain Mz, Dy, E{, Ey or G.

FIGURE 2.1.
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The dual results hold for join semidistributivity in place of meet semidis-
tributivity.

DEFINITION 2.3. Whitman’s condition, denoted by (W), is the
formula

(xAy < uVo) — ((z < uVvo) or (y < uVo) or (zAy < u) or (zAy < v)).
This condition may be written a little more compactly as:
rAy<uVwo implies {z,y,u,v}NI[zxAy,uVz]#0.
All lattices depicted in Theorem 2.2 satisfy (W).

DEFINITION 2.4. A quasi-identity A}, (p; = ¢) — (p = ¢) in k
variables satisfies (W) if the lattice with the presentation (G | R) sat-
isfies (W), where G = {g1,..., 91}, € = (91,--.,9%) and R = {pi(g) =
71(8), -+ Pn(8) = 4n(8)}-

Note that whether or not a quasi-identity satisfies (W) depends
only on its premises. It is proved in [6] that a quasi-identity () satisfies
(W) iff the associated partial lattice P(Q) satisfies (W). Since P(Q)
is finite, this yields an algorithm for testing a quasi-identity for (W).
It is noted in [6] that the meet semidistributive law satisfies (W), and
that more generally any quasi-identity whose premises are free of joins
(as in form (2.1) of the meet semidistributive law) satisfies (W). These
remarks also apply to the join semidistributive law.

DEFINITION 2.5. A surjective lattice homomorphism h: K — L is
upper bounded if each kernel class has a largest element, is lower
bounded if each kernel class h™'(a), a € L, has a least element, and
is bounded if it is both lower and upper bounded. A lattice L is (up-
per, lower) bounded if there is a surjective (upper, lower) bounded
homomorphism h: Fg(zq,...,2,) — L from a finitely generated free
lattice onto L.

Any lower bounded lattice is join semidistributive (Theorem 2.20
of [16]). Chapter 2 of [16] describes an effective algorithm for testing
if a finite lattice is lower or upper bounded. We shall not have cause to
use this algorithm, but for later reference we point out that D; is the
only lower bounded lattice depicted in Theorem 2.2. The others are
excluded because they are not join semidistributive, while the lower
boundedness of D; is proved one way in Example 2.74 of [16] and
differently in Table 3 of [64].

DEFINITION 2.6. An algebra P is projective relative to a variety V
if whenever o: A — B is a surjective homomorphism between algebras
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of V and ¢: P — B is a homomorphism, then there is a homomorphism
©p: P — A such that c 09 = ¢.

When V is a variety of lattices, we may call a partial lattice P pro-
jective relative to V if it satisfies the homomorphism lifting property

of this definition. remove

THEOREM 2.7. If V s a variety of algebras and P 34 subdirectly
wrreducible and projective relative to V, then there is n identity €
such that for all A €V it is the case that A |= € if and only if A has
no subalgebra isomorphic to P.

PROOF. Let U consist of all members of V that have no subalge-
bra isomorphic to P. U is closed under the formation of homomorphic
images because P is projective relative to V, U is closed under sub-
algebras by definition, and U is closed under products because P is
subdirectly irreducible. By Birkhoff’s HS P Theorem, U/ is a subvari-
ety of V. Since P ¢ U, there is an identity ¢ that is satisfied in U but
not by P. Necessarily ¢ fails in every member of V —U, so this identity
has the property stated in the theorem. O]

We call the identity € of Theorem 2.7 the conjugate identity for
P.

We shall have occasion to refer to the following closely-related re-
sult.

THEOREM 2.8. If Q) is a quasi-identity and P(Q) is projective rel-
ative to V), then the class of lattices in V that satisfiy Q) is a subvariety
of V.

PROOF. As above, let U consist of all members of V that satisfy Q.
U is closed under the formation of homomorphic images because P(Q)
is projective relative to V, U is closed under subalgebras and products
because () is a quasi-identity. O
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2.3. Meet Continuous Lattice Theory

A lattice is meet continuous if it is complete and the binary meet
operation distributes over arbitrary up-directed suprema. That is, for
every up-directed set D,

(2.3) x/\\/y:\/a:/\y.

yeD yeD

Every algebraic lattice is meet continuous (Lemma VIII.5.2 of [1]).
The language of meet continuous lattices has operation symbols
{V, A} where V is a class of k-ary join operations for all x > 0 and
A is binary meet. The O-ary join is a constant that interprets as the
least element and is denoted 0. The fact that A is a meet operation is
expressible by identities in the same way that it is expressed in lattice

theory. As with binary join, it is easy to express with identities remove "by

fact that x-ary \/ is k-ary join with respect to the A-order. To

arbitrary sets rather than up-directed sets. This is done by by replacing
an arbitrary join with the up-directed supremum of its finite sub-joins:

has this notation
been defined?

Ve v (env)

ver FoCF y&Fo

Fo finite

The category Lj;c of meet continuous lattices with joii complete
homomorphisms has a forgetful functor F': Ly, — L t¢'lattices that
forgets all join operations except the binary join. Thegrem 2.9, which
is essentially due to Ralph Freese, asserts that this functor has a left
adjoint given by the ideal lattice functor. Hergq4f h: K — L is a
homomorphism between lattices, then Z(h): Z(K) — Z(L) is defined
by

Zh)(I)={z€ L |3z e l(z<h(x))}.

THEOREM 2.9. Restriction to L is a natural bijection
|: Lare(Z(L),K) — L(L, F(K)).

(We are identifying L with the sublattice of Z(L) consisting of prin-
cipal ideals.)

Proor. If h: Z(L) — K is a meet continuous lattice homomor-
phism, then the restriction h|p: L — F(K) is evidently a lattice ho-
momorphism (since lattices are reducts of meet continuous lattices).
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If g: L — F(K) is a lattice homomorphism, then it is proved in
Lemma 5.1 of [15] that the function

§:I(L) - K: I \/{g(z) |z €T}

is a meet continuous lattice homomorphism whose restriction to L is g.
It is the unique extension of g to Z(L), since Z(L) is generated under \/
by L. This proves that restriction to L is a bijection between hom-sets.
The naturality is left as an exercise. (See Chapter IV of [63] for the

SET to L (given by the free lattice and forgetful functors) to

free

produce A left adjoint SE7 — L i r mc to the composite forgetful
functor Lypgq — £ — SET. This adjoint establishes the existence and
structure of of free meet continuous lattices.

COROLLARY 2.10. IfF = F(X) is the free lattice generated by X,
then Z(F) is a free meet continuous lattice over the set {(z] |z € X}.

Since Ly;c is definable by identities and has free algebras of all
ranks, Birkhoff’s HSP theorem is valid for £,;c: a subclass of L,/ is
definable by identities if and only if it is closed under the formation
of homomorphic images, subalgebras and products. Hence the proof
of Theorem 2.7 is valid for varieties of meet continuous lattices. Us-
ing known methods it can be shown that the projective subdirectly
irreducible members of L), are the finite, lower bounded, subdirectly
irreducible lattices satisfying (W). This includes all lattices that are
projective and subdirectly irreducible in £, along with some others
(such as Dy).

2.4. Maltsev Conditions

A strong Maltsev condition is a primitive positive sentence in
the language of clones. This means that it is a first-order sentence
of the form “3 A (atomic)” about clones. A Maltsev condition is a
countably infinite disjunction \/,. 0; where the o; are strong Maltsev
conditions that get weaker as i increases (i.e., o; F 0,41 for all 7). A
variety satisfies a (strong) Maltsev condition if its clone does.

The concept of a Maltsev condition can be reformulated in terms
of clone homomorphisms. To each strong Maltsev condition 3F A X
corresponds a finite presentation (F' | ¥) of a clone. If U is a variety
whose clone has this presentation, then V satisfies the strong Maltsev
condition 3F A\ ¥ if and only if &/ < V. Similarly, to each Maltsev con-
dition \/iew o, corresponds a sequence - - - < Uy < U; < Uy of varieties
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with finitely presented clones. A variety V satisfies \/,., o; if and only
if U; <V for some 1.

Our practice will be to express Maltsev conditions informally. For
example, we will express the fact that variety V satisfies the strong
Maltsev condition

(2.4)  3p (compi(p, 7,75, m5) ~ m; & comps(p, m5, 75, T) A~ ),
which expresses the fact that V has a Maltsev term, by saying that
V has a ternary term p such that the identities p(x,y,y) ~ x and
p(y,y,x) =~ x hold in V.

An n-ary element f of a clone C is idempotent if

comp!(f, 71, 7m,..., ) =m.
If C is the clone of a variety V, this means that f(z,z,...,z) ~ z is

satisfied in V. The idempotent elements of C form a subclone, Id(C).
The idempotent reduct of V is the variety Id(V) := Var(Id(Clo(V)))
that is associated to the idempotent subclone of Clo(V). A (strong)
Maltsev condition is idempotent if for each term f in the condition
the identity f(z,z,...,x) & z is a consequence of the identities of the
Maltsev condition.

Two (strong) Maltsev conditions are equivalent if they define the
same class of varieties.

LEMMA 2.11. Any idempotent strong Maltsev condition is equiva-
lent to one of the form IF \X where F = {h,k}, h is n-ary and k is

n2-ary, and X consists of the identities

(i) h(z,z,...,2) =z,

(i) k(z11, - Ton) = A(h(211, . 210), oo o R(Tp1y - oo Tan)), plus
(iii) finitely many identities of the form k(variables) ~ k(variables).

The proof of this lemma is part of the proof of Lemma 9.4 of [34].

A strong Maltsev condition 3F A ¥ is linear if each identity in 3
has the form p(variables) ~ g(variables) where p,q € F' U {variables},
while a Maltsev condition \/iEW o; is linear if each o; is.

LEMMA 2.12. Any idempotent linear strong Maltsev condition is
equivalent to one of the form IF \X where F = {f}, and X consists
of the identities

(i) f(z,z,...,x) = x, plus
(i) finitely many identities of the form f(variables) = f(variables).

This is proved by slightly modifying the proof in [34] of the preceding
lemma.
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All of the Maltsev conditions considered in this monograph are
idempotent and linear, and will usually be expressible in the form
described in Lemma 2.12 using only two variables. We introduce a
notation for such 2-variable Maltsev conditions now.

Let f be an n-ary operation symbol and let N = {1,...,n}. For
each U C N, let fy(z,y) denote the term obtained from f(x1,...,z,)

['variables"

f(variables) ~ f(variables)

that uses only the variable x and y may be rewritten in the form
fu(z,y) = fy(x,y) where U is the set of positions where z appears
on the left of the identity and V is the set of positions where = ap-
pears on the right. This particular identity may be abbreviated by
U = V. In order to encode a family F of 2-variable identities of the
form f(variables) ~ f(variables), we define B(f) to be the Boolean
algebra of subsets of NV equipped with an equivalence relation E where
U =g V holds if and only if fy(z,y) =~ fv(x,y) is a consequence of the
identities in F.

ExAMPLE 2.13. The statement that p is a Maltsev term for V
may be expressed by saying that )V satisfies identities of the form
p(variables) = p(variables) if the idempotence of p is assumed, namely
by p(z,y,y) = p(z,z,x) and p(y,y,x) = p(z,z,x). In this case, N =
{1,2,3} and B(p) is the Boolean algebra of Figure 2.3 equipped with

N
{1,2} ’ . ‘ {2,3}
{1} {3}

0

FIGURE 2.3. B(p)

an equivalence relation F where N =g {1} =g {3}, since p(x,z,z) ~
p(z,y,y) = p(y,y, ) are consequences of the starting identities, and
0 =g {1,2} =g {2,3}, since p(y,y,y) ~ p(x,z,y) = p(y,x,x) are also
consequences.
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A subset of B(f) is closed if it is a union of E-classes.
The next theorem is due to Walter Taylor.

THEOREM 2.14. The following are equivalent for a variety V.

(1) V satisfies a nontrivial idempotent Maltsev condition (i.e., one
that fails in some variety).

(2) V satisfies an idempotent Maltsev condition that fails in the
variety of sets.

(3) For somen,V has an idempotent n-ary term f such that B(fH2.14

has no closed ultrafilter.

PROOF. See Corollary 5.3 of [77].

We will make frequent use of Theorem 2.15, so we introduce the
following terminology.

DEFINITION 2.15. A term f is a Taylor term for a variety V if
V satisfies f(z,z,...,x) ~ x and enough other identities of the form
fu(z,y) = fv(x,y) so that B(f) has no closed ultrafilter.

Note that the word ‘linear’ does not appear in Conditions (1) and
(2) of Theorem 2.14 although the Maltsev condition from (3) is linear.
The fact that any variety satisfying a nontrivial idempotent Maltsev
condition also satisfies one that is linear is the nontrivial part of the
theorem.

Condition (3) of Theorem 2.14 means that if U is the ultrafilter of
subsets of N containing the singleton {i}, then U is not closed, i.e.,
there is some U € U and some V ¢ U such that V satisfies fy(z,y) ~
fv(z,y). Another way to express Condition (3) is that, for each 1 <
i < n, V satisfies an identity of the type f(variables) ~ f(variables)

where all variables are x or y, and z appears in the i-th position on
left while y appears in the i-th position on the right. An identit
boolean algebra, a v y app ) p . . & M
lattice filter is th e will be called an i-th Taylor identity for f.

attice filter s the imilar to Taylor’s was discovered by David Hobby and

same thing as a Ralph McKenzie:
principal filter.

since B(f) is a finite

THEOREM 2.16. ollowing are equivalent for a variety V.

(1) V satisfies an idem

variety of semilattices.

(2) For somen, V has an idempo -ary term f such that B(f)
has no closed, proper, nonempty Tattice filter.

PROOF. See Lemma 9.5 of [34]. O

ent Maltsev condition that fails in the

DEFINITION 2.17. A term f is a Hobby-McKenzie term for a
variety V if V satisfies f(z,z,...,x) ~ x and enough other identities
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of the form fy(x,y) ~ fy(x,y) so that B(f) has no closed, proper,
nonempty lattice filter.

The term p from Example 2.13 is a Hobby-McKenzie term, and
therefore also a Taylor term. To see this, suppose that F is a closed,
proper, nonempty lattice filter of B(p). Then since F is a nonempty
filter it contains the top element N. Since F is closed it must contain
{1} (=g N) and also {3} (=g N). Since F is a lattice filter, it contains
{1} N {3} = (. But any lattice filter containing () is improper.

2.5. The Term Condition

Let A = (A; F') be an algebra. An n-ary relation R C A" is com-
patible if it is a subalgebra of A™. If B is a subalgebra of A, then
the restriction of a relation R C A™ to Bis R|g := RN B™. If § is
a congruence on A, then R/6 := {(a1/6,...,a,/9) | (a1,...,a,) € R}.
Both R|g and R/d are compatible if R is. If 4 is a congruence, then R
is 0-closed if R=00Rod. (Le.,ifadb Rcddimplies a Rd.)

A compatible, reflexive, symmetric binary relation is called a tol-
erance. We will usually denote tolerances by upper case italic letters:
R,S,T,.... A compatible equivalence relation (i.e., a transitive toler-
ance) is a congruence, and congruences will usually be denoted by
lower case Greek letters: «, 3,7, .... The tolerance or congruence gen-
erated by set X C A x A is usually denoted by Tg®(X) or Cg®(X)
respectively, although if X contains only a few pairs then we may write,
for example, Cg*(a, b) or Cg*((a,b), (c,d)) instead. If T is a tolerance
on A, then a maximal subset B C A such that B x B C T is called a
block of T'. If T' is in fact a congruence, then a block is the same thing
as a congruence class. A tolerance or congruence is trivial if it is the
equality relation and nontrivial otherwise.

The collection of congruences on A, ordered by inclusion, is an al-
gebraic lattice which is denoted Con(A). Its least and largest elements
are denoted 0 and 1. Meet and join are denoted A and V and are com-
puted by a A = angand aV f = tr.cl.(aU3) where tr.cl. represents
transitive closure.

An m-ary polynomial operation of A is an operation f: A™ — A
such that f(xy,...,2,) = t*(21,..., 2y, a) for some (m + n)-ary term
t and some tuple a € A".

If S and T are tolerances on A, then an S,T-matrix is a 2 x 2
matrix of elements of A of the form

][ e



2.5. THE TERM CONDITION 27

where f(x,y) is an (m + n)-ary polynomial of A, a S b, and u T v.
The set of all S, T-matrices is denoted M (S, T).

Since tolerances are compatible with all polynomial operations, any
two elements in the same row of an S, T-matrix are T-related and any
two elements in the same column are S-related.

The fact that S and T" are symmetric relations implies that M (S, T)
is closed under interchanging rows or columns:

[p q} e M(S,T) < {T 3} e M(S,T) & [S "’] e M(S,T).
r.s p g q p
If S =T, then M(S,T) = M(T,T) is also closed under transpose, as
one sees by interchanging the roles of x and y in the polynomial f(x,y)

that defines a given matrix.

DEFINITION 2.18. Let S and T be tolerances on an algebra A, and
let & be a congruence on A. If p =5 ¢q implies that r =5 s whenever

(2.5) H z] e M(S,T),

then we say that C(S,7T;0) holds, or S centralizes 7" modulo §.

By interchanging the rows of matrices one sees that C(S,T’; 0) holds

if and only if
P =sq < r=sS
for every S, T-matrix in (2.5).

The S,T-term condition is the condition C(S,7T;0). There are
other similar conditions called term conditions that we will meet later,
but this is the original one.

When establishing that the implication defining C(S,T'; §) holds, or
when making use of the fact, we may use underlining to highlight places
in equations or expressions where changes are to be made. For example,

we may write the implication defining C(.5,7T;0) in the following form:
If

fla,u) =5 f(a,v),
then
f(b,u) =5 f(b,v).

The relation C( , ; ) is called the centralizer relation. The
reason that this terminology is used is that when A is a group and
S,T and 0 are congruences on A, then C(S,T;0) holds if and only if
[S,T] < § (see Chapter 1 of [19]).

The basic properties of the centralizer relation are enumerated in
the following theorem.
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THEOREM 2.19. Let A be an algebra with tolerances S, S",T,T" and
congruences o, o, 3,6,0',6;. The following are true.

(1) (Monotonicity in the first two variables) If C(S,T;4) holds
and 8" C S, T C T, then C(S",T';0) holds.

(2) C(S,T;6) holds if and only if C(Cg™(S),T;8) holds.

(3) C(S,T;0) holds if and only if C(S,6 0T o0d;0) holds.

(4) If TNo =TNJ, then C(S,T;8) holds if and only if C(S, T} ")
holds.

(5) (Semidistributivity in the first variable) If C(«ay, T'; §) holds for
alli € I, then C(\/,.; o, T;0) holds.

icl
(6) If C(S,T;6;) holds ]%07” all j € J, then C(S,T; /\jEJ d;) holds.
(7) If TN (So(T'NJ)oS) C 4, then C(S,T;3) holds.

(8) If BN (aV (BAG)) <6, then C(a, 3;6) holds.

(9) Let B be a subalgebra of A. If C(S,T;4d) holds in A, then

C(S‘B,T‘B, 5‘]3) holds in B.
(10) If &' <9, then the relation C(S,T;4) holds in A if and only if
C(S/6',T/0';0/d") holds in A/

PRrOOF. Item (1) follows from the fact that M(S',T7") C M (S, T).

For (2), C(Cg™(S),T;8) = C(S,T;6) follows from (1), since S C
Cg™(S). For the reverse implication (and also for the proof of item (5)),
we will argue that if S;, is a tolerance, C(S;,T;0) holds for all i € I,
and « := tr.cl. (U,.; Si), then C(, T;6). (To complete the proof of
(2) we need this only when |I| = 1, while in (5) we need it only when
the S; are congruences.)

Choose any matrix in M(a,T). If it is

[ a] [ flaw san)]

then a is related to b by tr.cl. (Uze[ SZ-), so there exist tuples a =
ap Si;, a1 S, -+ 5;, a, = b. These tuples determine matrices

[ P }::{ flag,a)  f(ay, v) ]EM(SZ'

T).
Pit1 Qrt1 flags,u) f(agi, v) )

k+17?

We must show that p =5 ¢ implies r =5 s, so assume that p =5 ¢. This is
the same as py =5 qo, and so by induction (using that C(S;,,7";0) holds
for all k) we get that py =5 g for all k. Therefore r = p,, =5 ¢, = s.
This completes the proofs of (2) and (5).

For (3), the implication C(S,§oT 0d;0) = C(.5, T ) follows from
(1), since T'C d o T o . For the reverse implication, assume that
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C(S,T;4) holds, that
pq|_| flau) flav)
l ros } - l fbu) f(b,v) | € MS00T00),
and that p =5 ¢. There exist tuples u’ and v’ such thatud u’ 7'v' 0 v.

The matrix o / /
3 ]=[e )

T S

is an S, T-matrix. Moreover,
p'=flau)d flau)=pdg=flav)df(av)=q"
Since C(S,T;9) holds, it follows that r' =5 s’. Hence
r=f(byu)d f(b,u)=1r"86s = f(b,v)d f(b,v) =s,
or r =45 s. This establishes C(S,§ 0T 0 4;0).

For (4), recall that elements in the same row of an M(S,T) are
T-related. Therefore, if l ’f z ] € M(S,T), then since TNy =TnN4
we get that

P=sq <~ P=rms 4 <= P=rne 4 < P =v G,

and
Tr=sS <= T=1Tn§ S < T=7ns S <= T =g S.

Therefore the implication p =5 ¢g==1r =; s is equivalent to p =g
q—7r =4 S.

For (6), assume that {f CS] } € M(S,T). If p = ¢ (mod AJ9,),

then p = ¢ (mod §;) for all j. Since C(S,T’; ;) holds for all j we get
that r = s (mod 6;) for all j, or equivalently that » = s (mod A ;).
This shows that C(S,T; A\, ;) holds.

For (7), choose an S, T-matrix M = ‘f z . Assume that p =5 q.

Since the elements in the same row of M are T-related and the elements
in the same column are S-related, we have r S p T'Nd ¢ S s. Moreover,
r T' s since these elements belong to the same row. Together this yields
that r TN (S o (T'Nd)oS) s. By the assumption in (7), this implies
that r =5 s. This proves (7).

For item (8), if BA (aV (BA0)) <6, then BN (ao(BNd)oa) <4,
so C(a, 5;6) holds by (7).

Item (9) holds because any instance of the implication in Defini-
tion 2.18 defining C(S|s,T|B;d|s) in B is an instance of the implica-
tion defining C(S,77;0) in A.
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For item (10), it suffices to observe that, when ¢ <4,

DU | e sy

if and only if there exist p =5 p', ¢ =5 ¢/, r =s ', and s =¢ s’ with

{f z] e M(S,T),

and that p =5 ¢ & p'/0 =55 ¢' /6 and r =5 5 & ' /8 =55 s'/6'. [

DEFINITION 2.20. The commutator of S and T, denoted by [S, T,
is the least congruence § such that C(S,7;6) holds. T is abelian if
[T, T] = 0. An algebra A is abelian if its largest congruence is.

By Theorem 2.19 (6), the class of all § such that C(S,7';6) holds
is closed under complete meet, so there is a least such §. This implies
that [S, T exists for any two tolerances S and 7.

It is a well known fact, easily derivable from the definitions, that A

is abelian if and only if the diagonal of A x A is a class of a congruence
of A x A.

DEFINITION 2.21. The centralizer of 7" modulo ¢, denoted by
(0 : T), is the largest congruence a on A such that C(a, T ) holds.

By Theorem 2.19 (5), the class of all « such that C(a, T’ ) holds
is closed under complete join, so there is a largest such a. This implies
that (0 : T') exists for every 6 and 7. By Theorem 2.19 (2), the cen-
tralizer (6 : T') contains every tolerance S such that C(S,T’;0) holds.

2.6. Congruence Identities "of" lattices ...

If V is a variety of algebras, then any lattice identity that holds
in the class {Con(A) | A € V} of congruence lattices of algebras
in )V is called a congruence identity of V. The congrfuence va-
riety of V, denoted CON(V), is the subvariety of £/generated by
{Con(A) | A € V}, or alternatively is the variety fattices axioma-
tized by the congruence identities that hold in V. Similarly, a lattice
quasi-identity that holds in congruence lattices of members of V is a
congruence quasi-identity of V.

The following theorem will be used in several places in this mono-
graph.

THEOREM 2.22. (Cf. [6]) Let Q be a quasi-identity satisfying (W).
The class of varieties satisfying () as a congruence quasi-identity s
definable by a set of idempotent Maltsev conditions.
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Since congruence lattices are algebraic, and therefore meet con-
tinuous, it is reasonable to discuss meet continuous congruence
identities, which we define to be meet continuous lattice identities
considered as congruence identities. A meet continuous congruence
identity is trivial if it holds in the congruence lattice of every algebra
and nontrivial otherwise. It follows from Corollary 2.10 that free meet
continuous lattices are algebraic, so they are isomorphic to congruence
lattices according to the Grétzer-Schmidt Theorem [26]. Therefore a
meet continuous lattice identity is nontrivial as a congruence identity
if and only if it is nontrivial as a meet continuous lattice identity. Both
statements mean the identity fails in some algebraic lattice.

It is proved in [5] that the class of varieties that satisfy the meet
semidistributive law as a congruence identity is definable by a set of
idempotent Maltsev conditions. An examination of that argument re-
veals that what is really proved is that, modulo the axioms defining
Lo, the meet semidistributive law is equivalent to a meet continu-
ous lattice identity.! In the next theorem, we prove that many differ-
ent quasi-identities, including SD,, are equivalent to meet continuous
identities.

THEOREM 2.23. Let p,q,r,8,x1,...,%, be lattice variables. Define
t:=pA(qVr). Letwip,qr), 1 <1< m, beternary lattice words
such that w;(p,q,r) < q for some i, wj(p,q,r) < r for some j, and
wi(p,q,r) < t for all k in the free lattice ¥-({p,q,r}). For each i
let xf = (x; V s) At. For arbitrary n-ary lattice words u and v, the
quasi-identity
(2.6) /\(wi(p, q,7r)~s) —u(xl,...,x) =o(e],...,z))

i=1
15 equivalent to an identity in Lysc.

PROOF. For each i let f;(z) be the polynomial w;(p,q V x,r V )
of the free meet continuous lattice Fo = Fr,,.({p,q,r}). If 2 <t =
p A (qV r), then the idempotence of lattice words implies that for any
7 between 1 and m

z =wi(z,2,2) <wi(p,qVz,rVz) = fi(z)
(2.7) <wi(p,qVit,rvit) <wi(p,gVr,gVr)
<pA(lgvr)Vigvr)) =t
The underlined elements indicate why the principal ideal generated
by t = p A (qVr)is closed under each f;, and each f; is an increasing

n fact, what is really shown is that the partial lattice P(SDA) in the SD-
configuration is projective relative to Lysc.
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function on this ideal. It follows from this that the set of all elements of
the form f; o---0f;,(0),4; € {1,...,m}, is an updirected set of elements
below ¢. The supremum of this set, 6% (p, q,r) € Fy, w := (w1, ..., W),
is therefore the least common fixed point in Fy of the polynomials f;.
Since t = p A (¢ V r) is a common fixed point of the f; it follows that
oV <tinFy. Now, if ¢: Fy — L is a surjective homomorphism of meet
continuous lattices for which a = ¢(p),b = ¢(q) and ¢ = (r), then
(0™ (p,q, 1)) = 0% (a,b, c) is the supremum of all flo---o f(0), where
fE(x) == wkF(a, bV x,cVz). By an argument like the one used in (2.7),
each fI is increasing on the principal ideal generated by t%“(a,b,c) =
a A (bV ¢) and maps this ideal into itself. Hence 6% (a, b, ¢) is the least
common fixed point of the polynomials f& in L.

For each variable z;, set = = (z; V §"(p,q,7)) A t, which is an
element of F :=F.,,.({p,q,r, s,21,...,2,}). We are now prepared to
argue that quasi-identity (2.6) is equivalent to the identity

(2.8) w(al,. . ol =v(f, ... zh)

r¥n rn

in £ MC-

Assume first that L is a meet continuous lattice satisfying (2.8).
To show that L satisfies (2.6), choose any assignment of the variables
{p,q,r,s,x} — L that satisfies the premises of quasi-identity (2.6), and
let ¢: F — L be the extension of this assignment to a homomorphism.
Equivalently, choose a homomorphism ) so that if

(¥ (p), ¥(q), ¥(r), ¥(s), ¥ (%)) = (a,b,¢,d, g),

then wr(a,b,c) = d for all i. Define e := ¥(t) = a A (bV ¢) and
g; == (x}) = (g: Vd) A e. We must show that ul(g*) = v¥(g*).

Since w;(p,q,r) < ¢ for some i, w;j(p,q,r) < r for some j, and

w_i, nott i

q,7) < (pA(gVr)) <pforall kin Fy, it follows that

da, b, C) = wj(a, b, c) = wk(a7 b, c) <aA bAc ... of the f_i

ved =aAbAec
Therefore fF(d) =tF(a,bV d,cV d) =4, b,c) = d for all i, yielding
that d is common fixed point #ie f; in L. Since the meet continuous
sublattice Ly < L that is generated by a,b and ¢ contains d and has
0%V (a,b,c) as its least common fixed point of the f;’s, it follows that
¥(a,b,c) <d. Sinced=aANbAc< f1(0) <6Y(a,b,c), we even have
d = 6% (a,b,c). This implies that 1 (z;) = ¢(z}) = g;. This gives us
the desired result

where the middle equality is from (2.8).
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Now suppose conversely that L satisfies (2.6). To verify that L
satisfies (2.8), choose any variable assignment in L and extend it to a
homomorphism ¢: F — L. We must show that ¢(u(x")) = ¢ (v(x™)).
Since the variable s does not appear (2.8) we need only consider ho-
momorphisms v for which ¥ (s) = ¥(d%(p, q,7)), i.e., those of the form

(W), (), ¥ (r), ¥(s), ¥ (X)) = (a,b, ¢, 6% (a, b, ¢), 8).

Under such homomorphisms

(xf) = () = (9 V0¥ (a,b,c)) A(a A (bVe)).

The element § := 0%(a,b,c) is the least common fixed point of
the polynomials fl(z) := w%(a,bV x,cV x) in the meet continuous
sublattice of L generated by a,b and c¢. Thus, if #° := bV § and
& :=cVJ, we get that

0= fZL(é) = wi(aa bV (57 cV 5) = wi(@, bé, 66)
for all i. Thus, each premise w;(a, b, 05) = § of quasi-identity (2.6) is

satisfied by the variable assignment ¥°: (p,q,7,s,%x) — (a,b’,c,d,g).
Since L satisfies (2.6), we get that

(2.9) ut (P (x)) = (¥’ (x"))
holds in L, where
Vo (x) = (g: VO) A (a A (B V).

But 6%V (p,q,7) < pA(qVr)in Fg,,.{p,qr}), so d = ¥ (a,b,c) <
a A (bVc)in L. This yields the last equality in

aN(bVe)<aABVE)=an(bVeVe)=an(bVe).

This shows that a A (b° V ¢®) =a A (bV c), so ¢¥°(zF) = (g; V) A (a A
(bV ) = (z]). From this and (2.9) we derive that

Y(u(x®)) = ut (10 (x)) = v (0 (x) = Y (v(xh),
as\desired. This proves that (2.8) holds in L. O]

ARK 2.24. If L is meet continuous and satisfies quasi-identity
(2.6), thag for every homomorphism ¢ : F — L for which (p, ¢, , s, x) —
(a,b,c,d, g\and w;(a,b,c) = d for all 4, it must be that d is below
aAN(bVe) =e Call I:=I[del a “bad interval” in L if it arises
in this way from elements satisfying the premises of (2.6). For each
i, Y(x7) = (¢; Vd) Ne € I, and conversely for any h € I we have
h = (x}) if ¢ assigns h to z;. Thus, ¥ (z}) may be viewed as a typical
element of /. Altogether this means that the premises of (2.6) identify
which intervals are bad, and the quasi-identity itself asserts that all
bad intervals satisfy the identity u ~ v.
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If we choose m = n = 2, wi(p,q,7) = p Aq, wa(p,q,7) = pAr,
then the bad intervals are the SD,-failures. If u(xy,z5) = x; and
v(x1,T9) = x9, then (2.6) asserts precisely that all SD,-failures satisfy
T, & X9, i.e., they are trivial. These choices for w;, u and v show that
the meet semidistributive law is equivalent to a quasi-identity of type
(2.6), hence to a meet continuous identity.

Consider choosing the premises of (2.6) in the same way as in the
previous paragraph, but allowing v ~ v to be some other lattice iden-
tity. We obtain from Theorem 2.23 that the class of meet continuous
lattices whose SD ,-failures satisfy u & v is a subvariety of L.

Now consider modifying the choice of the premises of (2.6) from our
earlier choice, but keeping u(zy,z2) = 1 and v(xy, x5) = 5. In this
case, (2.6) still asserts that the bad intervals are trivial, but the bad
intervals need not be the SD -failures. Instead, the bad intervals are
those of the form I[d, e] where for some a, b, ¢ € L we have w;(a,b,c) = d
for all i and e = a A (bV ¢). A more direct way of asserting that I[d, €]
is trivial is to assert that e = d (where e = a A (bV ¢)). This is achieved
by rewriting quasi-identity (2.6) in the form

m

Awilp,q.r) = 5) = ((pA (g Vr) = s).

i=1

(2.10)

Quasi-identity (2.10) is equivalent modulo the identities defining lattice
theory to quasi-identity (2.6) when u(zy,x2) = 21 and v(zq, x2)
In particular, Theorem 2.23 proves that a quasi-identity obtained’from
the meet semidistributive law,

(PAq) = s)&((pAr)=s)—((pA(gVrT))

by adding additional premises of the form w;(p, q,r) =~ s is equivalent
to a meet continuous identity.

By examining the proof of Theorem 2.23 one finds that the bad
intervals in L associated to a quasi-identity of type (2.6) or (2.10) are
those of the form I[d, e] where for some a,b,c¢ € L it is the case that
d=0"(a,b,c) and e = a A (bV ¢). Since quasi-identity (2.10) asserts
only that bad intervals are trivial, a simpler meet continuous identity

do we need to

‘lassume that for

these w_i that w_i
(p,g,n) \le t?

equivalent to (2.10) is

(2.11) o(p,q,r) = (pA(gVr)).

It is not hard to describe explicitly the meet continuous i
is equivalent to the meet semidistributive law. Define lattice words
in the variables p,q,7 by qo = q, 1o = 7, gns1 = qV (p A 1,), and
Tne1 =7V (PAG). Let g =V, ¢ and let v, =\/, _ 7

n<w ' N

perhaps some
mention of the
origin of these
lattices words
should be made
here. They appear
in the work of
Czedli, as well as
in Hobby-
McKenzie, and for
all I know in other
work.
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COROLLARY 2.25. A meet continuous lattice is meet semidistribu-
tive if and only if it satisfies the identity

(2.12) pA(gVr)=pAq,.

ProoFr. This is an instance of the comments in the final paragraph
of Remark 2.24. For the choices wq(p,q,7) = p A ¢ and wq(p,q,r) =
p A r the polynomials f; that occur in the proof of Theorem 2.23 are
fiz) =pA(qVzx)=:g(x)and fo(x) =pA(rVz) =:h(x). Since these
are idempotent polynomials of F,,.(p,q,7), the words of the form
fiy0---0 f;,(0) that occur in the preceding proof reduce to alternating
compositions (gh)¥(0), (hg)*(0), g(hg)*(0), or h(gh)*(0). The join of
these words is 0% (p. 4, ) = V.-, (9h)*(0) = V., (hg)*(0). But g(0) —
PAG,M0) =p AT, gPATh) = PAGuyr and h(p A gn) = p A1y,
50 0V (P, ¢,7) = Vi oqa? N % = P N g by meet continuity, and also
M(P,¢,7) = Vi ewen P N7k = P AT,,. Hence the meet semidistributive
law is equivalent to p A g, = pA(gVr)ortopAr, ~pA(qVr) for
meet continuous lattices. U

This proof shows that p A g, = p A r,, so identity (2.12) can be
written as a weakened distributive law:

pA(gVr)=(pAq)V(AT,).



CHAPTER 3

Strong Term Conditions

In this chapter we introduce the term conditions that define strongly
abelian and strongly rectangular congruences. Our purpose is to show
that a variety satisfies a nontrivial idempotent Maltsev condition if and
only if it has no member with a nonzero strongly abelian congruence,
or equivalently has no member with a nonzero strongly rectangular
congruence.

3.1. Varieties Omitting Strongly Abelian Congruences

Ralph McKenzie introduced the notion of “strong abelianness” in
[66], and, with David Hobby, showed in [34] that it is a natural and
useful concept in the study of finite algebras. McKenzie also discov-
ered a quite different abelianness concept, called “rectangularity” in
[54], which made sense for finite subdirectly irreducible algebras with
nonabelian monolith, and which has applications to the study of resid-
ually small varieties.

In [49], we required a commutator theory associated to the strong
abelianness concept. In the process of developing one, we discovered
a new natural and useful type of abelianness resembling McKenzie’s
rectangularity concept that we will call in this monograph “strong rect-
angularity”. In [49] we developed a commutator theory for strong rect-
angularity, too. In this chapter we explore these two theories further.
In Chapter 5 we will introduce a new definition for McKenzie’s original
rectangularity concept that makes sense for any algebra, and initiate
the development of a commutator theory for it.

It is important to draw attention to the fact that we used the term
“rectangularity” in [49] for what will henceforth be called “strong rect-
angularity”.

DEFINITION 3.1. Let S and T be tolerances on an algebra A, and
let & be a congruence on A. If ¢ =5 r implies that r =5 s whenever

(3.1) “f Z} e M(S,T),

36
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then we say that SR(S,T;0) holds, or S strongly rectangulates T’
modulo 6. We say that S(5,T; ) holds, or S strongly centralizes
T modulo ¢ if SR(S,T;9) and C(S,T’;6) both hold.

A tolerance T is strongly rectangular if SR(7,7;0) holds, and
is strongly abelian if S(7',7";0) holds.

By interchanging the rows and columns of matrices one sees that
SR(S,T;0) holds if and only if

=57 <= PD=sqQ=sT =S < P=5S.

for every S, T-matrix in (3.1). It follows from this that SR(S,T’;0) is
equivalent to SR(T, S;9).

Now, and later, we must consider the issue of whether nonobvious
relationships hold among the term conditions that we introduce. For
example, is every abelian tolerance strongly abelian?! There is an all-
purpose example for answering this type of question, which may be
used to demonstrate the independence of any combination of the term
conditions that we define in this monograph.

EXAMPLE 3.2. Let X be a set and let M C X?*2 be a set of 2 x 2
matrices with entries in X. For M € M, let Yy = {anr, bar, unr, var}-
Let Y = UpemYur. Let A be the disjoint union X UY U{0}. For each

M = [ 27? g } € M define a binary operation fy; on A by

should be A(M)

fu(z,y) =

owmw I Q3

Let A(M) = (A;{fys | M € M}), R = TgA(
S =Tg*({(upr,var) | M € M}), and T = Tg*(RU S).

Cram 3.3. The following hold.

(1) M(R,S) consists only of the trivial R, S-matrices, namely those
of the form

pel e 2]

q q TS

with (p,q) € R and (r,s) € S, together with the closure of M
under interchanging rows and columns.

INo.
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(2) M(T,T) consists only of the trivial T, T-matrices together with
the closure of M under interchanging rows and columns and
under transpose.

We leave the proof of this claim as an exercise, guided by the fol-
lowing comments.

(i) The trivial matrices come from using a projection operation
as the term in the matrix.

(ii) Any nontrivial composition of fy,’s is zero, so only fu(x,y)
and f(y, ) can be used to create a nontrivial matrix. How-
ever fu(y,x) does not produce any nontrivial R, S-matrices.

We also leave the verification of the following as an exercise: the claim
remains true if you replace R, .S and T by the congruences they gener-
ate. And, as a final exercise: any failure of any term condition intro-
duced in this monograph must involve a nontrivial R, S or T, T-matrix.

What this means is that when considering relationships between
term conditions we may ignore any algebraic considerations and think
completely set-theoretically. If it is possible to write down matrices
whose patterns of entries formally conflict with the satisfaction of one
term condition but do not formally conflict with the satisfaction of
another, then it is possible to build an algebra that has matrices with
these properties (subject to the restrictions of (1) and (2) of Claim 3.3).

For example, to show that there exists an algebra that has an
abelian tolerance that is not strongly abelian, it is enough to observe
pqgf|_|01
rs| |10
conflicts with the satisfaction of SR(7,T;0) (since ¢ = r # s), but
does not formally conflict with C(7,T";0) (even after interchanging the
rows or columns, or taking the transpose). This suggests that we take
X ={0,1} and M = {M}. By Claim 3.3, the nontrivial 7', T-matrices

of A(M) are
01 10
[ 10 ] and { 01 ] .

This implies that the tolerance T on A (M) is abelian but not strongly
rectangular (hence not strongly abelian).

that any T, T-matrix of the form M = formally

In Lemma 2.2 of [49] we state and prove a result for SR( , ; )
similar to Theorem 2.19 for C( , ; ). These two results can be com-
bined to produce a similar result for S( , ; ). Here we describe only
the results about the strong centrality relation and the strong rectan-
gulation relation that will be used in this chapter.

to be consistent,
use "rectangularity”
instead of
“rectangulation”
here.
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THEOREM 3.4. Let A be an algebra with tolerances S, S', T, T" and
congruences 0,0',6;. Let Q =S or SR. The following are true.
(1) If Q(S,T;6) holds and S" C S, T" C T, then Q(S’,T";0) holds.
(2) If Q(S,T;6;) holds for all j € J, then Q(S,T; \;c;9;) holds.
(3) Let B be a subalgebra of A. If Q(S,T;9) holds in A, then
Q(S|s,T|B;d|B) holds in B.
(4) If &' < 6, then the relation Q(S,T;6) holds in A if and only if
Q(S/8',T)/8;6/0") holds in A/
G)IfTN(((SeT)Nnd)oS) C 6, then SR(S,T;0) holds. If
TN(So(T'Nd)oS) Cé also holds, then S(S,T;0) also holds.

PROOF. Items (1)-(4) are proved in exactly the same way as items
(1), (6), (9) and (10) of Theorem 2.19.

p

For item (5), choose any S, T-matrix M = [ . z . Assume that

r =5 q. Since the elements in the same row of M are T-related and
the elements in the same column are S-related, we have r S p T ¢
and r 6 ¢, sor (SoT)Né§ q. Sincer (SoT)Nd qgS sandr T s
we have (r,;s) € TN (((SoT)Nd)oS) C 4. Since M was chosen
arbitrarily, SR(S, T ) holds. If now TN (S o (T'Nd) o .S) C § also
holds, then C(S, T’ §) also holds by Theorem 2.19 (7). Hence S(S, T’ 0)
also holds. O

Theorem 3.4 (2) implies that for Q = S or SR there is a least §
such that Q(S,T’;d) holds, and we denote the least such 0 by [S,T]q.

LEMMA 3.5. Let V be a variety, let F = Fy(z,y) be the free V-
algebra over X = {x,y}, and let § = Cg¥(z,y). Let Q = S or SR.
The following are equivalent.

(1) There exists an algebra A € V that has a nonzero Q-abelian
congruence (i.e., a congruence o such that [o, g = 0).
(2) (,y) ¢ 10,0lq-
Now let T' be the tolerance on F generated by the pair (z,y). The
following are equivalent.

(3) There ezists an algebra A € V that has a nonzero Q-abelian
tolerance (i.e., a tolerance S such that [S,S]q = 0).

(4) (Ivy) ¢ [T’ T]Q'

PRrROOF. Both halves of the lemma are proved in the same way, so
we prove the first half only.

Assume that a is a nonzero Q-abelian congruence on A. Choose
(a,b) € a with a # b. Then from Theorem 3.4 (3) and (1) we get that
if B is the subalgebra of A generated by {a,b} and g = Cg®(a,b),
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then (8 is Q-abelian. Let A: F — B be the homomorphism sending x
to a and y to b. This homomorphism is surjective since B is generated
by a and b. Let k = ker(h) and let A\ = h™*(3). Since (h(z),h(y)) =
(a,b) € B\ 0 we have (z,y) € A\ k, which means that § < X and 6 £ k.
From Theorem 3.4 (4) we know that Q(A, A; k) holds in F if and only
if Q(A\/k,A/K;0) holds in F/k. But it does, since \/k corresponds
to [ under the natural isomorphism of F/xk with B. Therefore, by
Theorem 3.4 (1), we derive that Q(0,6; k) holds. We have Q(6,0;0)
by Theorem 3.4 (5), and therefore Q(6,6;x A ) by Theorem 3.4 (2).
This proves that [0,0]q < kA0 < 6, so (z,y) ¢ [0,0]q-

On the other hand, if (z,y) ¢ [0, 0]q, then Theorem 3.4 (4) guaran-
tees that 6/[0,0]q is a Q-abelian congruence on F/[0,0]q that relates
the distinct elements x /[0, 0]q and y/[0,0]q. This shows that V con-
tains an algebra with a nonzero Q-abelian congruence. O

Our goal in this section is to prove that the four conditions of
Lemma 3.5 are equivalent to each other, and that when Q = S the
conditions hold for a variety if and only if the variety has no Taylor
term (Definition 2.15). This is also true when Q = SR, and that will
be proved in the next section. To prove the equivalence of (1) and (2)
with (3) and (4) we start by analyzing the relationship between the
congruence # and the tolerance 7' from Lemma 3.5. This is done in a
little more generality than is immediately necessary, in that the next
lemma considers free algebras on more than two variables, but this will
allow us to avoid the need to generalize the result later.

LEMMA 3.6. Let V be any variety and let F = Fy,(X) be the free
V-algebra generated by X. Let E/ be an equivalence relation on X, and
let 7: X — X be a transversal for E. That is, T is a function from X
to X satisfying

(i) = E 7(x), and

(i) x Fy=71(x) = 7(y).

Let § = Cg®(E) and T = Tg" (E). The following hold.

(1) 6 is the kernel of the endomorphism h: ¥ — F induced by
7: X — X.

(2) (a,h(a)) €T for anya € F.

(3) ToT =4.

(4) If B := {u(x) € F | uis an idempotent term}, £ = X x X,
and 7(X) = {z}, then B = x/0 and B is the unique T-block
containing .

PRrROOF. Observe that the fact that 7 is a transversal for £ implies
that 7 o7 =7 and E = ker(7).
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We prove (2) first. If a € F, then a = t(xy, ..., x,) for some term t.
Since T is a compatible relation containing (x;, 7(x;)) for every i, it also
contains t((z1, 7(x1)), ..., (zn, 7(x,))) = (((x), h(t(x))) = (a, h(a)).

For (1), the fact that h is induced by an idempotent function on
generators implies that A is an idempotent endomorphism, therefore h
is a transversal for ker(h). Since ker(7) C ker(h) we have 6 C ker(h).
It follows that every #-block contains at most one element of im(h). On
the other hand, every #-block contains at least one element of im(h),
since if a is in a #-block B, then h(a) is certainly in im(h), while
(a,h(a)) € T C 0 by (2). Thus h(a) € im(h) N B. This shows that A is
also a transversal for 6. Since comparable equivalence relations with a
common transversal are equal, § = ker(h).

For (3), ToT C Cg"(T) = 6, so it is enough to show that ToT D 6.
If (a,b) € 0, then h(a) = h(b). By (2), we have

aT h(a) =h(b) T b,
proving that (a,b) € T o T, indeed.
For (4), it is clear that (z,u(z1,...,z,)) € 8 = ker(h) if and only if
w(z,x,...,x) =h(u(xy,...,z,)) = h(zx) =z

in F, which holds if and only if u is idempotent. Thus B = z/0,
as claimed. If u(xy,...,2,) and v(z,...,x,) are arbitrarily chosen
idempotent terms, then using the term

w(v(x11, - T1n)s o U( Tty ey Ton))

and the fact that (x;,x;) € E C T for all i and j, we derive that

w(zy, ... x,) =u(v(y,. ..., z1), ., 0(Tpy ..., Tp))
=ru(v(xy, ..., Tn), ..., 0(T1,...,2,))
=0(T1,..., %) .

Thus B is contained in a T-block. That it is the unique T-block con-
taining z follows from the fact that B = x/6 is a 6-block (so no element
in /' — B is T-related to any element of B). O

LEMMA 3.7. LetV be a variety and let F = Fy(z,y) be the free V-
algebra generated by {x,y}. Let 8 = Cg* (z,y) and T be the tolerance
of F generated by (z,y). Let B =x/0.

(1) Let p be a congruence on ¥ such that SR(T,T'; p) holds. If
[p 1 } e M(6,0)
ros

and p,q,r,s € B, then g =,r = r =, 5.



42 3. STRONG TERM CONDITIONS
(2) Let p be a congruence on ¥ such that S(T, T p) holds. If
[pq]eM@m
ros
and p,q,r,s € B, thenp=,q = r =, s.

ProOOF. Choose any 6, f-matrix

=[0G ]

Let h: F — F be the endomorphism determined by z +— z,y — .
The assumption a =y b is equivalent to h(a) = h(b), and similarly
¢ =y d is equivalent to h(c) = h(d) (where by h(a), etc., we mean that
we apply the function A componentwise). Consider the following 4 x 4
matrix:

t(h(b),c) t(h(b),h(c)) = t(h(b),h(d)) t(h(b),d)
t(b,c)  t(bh(c)) = t(b,h(d)  t(b,d)

We claim that the four elements in the middle are equal to x. Indeed,
the assumption that p,q,r, s € B implies that h(p) = h(q) = h(r) =
h(s) = z. Therefore, for example,

t(h(b), h(d)) = h(t(b,d)) = h(s) = .

Note also that the four 2 x 2 matrices in the corners are 7', T-matrices,
since u and h(u) are T-related componentwise by Lemma 3.6 (2). All
elements of this 4 x 4 matrix are contained in B, because all elements
are f-related, the corners are in B by assumption, and B is a block
of 6.

Next, let k: F — F be the endomorphism of F that sends = to y
and y to y. Consider the analogous 4 x 4 matrix with respect to k.
All the statements above remain true with k£ in place of h, with the
exception that in this case the four elements in the middle are equal
to y, not x. Now apply ¢(z,y) to these two matrices, the first matrix
in the first argument, the second matrix in the second argument. This
produces a 4 x 4 matrix which, after deleting one of the doubled middle
columns and one of the doubled middle rows, is a 3 x 3 matrix with
certain known entries:

J=

n SR

)
q
m

S N3
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Indeed, the middle element is g(x,y) = ¢, the element in the upper
left corner is ¢(p, p) = p, since ¢ is idempotent, and a similar argument
proves that in the other corners we get ¢, » and s. It will not matter
in this argument what i, 7, £, m are. The four 2 x 2 matrices in the
corners of the 3 x 3 matrix J are still T, T-matrices.

To prove (1), we have assumed that ¢ =, r. We have also assumed

that SR(T, T’ p) holds, so from the T, T-matrix { ; Z } in the upper

right corner of J we derive that ¢ =, £. From the matrix { ‘7{ 731 ] in
the lower left corner of J (and the assumption that ¢ =, r) we get that
r =, m. Thus { =, ¢ =, r =, m, so since the cross diagonal entries

"SR" not "RS"

of the T, T-matrix { 7% i in the lower right corner are p-relat

deduce that m =, s. Thus r =, m =, s, and (1) is
To prove (2), we have assumed that p =4~ We have also assumed
that S(T,T'; p) holds, and therefore RS{T, T’; p) and C(T,T; p) both

hold. From the T, T-matrix { ; Z } in the upper right corner of J
we get by strong rectangularity that ¢ =, ¢. From the T, T-matrix

l Z’ Z; ], which is obtained from the T, T-matrix in the upper left

corner of J by switching columns, we get (from p =, ¢) that ¢ =, j.
Now that we have j =, ¢ and ¢ =, ¢ , we apply C(T,T;p) to the

matrices
[j g ] and { o ]
rom m s

from the bottom two corners of J to obtain r =, m and m =, s.
Therefore r =, m =, s, and (2) is proved. O

Our next task is to describe how to construct the Q-commutator
1S, T)q of two tolerances where Q = S or SR. Fix the choice of
Q € {S,SR}. Let A be an algebra, and let S and T be tolerances
of A. Inductively define binary relations 7,, on A as follows. Let 7y be
the equality relation. If 7, is defined, let 7,,4; be the symmetric and
transitive closure of the set of all pairs that can be obtained in one of
the following two ways. For each matrix

H z] € M(S,T),

(1) if Q =S or SR and ¢ =,,, r, then put the pair (r, s) into 7,1 1;
(2) if Q =S and p =, ¢, then also put the pair (7, s) into 7,,,;.
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Let 7=, .7

n<w ‘N

LEMMA 3.8. [S,T]q =T.

ROOF. The set of S, T-matrices is closed under the component-
wise lication of unary polynomials of A, so inductively the same
property holds for each of the 7,,’s. Since 7, is a symmetric, transitive
relation and is_closed under the application of unary polynomials, it is
a congruence.
{p q] e M(S,T),

p q

it follows that, if (p,q) € 7., then (p,q) € 7,41, by item (1) of the
definition of 7,,,1 above. Therefore 7,, < 7,11 for every n, which implies
that the union 7 = |J,,, 7 of this ascending chain of congruences on
A is also a congruence on A.

Let 6 = [S,T]q. We argue by induction that 7,, < ¢ for all n. This
is trivially true if n = 0, so suppose that 7,, < § for some fixed n and
that (r,s) is one of the generators of 7,.1. If (r,s) € 7,41 because
of reason (1) preceding the statement of this lemma, then there is a
matrix

[p q] e M(S,T),
ros
such that ¢ =, r. We have g =5 r (since 7,, < 0) and also Q(S,T’;0)
(hence SR(S,T;0)) since § = [S,T]q. Therefore we have (r,s) € 6.
If (r,s) € 741 because of reason (2), then we must have Q = S and
so C(S,T;6) holds. Now a similar argument shows that (r,s) € 0.
This shows that ¢ contains all the generators of 7,1, so 7,41 < d. By
induction 7,, < ¢ for all n, so 7 < 0 =[S, Tq.

To finish the proof we must verify that [S, T]q < 7, and for this it
suffices to show that Q(S,7T;7) holds. Choose any .S, T-matrix

)

and assume that ¢ =, r. Then ¢ =, r for some n, so from item (1) pre-
ceding the lemma we have (r,s) € 7,41 < 7. Thus SR(S,T’; 7) holds,
and [S,T]q = 7 when Q = SR. If Q = S, then a similar argument
using (2) in place of (1) shows that C(S,T’; 7) holds, so S(S, T; 7) holds
(and so [S,T]q = 7 when Q = S). O

Now we are in position to prove that the four conditions of Lemma 3.5
are equivalent.

LEMMA 3.9. Let V be any variety, and let Q = S or SR. The
following are equivalent.
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(1) Some algebra in YV has a nonzero Q-abelian congruence.
(2) Some algebra in YV has a nonzero Q-abelian tolerance.

PROOF. Denote by F the free V-algebra generated by {z,y}, by T
the tolerance of F generated by (z,y), and by 6 the congruence of F
generated by (x,y). Let B = z/6. According to Lemma 3.5, we must
establish that (z,y) ¢ [0,6]q if and only if (z,y) ¢ [T,T]q. Since
x,y € B, this will follow if we show that the restrictions of the relevant
congruences to B are equal, i.e., if we show that,

[0,0lqls = [T, T]ql|s-

We proceed to do this.

Since T' C 6 we have [T, T]q|s C [0, 0]q| s, so we only need to verify
the reverse inclusion. Let p = [T',T]q. Build 7 = [0, 0]q according to
the recipe described preceding Lemma 3.8. We argue by induction
that 7,|p C p. This is clear for n = 0. Suppose that n > 0 and that
Tol C p. Choose any (u,v) € 7,11|p. By the definition of 7,4, there
exists a chain u = uy, us, ..., ur = v such that for every 1 <1 < k the
pair (u;, u;y1) or the pair (u;11,u;) is produced by rule (1) or (2) of the
definition of 7,,,;. That is, there exists a 6, 8-matrix

7t

such that {w;,u;41} = {r, s}, and either (¢,7) or (p,q) is contained
in 7,,. We want to show that u; =, u;11.

Asu € B and 7 < 6, every u; belongs to B. Hence the entries of the
0, 0-matrix above are in B, too. In the first case, when (¢q,r) € 7, we
therefore have that (¢, r) € p by the induction assumption. Then (1) of
Lemma 3.7 shows that (r,s) € p as desired. In the second case, when
(p,q) € 7, (which only arises when Q = S) we use (2) of Lemma 3.7
to reach the same conclusion. Thus the induction step, and hence the
proof of the lemma is complete. O

The next task we set for ourselves is to show that a variety has no
member with a strongly abelian tolerance if and only if the variety has
a Taylor term. To prove this we need a description of the T', T-matrices
where T is the tolerance on Fy(z,y) generated by (z,y).

LEMMA 3.10. Let V be a variety, F = Fy(z,y) be the free V-algebra
generated by {z,y}, and let T be the tolerance of F generated by (x,y).
The T, T-matrices in F are exactly the matrices of the form

fle,y,z,y,2,y) flz,2,2,9,9,y)
f,y,z,z,2,y) fly,z,z,2,v,y)

Y
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where f is a sizary term.
PRrOOF. A typical T, T-matrix has the form

g(a,c) g(a,d)

g(b,c) g(b,d)
where (a;,0;) € T', (¢j,d;) € T, and (we may assume) ¢ is a term. Since
T is the subuniverse of F? generated by (x,v), (v, z), (z,z) and (y,y),
a typical pair in T has the form

r((x, ), (y, ), (x,2), (y,9)) = (r(z,y,7,9),7(y, 7, 7,y))

for some 4-ary term r. Therefore a typical T, T-matrix may be written
as

g(r(z,y,z,y),s(x,y,z,y)) g(r(zr,y,z,v),s(y,z, z,y))
g(r(y,z,z,y),s(x,y,z,y)) 9(r(y,z, z,v),s(y,z, z,9))

If we define f(xlv s 7'776) = g(r(‘rh Ty, X3, xﬁ)? S(fE57 T2, X3, 1'6)), then
this matrix is the one described in the lemma. O

LEMMA 3.11. If no algebra in the variety V has a nonzero strongly
abelian tolerance, then V satisfies a nontrivial idempotent Maltsev con-
dition.

PROOF. Let F be the free V-algebra generated by {w,z}, let T
be the tolerance of F generated by (w,z), and let B be the T-block
w/Cg® (w, z). For each element u € F choose and fix a binary term
u(x,y) such that u(w,z) = u. Build 7 = J,_, 7 = [T,T]s using
the method described before Lemma 3.8. For each pair (u,v) € 7
we shall define a finite set of equations X(u,v). If (u,v) € 79, let
Y(u,v) = {u(z,y) = v(x,y)}. Todefine ¥(u,v) when (u,v) € T,11—Tn,
choose and fix a finite sequence u = uq, us, ..., urr; = v of elements
of F' such that for each i either (u;, u;11) or (u;y1,u;) is a generating
pair for 7,,;. Generating pairs for 7,41 come from 7', T-matrices, and
we know from Lemma 3.10 that the 7', T-matrices in F are exactly the
matrices of the form

{p q] B {f(w,z,w,z,w,z) flw,w,w, z, 2, 2)

ros | | flzgzwww z) fz,www,zz2)

Therefore for each ¢ between 1 and k there is a sixary term f; such that
(3.2)  Aus,uipr} = A{ri, s} = {fi(z, z,w,w,w, 2), filz,w,w,w, z,2)}
where one of the following “side conditions” holds:

(3.3) (fi(w,w,w, z, 2, 2), fi(z, z,w,w,w, 2)) = (¢;,7;) € T, oOr

(34) (fi(w7sz7szvz)afi(wvw7wvz7zv z)) = (pi7Qi) € Tn.
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Let (r9,89) := (ri, 8;) if (14, 81) = (ug, ui41) and let (19, s9) = (s;,7;) if
(ri,8:) = (wip1,u;). In either case, 1 = u; and s§ = u;4q in F.

Define ¥(u, v) to be the set of the following identities.

() u(z,y) ~ 15 (2,y) and 53z, y) ~ v(z, ).

(i) s(x,y) =15, (r,y) for each 1 <7 < k.

<Hl> pi<x7 y) ~ fl<SL’, Y, T, Y, T, y)? Qi('rv y) ~ fl('rv L, 2, Y,Y, y):
Ti('rv y) ~ f2<y> Y, X, T, T, y)? and Si<x7 y) ~ fl(y7 Ly, T, Y, y)

(iv) The identities in 3(g;, ;) for each ¢ whose side condition is
(3.3), along with ¢;(z,y) ~ fi(z,z,z,y,y,y) and r;(z,y) ~
fi(y,y,l‘,x,l‘,y)

(v) The identities in X(p;, g;) for each i whose side condition is
(3.4), along with p;(z,y) = fi(z,y,z,y,z,y) and ¢;(z,y) ~
fi(xvxaxayayay)'

The identities in (i) and (ii) express that the pairs (r7(w, 2), ¢ (w, 2))
form a directed chain connecting u to v, the identities in (iii) ex-
press that the pair (r9(w, 2), s;(w, z)) is the bottom row of a T,T-
matrix, while the identities of type (iv) and (v) express that the rele-
vant T, T-matrices satisfy side conditions sufficient to guarantee that
(ri(w, 2), s;(w, z)) is a generator of 7,.;. These identities hold in V,
since they become equalities if we substitute the free generators w and
z of F for the variables x and y.

Induction on n may be used to prove that ¥ (u,v) is a finite set
of identities for every (u,v) € 7,41 — 7», and that if u € B then all
terms appearing in the identities in ¥(u, v) are idempotent. Moreover,
induction on n also shows that if (u,v) € 7, then for any pair (a,b)
from any tolerance S on an algebra A € V the pair (u(a,b),v(a,b))
belongs to the strong commutator [S, S]s.

We have assumed that no algebra in V has a nontrivial strongly
abelian tolerance, so by Lemma 3.5 we have (w, 2) € [T, T]s = U, -, Tn;
or (w,z) € Tu41 — 7, for some n. Therefore V satisfies the finite
set of idempotent identities in 3(w), z). These identities constitute an
idempotent Maltsev condition which, when satisfied by a variety W,
forces the following property: for any pair (c,d) from any tolerance
R on an algebra B € W the pair (w(c,d), z(¢,d)) = (¢,d) belongs to
the strong commutator [R, R]s. Using the monotonicity of the strong
commutator (Theorem 3.4 (1)), this is equivalent to the property that
(c,d) € [TgB(c,d), Tg®(c,d)]s. Using Lemma 3.5 again we derive that
if this Maltsev condition holds in W, then no algebra in W has a non-
trivial strongly abelian tolerance. Since every tolerance on every mem-
ber of the variety of sets is strongly abelian, this idempotent Maltsev
condition fails in the variety of sets, hence is nontrivial. O
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THEOREM 3.12. Let V be a variety. The following are equivalent.

(1) V has no member with a nonzero strongly abelian congruence.
(2) V has no member with a nonzero strongly abelian tolerance.
(3) V satisfies a nontrivial idempotent Maltsev condition.

PROOF. We proved in Lemma 3.9 that items (1) and (2) are equiv-
alent, and in Lemma 3.11 that (2)==-(3). It remains to prove that
(3)=(1).

Assume that (3) holds, and let f(z1,...,x,) be a Taylor term for V.
Arbitrarily choose and fix an algebra A € V, a strongly abelian congru-
ence a € Con(A), and a pair (a,b) € a. Let f;(x,y) be an n-ary term
obtained from f by reordering the variables so that x; is first. (That is,
f(z1,...,2,) = fi(x;,y) where y is an ordering of {xy,...,z,} \ {z:}.)
The i-th Taylor identity implies that f;(a,u) = f;(b, v) for some (n—1)-
tuples u and v consisting of a’s and b’s. Therefore

p q _ fi(a’av) f2<b7v)
[7’ s} o [fi(a,u) fi(b,u) € M(a, @)
is an «, a-matrix with ¢ = r. Since « is strongly abelian it is strongly
rectangular, so fi(a,u) =r = s = fi(b,u). Now choose w € {a,b}" "}
arbitrarily. The matrix

P Q fi(av 11) fz(bv 11)
[ R S } = [ Fila,w) fi(b,w) } € M, )
is an «, a-matrix with P = @). Since « is strongly abelian it is abelian,
so fila,w)=R=25= f;(byw).
What this says about the original Taylor term is that, for any 1 <
i <n,if c,d € {a,b}" are tuples that agree in every coordinate except
possibly the i-th, then f(c) = f(d). This statement is true for all 7, so

a = f(a,a,a,...,a)
= f(b,a,a,...,a)
= f(b,b,a,...,a)

= f(b,b,b,...,b) =0,
forcing a = b. Since (a,b) was chosen arbitrarily, we conclude that no
A €V has a nontrivial strongly abelian congruence. O
3.2. Join Terms

In the previous section we showed that a variety omits strongly
abelian congruences or tolerances if and only if it satisfies a nontrivial
idempotent Maltsev condition (Theorem 3.12). In this section we will
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prove the the varieties with these properties are exactly the varieties
that omit strongly rectangular congruences or tolerances. The obvious
approach to this result is to note that if a variety omits strongly rect-
angular congruences or tolerances, then it must omit strongly abelian
congruences or tolerances, and therefore must satisfy a nontrivial idem-
potent Maltsev condition. Thus, the only thing to show is that it is
possible to modify the proof of Theorem 3.12 (3)==-(1) so that it only
uses the assumption of strong rectangulation.

It must be possible to obtain the result in this way, but in this sec-
tion we choose another path. We instead develop machinery for dealing
with stongly rectangular congruences and tolerances that makes the
proof of the desired result a triviality. Although the path we choose
does not lead to the result more quickly or more simply than the path
sketched in the previous paragraph, we feel that developing the ma-
chinery for strong rectangulation is more important than the target
result.

DEFINITION 3.13. Let A be an algebra, let T" be a tolerance on A
and let § be a congruence on A. A (T,T)-triple is a triple (b, ¢;d)
such that there is a matrix

a b
{ c d} e M(T,T).
A (T, T;0)-pair is a pair (c,d) € A% such that there is a (T, T)-triple
(b, ¢;d) with b =4 c.

Observe that the set of all (T, T')-triples is a subuniverse of A3, and
the set of all (T, T; §)-pairs is a subuniverse of AZ.

DEFINITION 3.14. Let T be a tolerance on an algebra A. For any
block B of T' write a >p b (or b <p a) to mean that there are (T, T’ 0)-
pairs (uq,us), ..., (Up_1,u,) such that a = uy, b = u,, and u; € B for
all . Write a ~g b to mean a >g b and a <g b.

Write @ >7 b (or b < a) if there is some T-block B for which
a >pg b. Similarly, write a ~7 b if 3B(a ~p b).

There is a potential ambiguity in the notation > g, because a subset
B may be a block of more than one tolerance, but this issue will not
arise in this monograph.

LEMMA 3.15. Let T be a tolerance on an algebra A.. The following
hold.

(1) If B is a block of T, then >p is a quasiorder on B, and ~p
1s the induced equivalence relation on B. Both relations are
compatible with the idempotent polynomials of A.
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(2) The relation > is a reflexive compatible relation of A, and
~7 18 a tolerance on A.

(3) If SR(T,T;0) holds, then > is the equality relation on A.

(4) If B is a block of T and is also a block of Cg™(T), then >p
equals the restriction to B of >1 and also equals the restriction
to B of the transitive closure of the set of (T, T';0)-pairs.

(5) If T is a congruence, then >r is a quasiorder of A, which is
the transitive closure of the set of (T,T;0)-pairs. The rela-
tion ~r is the equivalence relation induced by >7, which is a
congruence on A contained in T'.

PROOF. For this proof, let S denote the set of (T',T;0)-pairs of A.
For item (1), the matrix { Z Z } belongs to M (T, T') for any u € A,

so the trivial pair (u, u) is a (T, T'; 0)-pair for any u € A. This is enough
to show that >p is reflexive on B. It is clear from Definition 3.14
that >p equals tr.cl.(S|p), hence >p is transitive as well. This proves
that >p is a quasiorder on B; it follows from Definition 3.14 that
~p is the induced equivalence relation. If p(xy,...,z,) is an idem-
potent polynomial of A, then p(B,..., B) is a subset of A containing
B and consisting of pairwise T-related elements. Since B is a block,
p(B,...,B) = B. Since S is compatible with all polynomials of A,
the fact that p(B,..., B) = B implies that S|p is compatible with p.
Therefore >p= tr.cl.(S|p) is also compatible with p, as is the intersec-
tion ~pg of this relation with its converse.

Now we prove item (2). Since >7 equals the union over all blocks
B of the relations >p, it follows that >r is reflexive. Similarly, ~7 is
reflexive and symmetric. It is only necessary to prove that > and ~p
are compatible relations. We will prove the following slightly stronger
fact.

CrAmM 3.16. Let f(xy,...,x,) be an n-ary basic operation of A.
Assume that By, ..., B,, B are T-blocks such that f(By,...,B,) C B.
If a; >p, b; holds for all i, then

f(al, NN an) ZB f(bl7 ey bn)
e statement is true with ~ in place of >.

entially the same for > and ~, so we prove
. 50 there are (7,77 0)-
pairs (u!,u?), ..., (u"* ! n

The arguny

the claim only for >
1,2

DU : ) such that a; = u;, b; =, and all u] lie
in B;. There is no a priori reason to expect that the number of such
pairs is the same for all ¢, but this can be arranged to be so by adding
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trivial pairs of\the Yarm (u;mto the end of any sequence of pairs that
is shorter than the longest sequénee, For each i, the pairs (u? uﬁl)

1) 7

—~~define a chain of n elements_in B, conneeting a; to b;. We write these
chains asrews of an array, andhapply f to thescolumns of the array.

ay =u; u? S e ul =b
as = uj u e uy = by
(3.5) :
Ay, = T, u?, ul e U, =Om
fla) =f(a) fu?) f@’) --- fla") = f(b)

Each pair (f(u/), f(u/™)) is a (T, T'; 0)-pair, since the set S of (T, T’; 0)-
pairs is a subalgebra of A%, The block B contains f(u’) for all j, so
the bottom row of (3.5) is a sequence that witnesses the fact that

f(a) >5 f(b).

The compatibility of >7 follows immediately from this claim. For
example, if a; >7 b; for i = 1,...,n, then there exist T-blocks B; such
that a; >p, b; for all 7. If f is an n-ary basic operation of A, then the
set f(Bi, ..., B,) consists of T-related elements, hence can be extended
to a block B. The claim now applies to prove that f(a) >p f(b), hence
that f(a) >1 f(b).

Item (3) follows from the fact that SR(T, T'; 0) holds iff all (7', T’; 0)-
pairs are trivial.

For item (4), for any T-block B the transitive closure of S|p equals
>p, which is contained in >, which is contained in the transitive
closure of S. If we restrict these relations to B we get

(3.6) tr.cl(Slp) = (Zp) € (r)ls € (tr.cl(S))]s.

But since B is also assumed to be a block of Cg®(T) in item (4), we
get that tr.cl.(S|g) = (tr.cl.(S))|g, so all of the relations in (3.6) are
equal.

For item (5), the fact that 7" is an equivalence relation containing
>, together with the fact proved in item (4) that > is transitive on
any block of T = Cg®(T), implies that > is transitive on A. Since T
contains the set S of all (T, T’; 0)-pairs and the relation > agrees with
tr.cl.(S) on each block of T it follows that >7 agrees with tr.cl.(S5)
on A. Since each element of A is contained in a unique block of the
congruence T, it follows that ~7 agrees with ~p on any block of T
Thus a ~p b holds if and only if a >7 b and a <7 b, which implies that
~7 is the equivalence relation induced by >7. It is a congruence by
item (2), and is contained in 7" because all (7', T'; 0)-pairs are contained
inT. U
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LEMMA 3.17. Let T be a tolerance on an algebra A.. The following
hold.
(1) If (b,c) € T, then (b,c;b) and (b, c;c) are (T, T)-triples.
(2) Let p be a k-ary polynomial, and suppose that (b;, c;;d;) are
(T, T)-triples for 1 < i < k. If p(by,...,b,) = p(c1,...,¢cn),
then (p(c1,...,¢n),p(dy, ... dy)) is a (T,T;0)-pair.
(3) Let f be a binary idempotent polynomial of A, and assume

{‘i H e M(T,T).

If B is a block of T containing a,b,c and d, then

f(b7 C) ZB f(f(ba d)? f<a7 C)) :
(4) Let q be an n-ary idempotent polynomial of A. If B is a block
of T containing elements ay,...,a,_1,b1,...,b,_1 and c, then
Q(aa q(b7 C)) ZB q(a7 q(a, C)) :

(5) Let F be an n-ary idempotent polynomial of A. Let B be a
block of T containing elements w;; (1 <i,5 < n) and w, and
let u' = (i, ..., Up). Ifuy >pw for 1 <i<n, then

F(F(u'), F(u?),...,F(u")) >p w.

PRrOOF. Item (1) follows from the fact that

{ c b } and { b b }
c b c c
are (T, T)-matrices if (b,c) € T

To prove (2) suppose that (b;, ¢;; d;) are (T, T)-triples for 1 <1 < k.
They come from some (7', T)-matrices

a; b
)
Apply p to these matrices componentwise. The resulting matrix is a
T, T-matrix whose off-diagonal entries are p(by, ..., b,) and p(cy, ..., ¢,).
If these are equal, as is assumed in (2), then (p(cy, ..., c,), p(dy, ..., dy))
is a (T, T;0)-pair by definition.
To prove (3), we will apply item (2) to the polynomial

p(x1, 02, 3, 24) = f(f (71, 22), f(73,24)).

The (T,T)-triples that we will use are (b,b;b), (b,¢;d), (c,b;a) and
(¢, c;c). The first and last of these triples are (T, T')-triples by item (1),
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the second is a (T, T)-triple since we have assumed that

{‘CL Z} e M(T,T),

and the third is a (7', T)-triple since we can interchange the rows and
columns of this matrix to obtain that

{z 2} e M(T,T).

[tem (2) guarantees that since

p(b,b,c,c) = f(f(b,b), flc,c)) = f(f(b,c), f(b,c)) = p(b,c,b,c)
we have that (p(b,c,b,c),p(b,d,a,c)) is a (T,T;0)-pair. But B is
closed under f, since f is idempotent and B is a tolerance block, and

(f (b, ), f(f(b,d), f(a,c))) = (p(b, ¢, b, ¢),p(b, d, a, c)), so
f(bv C) ZB f(f(bv d)vf(a’ C)),

as claimed.

For item (4), let ¢t = g(a, (b, c)) and write t for the (n — 1)-tuple
(t,t,...,t). Since ¢ is idempotent and all a;,b; and ¢ belong to B, we
get that both ¢ and ¢(b,c) belong to B. Now apply item (2) using
p(x,y,2) = q(x,q(y,2)) and the 2n — 1 (T, T)-triples (ay,t;aq1), ...,

(an-1,t;an-1), (br,a1;5a1), ..., (bp—1,@n-1;an-1), (c,q(b,c);c) (which
are (T, T)-triples, by item (1)). Item (2) guarantees that since
p(av ba C) = Q<a7 Q(ba C)) extra ")" here.
=1
= q(t,1)
= q(t,q(a, g(b, )
= p(t,a,q(b,¢)))

the pair (q(a, q(b,¢)),q(a q(a c))) = (p(t,a,q(b,¢))),p(a,a,c)) is a
(T, T;0)-pair. Since these elements belong to B we have
Q(aa q(b7 C)) ZB q(a7 Q(a7 C))
This proves (4).
Finally we prove (5). We show that
F(F(u'),...,F(u"),w,w,...,w) >pw

by induction on 4. This statement follows from the idempotence of F
when ¢ = 0, and for ¢ = n yields the desired statement. All elements
that we shall consider will be in B, because F' is idempotent and B is
a T-block.
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As an inductive assumption suppose that
F(F(uY),...,Fu"™ Y, w,w,...,w) >pw

holds. Now apply (4) in the i-th variable. By this we mean cyclically
permute the last n — i+ 1 variables of F' to obtain an n-ary idempotent
polynomial ¢ whose last variable corresponds to the i-th variable of F':

q(z1,. . xn) = F(xy, . X1, Ty Ty oo T 1),
then apply (4) to ¢. Choose (n — 1)-tuples
a = (F@'),...,Fu)w,...,w),
b = (uil, e ,ui(i_l), ui(iﬂ), Ce ,um) s

and choose ¢ = u;;. With these choices g(b, ¢) = F(u®). The conclusion
of (4) informs us that

q(a,q(b,c)) = F(F(u'),...,F(u'), F(u"),w,...,w)
is >p q(a, q(a, c)), which equals
F(F(u'),...,F(u "), F(F(u'),....,F(u' ") uyw,...,w),w,...,w).

Using the assumption that u; >p w, we find that this element is >pg-
related to the element

F(F'),...,Fu™ ), F(F),...,Fu™ Y, ww,...,w),w,...,w).
Using the inductive assumption twice we find that this element,
F(Fu'),...,Fu™ ), F(F),...,Fa™ Y, ww,...,w),w,...,w),
is > p-related to
F(FY,...,F™ Y, ww,...,w)>pw.

By the transitivity of >5 on B we get that

F(Fu'),...,Fu™", Fu),w,...,w) >p w,
which completes the proof of (5). O

DEFINITION 3.18. A join term for a variety V is an idempotent
binary term s(x,y) such that for every A € V, tolerance T of A, and
pair (u,v) € T it is the case that s(u,v) >r v and s(u,v) > v.

In order to investigate this concept we need to understand the re-
lation >7 in the generic setting.

LEMMA 3.19. Let V be a variety, let F = Fy(z,y) be the free
V-algebra generated by {x,y}, let T be the tolerance of F generated
by (x,y), let § = Cg¥(x,y), and let B=2/0. Ifu,v € B, then u >p v
if and only if there exists an m > 1, and sixary terms f1,..., fm such
that V satisfies the following identities:
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<1> U( ) ~ fl(y,y,x,x,:c,y),

() fuly.2,2,2.9,9) ~ v(z,y),

(111) fz(x xaxayayvy) fi(yayaxvxvxvy)7 1<
(IV) fz(y,x,x,x,y,y) fi+1(y,y,:v,x,x,y), 1

~
~
~
~

PRrROOF. By Theorem 3.6 (4), B is a block of the congruence 6.
By Lemma 3.15 (4), the restriction of >7 to B equals the restriction
of the transitive closure of the set of (T),T;0)-pairs to B. It follows
from Lemma 3.10 that the (7, 7T;0)-pairs are exactly the pairs of the
form (f(y,y,z,z,x,y), f(y,x,z,x,y,y)) for which V satisfies the iden-
tity f(x,z,z,y,y,y) ~ f(y,y,z,z,x,y). Therefore, the identities
enumerated in the statement of this lemma express exactly that (u,v)
is in the transitive closure of the set of (7', 7;0)-pairs. O

THEOREM 3.20. The following are equivalent for a variety V.

(1) V satisfies a nontrivial idempotent Maltsev condition.
(2) V has a join term.

(3) V satisfies the following Maltsev condition: there exist m > 1,
n > 1, idempotent sizary terms fi,..., fm, 91,---,9n, and a
binary term s such that the following identities hold in V:

n, not m.

(ii) fm(y, z,z,2,y,y) ~ z, patterns don't
i) fi(z,z,z,y,y,y) = fily,y,z,z,z,y), 1 <4< m match those in
fily,z,z,2,y,y) firi(x,x, g, y,y), 1 <i<m—1.[3.19

X,

(ZL‘,y) ~ gl(y7y7x7xax7y)7
(Y, T, 2, 2,y,y) =y,

(v, 2, 2,9,9,9) ~ 9y, Yy, 7,2,2,Y),
(v, 2, 2,2,9.y) ~ gz, 22,9995 L<i<n—1.

Q&

Proor. To prove (1) =>(2) assume that a variety V has a Taylor
term f. The Taylor identities may be written in the form
f(@a, - mm) = [(Ya, - Yin)

where 1 <1i <n, x;;,y;; € {z,y}, and z;; = x while y;; = y. Consider
the binary term

s(x,y) = f(f(x11, - T1n)y - ooy S(Xn1y e ooy Tin)) -

The term s is idempotent, since f is. Applying Lemma 3.17 (5) to
F = f, B a block of some tolerance T" on some A € V, and elements
u,v € B, shows that s(u,v) > u. On the other hand, the Taylor
identities show that the identity

S(Zﬂ,’y) ~ f(f<y117"'7y1n)7"'7f(yn17"'7ynn>>
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holds in V, and so Lemma 3.17 (5) shows that s(u,v) >p v holds as
well. Thus, s is a join term in V, and (2) is proved.

Now suppose that a variety V has a join term s. Then we have
s(z,y) > = and s(x,y) > y in the free algebra F = F(z,y) for the
tolerance T' generated by (x,y). It follows from Lemma 3.19 that V
satisfies the idempotent Maltsev condition defined in (3). This proves
that (2) =>(3). This Maltsev condition expresses the fact that s is a
join term in V. The variety of sets does not have a join term, since
the relation >7 is the equality relation in sets. Therefore this Maltsev
condition is nontrivial, and (3) =(1). O

According to Definitions 3.14 and 3.18, s(x,y) is a join term for V
if it is idempotent and for every A € V), tolerance T on A, and pair
(u,v) € T, there exist blocks By and Bj such that s(u,v) >p, u and
s(u,v) >p, v. It is a consequence of the previous theorem that the
blocks By and By may be chosen to be equal, as we now explain.

COROLLARY 3.21. Let V be a variety with a join term s(x,y). If
A €V, T isatolerance on A, and B is any T-block containing u and
v, then s(u,v) >p u and s(u,v) >p v.

PROOF. Since B is a T-block, it is closed under all idempotent
term operations of A, in particular it is closed under s and all the f;
and g; from Theorem 3.20 (3). If we substitute u for x and v for y in
these term operations we obtain a sequence of elements of B which,
according to the equations of that theorem, witness that s(u,v) >p u
and s(u,v) >p v. O

THEOREM 3.22. Let V be a variety. The following are equivalent.

(1) V has no member with a nonzero strongly rectangular congru-
ence.

(2) V has no member with a nonzero strongly rectangular toler-
ance.

(3) V satisfies a nontrivial idempotent Maltsev condition.

PROOF. As noted at the beginning of this section, the only part of
this theorem that remains to be proved is (3)=(1).

Assume that (3) holds, and let s be a join term for V. Choose an
algebra A € V), a strongly rectangular congruence o on A, and a pair
(a,b) € a. Since s is a join term we have s(a,b) >, a and s(a,b) >, b.
By Lemma 3.15 (3) the relation >, is the equality relation when « is
strongly rectangular, so a = b. Hence a = 0 and (1) holds. O
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3.3. Abelian Tolerances and Congruences

In the earlier part of this chapter we saw that a variety has a Taylor
term if and only if its members have no strongly abelian tolerances or
congruences. Taylor terms do not conflict with the existence of nontriv-
ial (ordinary) abelian tolerances and congruences, but do improve their
behavior. In this section we will see that if a variety has a Taylor term,
then abelian tolerances generate abelian congruences, and also that a
congruence interval perspective with an abelian congruence interval is
itself abelian.

THEOREM 3.23. Assume that V satisfies a nontrivial idempotent

Maltsev condition. If A € V has a tolerance T and a congruence &
such that C(T,T;§) holds, then C(Cg®(T), Cg™(T);8) holds.

ProoF. It suffices to prove this theorem in the case when § = 0,
for if C(T,T;4) holds, then C(7'/§,7/6;0) holds in A/d, according
to Theorem 2.19 (10). If the theorem is true when 6 = 0, then
we get that C(a,a;0) holds for o := Cg®/%(T/§). But then a =
Cg™/%(Cg™(T)/6), too, so again using Theorem 2.19 (10) we get that
C(Cg™(T),Cg™(T);6) holds, which is the statement of the theorem.
We therefore assume that 7' is an abelian tolerance, and make it our
task to prove that T" generates an abelian congruence.

Write T for the subalgebra of A? whose universe is A%[T], which is
just the set T' (cf. the first paragraph of Chapter 2), and write A for
the congruence on T generated by the set

{{(a,a), (b,0)) | (a,b) € T}.
Define tolerances on T by Ry := {{(a,b), (a,c)) € T?| (b,c) € T} and
let Ry := {((a,c),(b,c)) € T*| (a,b) € T'}.

Cramm 3.24. AN R; is the equality relation for both i =1 and 2.

It suffices to prove this for i = 1 only, so choose a pair ((a, b), (a,c)) €
AN Ry. We must prove that b = c. Let f(x1,...,z,) be a Taylor term
for V. The i-th Taylor identity has the form

flzy, o xn) = f(Y1, -y Yn)
where (z;,y;) € {(z,2), (z,y), (y, z) or all j, and (we may as-
sume) (z;,v;) = (x,y). Partition NTinto blocks {Bj, ..., Bs}, some of
which might be empty, as follows: B; consists of those 7 € N for which
(xj,y;) = (x,x), By consists of those j # i for which (z;,y;) = (x,y),
Bs = {i}, By consists of those j € N for which (z;,y;) = (y,z), and
Bs consists of those j for which (x;,y;) = (y,y). Now substitute the

it is clear that N is
supposed to be
{1,2, ..., n}, but it
would be helpful to
mention this, rather
than forcing the
reader to look
ahead to figure this
out.

variable z; for the variable x; of f(z1,...,2,) if j € By, 22 if j € By,
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and so on. This produces a 5-ary term f;(21, 22, 23, 24, 25). The i-th
Taylor identity is now f;(z,z,x,y,y) = fi(z,y,y, x,y), where the third
argument of f; corresponds to the i-th argument of f. Define unary
polynomials of T by

pil(z.y) = fi" (a, a), (a,b), (z,y), (b, a), (b, ).

The i-th Taylor identity ensures that p;((a, b)) lies on the diagonal of T.
The property that T is abelian is equivalent to the property that the
diagonal of T is a union of A-classes, so, since p;((a,b)) A p;((a,c)),
we get that p;((a,c)) lies on the diagonal of T. Since p;((a,b)) and
pi((a,c)) have the same first coordinate, and both lie on the diagonal,
we get p;((a,b)) = pi((a,c)). Equating second coordinates yields

fl(@7 ba b7Q7 b) = fz(@a b7 ¢ a, b)

Since (a,b),(b,c) € T and T is abelian, we still have equality after
changing the underlined a’s to b’s:

fl(b) ba b7 Qv b) = fz(ba b7 ¢, Q) b)
For the original Taylor term this means that
b= f(bb,...,0) = f(b,...,b,c,b,....b)
where only one ¢ occurs, and it occurs on the righthand side in the i-th
position. We argue by induction that, for alli, b = f(c,c,...,¢,b,...,b),
where ¢ occurs in the first ¢ positions and b occurs elsewhere. For ¢ = 1
this follows from the last displayed line. For later values of ¢ we apply

the T, T-term condition to change b to ¢ in the following underlined
positions:

f(b? 1_97 R 7@7 b7 b? R | b) - f(b’ b’ A ] b’ C7 b7 R | b)'
We obtain
f((_:7 Q? e 727 b7 b? ] b) == f<g7 Q? et 7Q7 C7 b7 AR b)?

which shows that the desired result with ¢ in the first ¢ — 1 positions
implies the result for ¢ in the first ¢ positions.

Continuing to the end, we finally have b = f(c,¢,...,c) = ¢ by the
idempotence of f. This proves the claim.

CLAIM 3.25. A s abelian.

From Claim 3.24 and Theorem 2.19 (8) we get that C(R;, A;0)
holds for ¢ = 1 and 2. This and Theorem 2.19 (2) and (5) imply that
C(Cg"™(R1UR,), A;0) holds. If (a,b) € T, then (a,a) R, (a,b) Ry (b,b),
so ((a,a), (b,b)) € CgT(Ry UR,). This shows that each generator of A
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belongs to Cg™(R; UR,), so Cg™(R; U Ry) > A. From the monotonic-
ity of the centralizer in its first two variables we get that C(A, A;0)
holds in T. This proves the claim.

Let D be the image of the diagonal embedding i: A — T: a —
(a,a). Since A is an abelian congruence of T, it follows from The-
orem 2.19 (9) that that Alp is an abelian congruence of D. Since
i: A — D is an isomorphism, the congruence i '(A|p) is an abelian
congruence of A. Since i(7") is the generating set for A, it follows that
T C i '(Al|p), and therefore T is contained in the abelian congruence
i"'(Alp). Hence Cg™(T) is abelian. O

THEOREM 3.26. Assume that V satisfies a nontrivial idempotent
Maltsev condition and that A € V. If o, f € Con(A), then

Cla,asaNp) < C(aV p,aV 3;3).

ProorF. If C(aV 3, aVF; ) holds, then C(«, «; 3) holds, by mono-
tonicity. From this and C(a, a; av) we get that C(«, o;; A 3) holds, by
Theorem 2.19 (4).

Now assume that C(a, a;a A ) holds. Using Theorem 2.19 (4)
again we derive that C(a, a; ) holds. By Theorem 2.19 (8), C(f3, «; 3)
holds, so we get that C(aV (3, a; #) and then C(aV 3, foao ;) hold
by parts (5) and (3) of Theorem 2.19. This and the monotonicity
of the centralizer yield that C(T,T; ) holds for T'= o a o 3. Since
Cg™(T) = aV we get C(aV 3, aV 3; ) holds from Theorem 3.23. O

REMARK 3.27. It is not possible to strengthen the implication in
Theorem 3.23 to

(3.7) C(S,T;8) = C(Cg™(S), Cg™(T); 0)

assuming only that V has a Taylor term. If implication (3.7) holds for
V), then arguing as in the proof of Theorem 3.26 we would have

C(a, 3;0) = C(a V,[(V7;0)
for any «, 3,6 € Con(A), A € V. In particular, since C(«, 3;6) holds

whenever «, 3 and § generate a sublattice isomorphic to Nj, labeled
as in Figure 3.1, we would also have C(a V 6,3 V §;6), and therefore
C(a, a;0) by the monotonicity of the commutator. Altogether this
shows that if V has a Taylor term and satisfies implication (3.7), then
the critical quotient of any Nj in a congruence lattice of a member
of V is abelian. Thus, for example, the variety of semilattices has the
Taylor term f(z,y) = z Ay, but cannot satisfy implication (3.7) since
some semilattices have sublattices isomorphic to N5 in their congruence
lattices but no semilattice has an abelian congruence interval.



60

3. STRONG TERM CONDITIONS

FiGURE 3.1.
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CHAPTER 4

Meet Continuous Congruence Identities

The class of all congruence lattices of algebras in a variety V is
usually too complicated to describe is any nontrivial way. There is
more hope for a description of the class £(V) of lattices embeddable
in congruence lattices of algebras in V. It is evident that £(V) is closed
under the formation of isomorphic lattices and sublattices. Moreover,
the map

(4.1) [[ Con(A;) — Con (H Ai) - (0;)ier — O,
il iel

where a © b if a; 0; b; for all ¢ and a; = b; for all but finitely many j, is
an embedding, so L(V) is closed under the formation of products. This
makes L£(V) a prevariety, which we call the congruence prevariety
of V.

Any prevariety is axiomatizable by a class of formulas of the form

(4.2) /\ei(x) — e(x)

iel
where £(x) and each ¢;(x) is an identity and x and I may be infinite (cf.
Theorem 9.2.2 of [35]). Therefore, in studying the shapes of congruence
lattices in varieties, it is natural to start by considering the satisfaction
of sentences of this form. The most obvious problems are still unsolved.

PrROBLEM 4.1. Which congruence prevarieties are first-order ax-
iomatizable?

In other words, for which varieties V is it true that £()V) can be
axiomatized by sentences like (4.2) where x and [ are finite? equiva-
lently, when is £(}V) a quasivariety? It is known that if V is congru-
ence n-permutable for some n, then £()V) is first-order axiomatizable,
(5, 32, 33]. It is also known that if V has a Taylor term but does not
satisfy a nontrivial congruence identity, then £(V) is not first-order
axiomatizable, [51]. The full answer to Problem 4.1 is not yet known.
We do not even know the answer to the following special case.

PROBLEM 4.2. If the congruence prevariety of a congruence mod-
ular variety first-order axiomatizable?

61
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The congruence prevariety is first-order axiomatizable if and only
if it is a quasivariety. So, it is a natural problem to consider the satis-
faction of congruence quasi-identities.

PROBLEM 4.3. Is the class of varieties satisfying a given set of
congruence quasi-identities definable by (idempotent, linear) Maltsev
conditions?

Problem 4.3 is known to have a positive answer when posed for
identities in place of quasi-identities. A. Pixley [73] and R. Wille [78]
each described an algorithm to produce a family of idempotent linear
Maltsev conditions defining the class of varieties satisfying a given con-
gruence identity. By suitably modifying the Pixley-Wille algorithm,
partial results have been obtained for special types of quasi-identities
(cf. [3, 4, 5, 6, 40]). The strongest of these is the result we have
recorded as Theorem 2.22, which states that Problem 4.3 has an affir-
mative answer for quasi-identities satisfying (W). The most that one
could hope for is that if ¢/ and V satisfy the same idempotent Maltsev
conditions then they have the same congruence prevariety. The most
attractive special case of this is the case where Y = SET, since it fol-
lows from Whitman’s Theorem (that every lattice is embeddable into
a lattice of equivalence relations, cf. Section VIL.8 of [1]) that L(SET)
is the class £ of all lattices.

PROBLEM 4.4. Suppose that V satisfies no nontrivial idempotent
Maltsev condition. Is it true that £(V) = L7 Is it true at least that
L(V) contains the lattice I, of all equivalence relations on a 4-element
set?

We expect a negative answer to both questions asked in Problem 4.4,
but see Theorem 4.18 for a positive partial result.

The purpose of this chapter is to explain how the presence or ab-
sence of a Taylor term affects the shapes of congruence lattices in a
variety. The Pixley-Wille algorithm shows that any variety that satis-
fies a nontrivial congruence identity in the language of lattices satisfies
a nontrivial idempotent linear Maltsev condition and therefore has a
Taylor term. The converse is not true; congruence identities are not
flexible enough to say anything nontrivial about varieties satisfying
very weak idempotent Maltsev conditions. In order to make nontrivial
statements about the shapes of congruence lattices in arbitrary varieties
with a Taylor term, we need to consider sentences other than lattice
identities. In this chapter we will describe congruence lattice shapes
in three different ways: by using quasi-identities in the language of
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ordinary lattices, by using identities in the language of meet continu-
ous lattices, and by identifying omitted sublattices. We will exhibit a
nontrivial quasi-identity ¢ in the language of lattice theory such that
V has a Taylor term if and only if £(V) |= ¢ (Theorem 4.12 (2)). We
will prove that there is a nontrivial identity 7 in the language of meet
continuous lattice theory such that V has a Taylor term if and only if
L(V) = 7 (Theorem 4.12 (4)). Finally, we will exhibit a finite lattice L
such that V has a Taylor term if and only if L ¢ £(V) (Theorem 4.23).

4.1. Maltsev Conditions From Congruence Identities

fV is a variety, let Ly;c(V) be the class of all meet continuous lat-
tices for which there is a meet continuous embedding of L into Con(A)
for some A € V. Ly (V) is the meet continuous analogue of the con-
gruence prevariety of V. It is also a prevariety, since the mapping
described in (4.1) preserves complete joins. It seems appropriate to
us to identify the study of shapes of congruence lattices in varieties
with the study of Ly;c(V). In this short monograph we only begin to
scratch the surface. In this chapter we will show that a variety has a
Taylor term if and only if £y,c(V) satisfies a nontrivial meet continuous
identity.

In this section we will show that the Pixley-Wille algorithm can
be extended to meet continuous identities, which will show that the
class of varieties satisfying a given meet continuous congruence iden-
tity is definable by idempotent linear Maltsev conditions. The proof
is straightforward, but is included because there is a compactness con-
dition associated to Maltsev conditions that we establish by proving
the somewhat nonobvious fact that any meet continuous identity is
equivalent to a set of identities involving only finitely many variables

[third

iece.
W arguments as those used for ordinary lattice identi-
ties (cf. the paragraph of Section 2.2), it can be shown that any
family of meet continuous lattice identities is equivalent to a family
of inclusions of the form P < () where P and () are meet contin-
uous lattice words. Modulo the identities defining meet continuous
lattices, we may identify P and @ with elements from some free meet
continuous lattice, hence with ideals from some free lattice. Now, an
inclusion P < () between ideals is equivalent to a family of inclusions
(p] < Q,p € P, where the included ideal is principal, therefore any
family of meet continuous lattice identities is equivalent to a family
of inclusions of the form p < @) where p and () are meet continuous
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lattice words with no infinitary join occuring in p. We refine this in
the following lemma.

LEMMA 4.5. Any family of meet continuous lattice identities is
equivalent, modulo the identities defining the variety of meet contin-
uous lattices, to a family of inclusions of the form p < @) where both
p and Q) are meet continuous lattice words in finitely many variables,
and no infinitary join occurs in p.

continuous

ROOF. We work modulo the identities defining the class of meet
s Jattices, so we may assume that p and @) are elements in the
free meet Continous lattice F' generated by some set {x1, xo, z3,...}. A
meet continuous lattice L satisfies the inclusion p < @) if for every meet
continuous homomorphism ¢: F — L it is the case that ¢(p) < ¢(Q).
Assume that this holds for L. Since p has no infinitary joins, we may
assume that the variables that appear in p are among {z1,...,z,}. Let
¢ be the meet continuous endomorphism of F defined on the generators
by x; — x; if 1 <i <n and x; — 0 otherwise. Then poe: F — Lis a
meet continuous homomorphism, so

poe(p) < poe(Q)

by the assumption on L. But ¢ is a retraction of F onto its meet
continuous sublattice generated by {zi,...,z,}, and this sublattice
contains p, so £(p) = p. Thus ¢(p) < ¢(Q') where Q' := (¢(Q)). Since
¢ was arbitrary, this shows that if p < @ holds in L then p < @’
holds in L. The converse is obvious: ¢ is decreasing on generators, so
Q =¢Q) <Qin F, and so p < Q' implies p < Q. Therefore, a
meet, continuous lattice satisfies p < @ if and only if it satisfies p < Q.
The inclusion p < @’ involves elements of the (free) sublattice of F
generated by {z1,...,x,}, so our original inclusion p < @ is equivalent
to one in a finite set of variables. 0J

Lemma 4.5 implies that there are at most 22" varieties of meet
continuous lattices, since there are at most 2% inequivalent inclusions
of the form p < @ in finitely many variables. We do not know if this
upper bound is attained, but it is not hard to see that there are at least
2% varieties of meet continuous lattices (Argument: If V is a variety of
lattices, then the subclass of meet continuous lattices in V generates V
since it contains the ideal lattices of members of V. This subclass is a
variety in the language whose nonlogical symbols are {\/, A}, since it
is closed under H,S and P. This proves that there are at least as many
meet continuous lattice varieties as there are ordinary lattice varieties,
and it is well known that are 2% ordinary lattice varieties.)
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PROBLEM 4.6. Determine the number of meet continuous lattice
varieties.

THEOREM 4.7. The class of varieties satisfying a given set of meet
continuous congruence identities is definable by a family of idempotent
linear Maltsev conditions.

Proor. It suffices to prove that the class of varieties whose con-
gruence lattices satisfy a single inclusion p < @), where p is an ordinary
lattice word and () is a meet continuous lattice word in the same set
of variables, is definable by a family of idempotent linear Maltsev con-
ditions.

If p=op(xq,...,2,) and 0q,...,0, are congruences on an algebra,
then

p(01, -, 00) = | pi(6s,.. ., 6n)

where p; is the term in the signature {o, A} that is obtained from p
by replacing each occurrence of binary join with the i-fold relational
product and keeping each occurrence of A. For example, if p = z1A(z2V
x3), then p; = 1Ay, po = 1A (29013), p3 = T1A(T2013075), etc. Now,
the inclusion p(by,...,0,) = Upi(01,...,60,) < Q(64,...,0,) holds in
some congruence lattice if and only if p;(0y,...,6,) C Q(64,...,60,)
holds for every i. We will show that for any single ¢ the inclusion
p; € @ can be characterized by a single Maltsev condition.

As noted in Corollary 2.10, there is a natural identification of
@ with an ideal in the free lattice generated by {z1,...,x,}. This
lattice is countable, so the ideal associated to () has a cofinal se-
quence ¢° < ¢! < ¢® < --- of lattice words. Let q;? be the word in
{o,A} obtained from ¢* by replacing each join with j-fold alternat-
ing o-composition and keeping each occurrence of A. For example, if
¢" = (21 N x2) V (21 A x3), then ¢§ = (z1 A 22) o (21 A x3) 0 (21 A ).
Let r; = q]Q ) q]l 0---0 qg. If 64,...,0, are congruences on some algebra,
o represents relational product, and A represents intersection of rela-
tions, then qf(@l, vy 00) Cri(01,...,60,) C @ (by,...,0,) for all k < j,
SO

QOr,...,0,) = Jri(0,....0,).
JEW

We will argue that (a) any variety satisfying the congruence inclusion
pi € Q = Jr; must satisfy a congruence inclusion of the form p; C r;
for some j, and that (b) the class of varieties satisfying any particular
inclusion p; C r; is definable by an idempotent linear strong Maltsev
condition. If this strong Maltsev condition is denoted o;, then o; F
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o;+1 (since 7;(6s,...,0,) C rj41(bh,...,0,) for any choice of the §’s).
Therefore, (a) and (b) will show that the class of varieties satisfying
pi; C @ is definable by the Maltsev condition \/ ;.

Next we concern ourselves with the problem of constructing an
idempotent linear strong Maltsev condition associated to a congruence
inclusion p C r where p and r are terms in the signature {o, A}. The
construction is a straightforward generalization of Maltsev’s construc-
tion of a strong Maltsev condition defining congruence permutability,
which many readers will already know. We will illustrate the construc-
tion by deriving the Maltsev condition associated with the congruence
inclusion

(4.3) 01 A (02 003) C (61 Aby) o (01 Abs),

which is p C r for p(z1,xe,23) = 21 A (22 0 x3) and r(xy, x9, 23) =
(x1 A 22) o (1 A 23).

We begin by building a directed labeled graph associated to a {o A}-
term p. Start with a graph G;(p) having two vertices y; and y, con-
nected by an edge (v, y2) directed from left to right and labeled with p,
as depicted in Figure 4.1. From a partially completed graph G;(p) the

U1 y% Y2

o— =0

FIGURE 4.1.

construction continues by selecting an edge directed from left to right,
labeled by a term w, and connecting vertices y; and y;. If w = u A v,

u
(%

FIGURE 4.2.

then G;.1(p) is the graph obtained from G;(p) by replacing the edge
labeled w with two edges directed from left to right, labeled v and v
respectively, connecting the same vertices in parallel, as in Figure 4.2.
If instead w = w o v, then construct G;;1(p) by replacing the edge

FIGURE 4.3.

labeled w with two edges directed from left to right, labeled u and
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v, connecting the same vertices in serial through a new vertex, as in
Figure 4.3. If neither of the above steps can be performed, then all
edges are labeled by variables and the construction is complete. The
construction will eventually end since each step alters the complexity
of exactly one edge label, and reduces the complexity of that label
without introducing any more labels of the same or larger complexity.

In our illustrative example the term p equals 1 A (x5 0 z3) and the
graphs that arise in the three steps of the construction are depicted in
Figure 4.4.

Z1
<x:1>. @
1 p Y2 o W Y2 W Y2
o — =0
i) T3

Gi(p) G2 (p) Gs(p)

FIGURE 4.4. The construction of G(p) for p = z1 A (22 0 3)

Call the final graph in the construction G(p). We may assume
that the vertices are Y = {y1,...,y,} and that the edge labels are the
variables occurring in p, which are among the variables 1, ..., x,. The
key features of G(p) are stated in Claim 4.8.

CrLAIM 4.8. Let A be an algebra and let a; € Con(A) for 1 <i <mn.

(1) If Y — A: ys — a, is an assignment such that (a;,a;) € oy,
whenever (y;,y;) is an xy-labeled edge of G(p), then (a1, as) €
plag, ..., an).

(2) Conversely, given any (ay,as) € p(ay,...,q,), there is an as-
signment Y — A:y, — a, extending y; +— aq,ys +— ao such
that (a;,a;) € o whenever (y;,y;) is an wi-labeled edge of

G(p)-

Choose and fix assignments Y — A: y, — a4 of vertex labels of
G(p) to elements of A and X — Con(A): z; — «y of edge labels to
congruences on A. With respect to these choices, consider the follow-
ing property of some G,(p): “For each w-labeled edge (y;,y;) the pair
(a;,a;) isin w(@) := w(aq,...,a,).” Item (1) asserts that if this prop-
erty holds for G(p), then it holds for G;(p). Therefore, it is enough
to show that if the property holds for G,.1(p), then it holds for Gy(p).
For a construction step of the ‘parallel type’ (Figure 4.2) this is a con-
sequence of the fact that if (a;,a;) € u(@) and (a;,a;) € v(@), then
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(a;,a;) € uANv(@). For a construction step of the ‘serial type’ (Fig-
ure 4.3) this is a consequence of the fact that if (a;, ax) € u(@) and
(ag,a;j) € v(@), then (a;,a;) € uov(@).

For (2), choose and fix an assignment X — Con(A): z; — as.
Consider this property of an assignment Y — A: y, — a, of vertex
labels of G,(p) to elements of A: “For each w-labeled edge (v;,y;) the
pair (a;,a;) is in w(@).” Item (2) asserts that any assignment y; — ay,
Yo — ay of Gy(p) which satisfies this property can be extended to an
assignment of the vertex labels of G(p) which satisfies this property. It
is enough to prove that if an assignment of the vertex labels of G,(p) has
the property, then this assignment can be extended to an assignment of
the vertex labels of Gy, 1(p) that has the property. This is trivial for a
construction step of the parallel type (Figure 4.2), since no new vertex
labels are introduced and the assignment y, +— a, that witnesses the
satisfaction of the property for G,(p) also witnesses it for G,y (p). For
a construction step of the serial type (Figure 4.3), a new vertex with
label yy, is introduced to replace an edge (y;, y;) labeled wov with edges
(y1,yk) and (yx,y;) labeled u and v respectively. In this case, extend
the witnessing assignment ys — as for G;(p) by defining y; +— aj, where
ay is chosen so that (a;,a)) € u(@) and (ax,a;) € v(a). It is possible
to make such a choice, since u o v(@) = u(@) o v(@), and such a choice
witnesses the desired property.

Now construct a directed graph G(r) for r in exactly the same way,
except use z’s instead of y’s for the vertices. See Figure 4.5 for G(r)
when 7 equals (21 A 22) o (21 A x3).

I I
) XT3

FIGURE 4.5. G(r) for r = (21 0 ) A (21 0 23)

If the set of vertex labels for G(r) is {z1,..., 2/}, then consider the
following strong Maltsev condition associated to p C r: There exist
m-ary terms Fi, ..., Fy for which the following identities are satisfied:

1) Fi(yss - Ym) =y,
(i) Fo(y1s s Ym) = Y2, and
(iii) an identity of the form Fj(variables) ~ F}(variables) for each
edge (z;, z;) in G(r). The pattern of the variables is determined
as follows. Given a variable x, let Ej be the equivalence
relation on the set Y of vertex labels of G(p) defined by y; Ej y;
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if y; and y; belong to the same “x,-component”, by which we
mean that there is an undirected path from y; to y; in G(p)
consisting of xj-labeled edges. Let 7,.: Y — Y be a transversal
for Ey. Now, if (z;,z;) is labeled by zj, then the identity
associated with (z;, z;) is

Fi(mi(yn)s o Te(Ym)) = Fi(me(yn)s - - Te(Ym))-

This is a linear strong Maltsev condition. The idempotence of F}, i.e.,
Fi(x,...,z) =~ x, is a consequence of identity (i) from above. There is
a directed path in G(r) from the vertex labeled z; to any other vertex,
and for any (z;,2;) in such a path the identity from (iii) above has
the consequence Fj(z,...,x) ~ F;(z,...,x). Thus, the idempotence of
each Fy follows from the identities (i) and (iii).

In our illustrative example, (4.3), we have p = x; A (2 0 z3) and
r = (x1 Azo)o(z1 Axs), and G(p) and G(r) are depicted in Figures 4.4
and 4.5. The associated Maltsev condition involves three ternary terms
Fy, F5 and F3, corresponding to the 2’s in Figure 4.5. The equivalence
relation Ej on the vertex labels of G(p) associated to the zx-component
can be read off Figure 4.4; we represent them by their partition of
(Y1, 92,93} Er < 11y2/ys, B2 < y1y3/ye, and E3 < y1/yoys. The
transversals we choose for these equivalence relations are the functions
7, which assign to each element of Y the Ej-related element whose
subscript is smallest. With these choices, the Maltsev condition asserts
that the following identities hold.

® Fi(y1,92,¥3) = y1,
® Fy(y1,92,¥3) = ¥2,
e and corresponding to 7y, T, and T3:
= Fi(y1, 91, ¥3) = Fa(y1, 1, 93) = F3(y1, 91, 93),
— F1(y1, 92, 11) = F3(y1,92,91), and
— F5(y1, y2, 2) = F3(y1, yo, y2)-
Next we argue that the congruence lattices of algebras in a variety
V satisty p C r if and only if V satisfies the strong Maltsev condition
defined above in (i)—(iii). We begin by saying what we will mean by
a “generic” pair (u,v) € p. Let F = Fy,(Y) be the free algebra in V
generated by Y = {y1,...,ym}. For each edge label z; in G(p) let 6y
be the congruence on F generated by all pairs (ys,y;) that are edges
in G(p) with label 2y, i.e., 0, = Cg¥(E};) where E} is defined as above.
This is the least congruence on F that relates generators y; and y; if
y; is connected to y; in G(p) by edges labeled z;. By Lemma 3.6 (1),
0). is the kernel of the retraction 7;: F — F induced by the function
T, Y — Y defined in (iii) above. It is the pair (y1,y2) =: (u,v) that
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will be called a generic pair (u,v) € p. The fact that a “generic pair
in p” actually is in p(6y, ..., 6,) follows from Claim 4.8 (1).
If V satisfies p C r, then the generic pair in p must belong to r,
e, (y1,y2) € r(0q,...,6,) in F. Using only the fact that (y;,y2) €
r(61,...,0,) we will prove that V satisfies the Maltsev condition de-
scribed above. By Claim 4.8 (2), the fact that (yi,y2) € r(61,...,60,)
implies that there exist f1 = y1, fo = vo, f3, ..., f¢ € F such that the as-
signment z, — f; has the property that (f;, f;) € 0, whenever (z;, z;) is
an xj-labeled edge of G(r). Since F is generated by Y = {y1,...,ym},
there exist terms F; such that f; = Fi(y1,...,yn) for all i. Since
Fi(y1,...,ym) = y1 holds as a relation among the free generators of F,
it follows that Fi(y1,...,ym) = y; holds as an identity in V. Similarly,
Fy(y1,...,ym) = y2 holds in V. For each zy-labeled edge (z;,z;) we

have
Flyn), - mulm)) = R m) &
— Tk;(fz)/—‘
= Tu(fr
= Fj(m(v1), -+ % (Um)),

since (f;, f;) € 0, = ker(7). Since
relation among free generators, F;(7(
tity in V. Altogether this shows that
described in (i)—(iii) above.

Conversely assume that V satisfies the Maltsev condition we have
described. Choose any A € V and congruences aq,...,a,. To show
that p(aq,...,a,) Cr(ag,...,q,), choose (ar,as) € p(ay, ..., a,). Ac-
cording to Claim 4.8 (2), there is an assignment v: Y — A: y, — a4 of
the variables of G(p) in A such that (a;, ;) € oy if (y;,y;) is labeled by
xp. v Fu(Y) — A is the extension of v to a homomorphism, and
0 is the congruence generated by all pairs (y;,y;) whose edge label in
G(p) is g, then V(6y) C ay since v((vi,y;)) = (ai,aj) € oy for any
generating pair (y;, y;) of 6.

Now consider the assignment 7 — F: z; — Fy(y1,...,Ym) where

= {z,...,2z}. The identities (i)—(iii) of our Maltsev condition
guarantee respectively that

(i) 21 = Fi(y) =y,
(i) 29 — F3(y) = y2, and
(iii) if (z;, z;) is an zg-labeled edge of G(r), then (F;(y), Fi(y)) € 6.

By Claim 4.8 (1), these conditions yield (y1,y2) € r(61,...,0,), hence

(y )) = Fj((y)) holds as a
) Fi(mi(y )) holds as an iden-
satlsﬁes the Maltsev condition

Ej
—
Q

<‘<

(a1,a2) =0((y1,92)) € V(r(01,...,0,)) Cr(cg,...,an).
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Since the pair (aq,as) € p(ay,...,q,) was arbitrary, we derive that
p C r holds throughout V.

Recall that in the third paragraph of this proof we reduced the proof
of this theorem to two claims: (a) any variety satisfying the congruence
inclusion p; € @ = |Jr; must satisfy a congruence inclusion of the
form p; C r; for some j, and that (b) the class of varieties satisfying
any particular inclusion p; C r; is definable by an idempotent linear
strong Maltsev condition. We have just completed the proof of a strong
form of (b): the class of varieties satisfying p; C r; is definable by an
idempotent linear strong Maltsev condition which expresses the fact
that (u,v) € r; for a generic pair (u,v) of p;. Thus, we obtain (a) as
well: a variety V that satisfies p; C @ = |Jr; must satisfy (u,v) € r;
for some j and some generic pair (u,v) of p;, and for this ¢ and j we
have p; C r;. O

For future reference we point out that this proof shows that the class
of varieties satisfying a congruence inclusion of the form p C r, where p
and r are {o, A}-terms, is definable by a strong Maltsev condition, and
that the class of varieties satisfying a congruence inclusion of the form
p € U,e, 7> where p and r; are {o, A}-terms is definable by a Maltsev
condition, provided the r;’s are increasing.

COROLLARY 4.9. If a variety satisfies a nontrivial meet continuous
congruence identity, then it satisfies a nontrivial idempotent Maltsev
condition.

4.2. Congruence Identities From Maltsev Conditions

We prove the converse to Corollary 4.9 in Theorem 4.12 of this
section.

THEOREM 4.10. Let V be a variety that satisfies a nontrivial idem-
potent Maltsev condition. If A € V has congruences «, 3,7, satisfying
() an(Boey)N(yeB) CdCal BVy and
(2) C(BV 7, a;0),
then § = a.

PROOF. Let f(xy,...,x,) be a Taylor term for V, and let N =
{1,...,n} be the set of subscripts of variables in this term. The i-th
Taylor identity has the form

f(xla---uxn) ~ f(y177yn)

where (xjayj) S {(:E,x),(:E,y),(y,x),(y,y)} for all j7 and (xlayz) =
(x,y). As in the proof of Theorem 3.23, partition N into blocks



72 4. MEET CONTINUOUS CONGRUENCE IDENTITIES

{Bi,...,Bs} where B; consists of those j € N for which (z;,y;) =
(x, ), By consists of those j # i for which (z;,y;) = (z,y), Bs = {i},
B, consists of those j € N for which (x;,y;) = (v, z), and Bs consists of
those j for which (x;,y;) = (y,y). Let fi(z1, 22, 23, 24, 25) be the 5-ary
term obtained from f by substituting the variable z; for the variable
xjof f(xy,...,x,)if j € By, 20 if j € By, and so on. The i-th Taylor
identity is now f;(z,x,z,y,y) ~ fi(x,y,y,z,y).

Now suppose that A € V has congruences «, 3,7, satisfying all
the hypotheses of the theorem, and also satisfying a # §. Then, since

d < a < [V, there is a least k such that oM (F opsy) € §. This k is
at least 2 since IX

has this notation

(anp)U(any) Can(Boy)N(yopB) Cd. |been defined?

By interchanging the roles of 3 and ~ if necessary we may assume that
an(for17v) Cdand an(yor_q1f) C4.
Choose (u,v) € aN(f oy ) —J, and suppose that

u=uyBuyyu-uy=v
is a (Jojy-chain connecting u to v. If p(x,y, z) = fi(uo, x,y, z,u1), then
for k > 2 the sequence
r= p(ulaula'UJO) 7 p(ulau27u0) ﬁ p(UOaui’nul)
Y p(UQ,U4,U1) ﬁ ”'p(anukaul) =S

is a 7y ox_1 #-chain. Moreover, the i-th Taylor identity implies that

p(uo, Uo,ul) = fz‘(uo, Ug, Ug, U1, Ul) = fi(uo,ul, Uy, Uo,ul) = p(ul,ul,uo),

so 7 = p(ug, up, u1) is a-related to s = p(ug, ux, u1) (since (ug, uy) € a).
Thus (r,s) € aN(yor_1 B) C § when k > 2. If k = 2, then the same
conclusion (that (r,s) € ¢) may be reached as follows. Starting with
the same (3 oy y-chain u = ug § u; v us = v, and the same polynomial
p(z,y,z) = fi(ug, x,y, z,u1), we obtain a chain

r= p(ul,U1,U0) 7 p(U1,UQ,U0) ﬁp(UQ,UQ,'UJl) = S.

This chain is not shorter (it has length & = 2 also), but it begins with
~ instead of 3. All other conclusions from the k& > 2 case remain valid,
in particular we have

r :p(ulaulaUO) :p(UOaU/O)ul) ap(u07uk7u1) = S.

This shows that (r,s) € a N (v o ). But since (r,s) is an image of
(ug, ug) = (u,v) under the polynomial p(ug,x,u;), and (u,v) € 5o,
we even have (r,s) € anN(Boy)N(yopf) Co.

We now have

fi(u07u07u07u17u1> = p(u(]quuul) =T
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and
fi(u(]uu()aukuuhul) = p(UO,Uk,Ul) =S,
so from (r,s) € § we get
fi(u07u07u07ﬂ7ﬂ) 0 fi(uoaumukaﬂa ﬂ)

Since C( V7, ; §) holds, we may change underlined values from u; to
ug to obtain

fi(u07u07u07@7@> o fi(u07u07uk7@7 @)7

which we write as
filu,w,uyu,w) 0 fi(u, w,v,u,u).

This implies that for our original Taylor term f we have

flu, .. uyvu,y .0 u)d fu,u,. .. u) =u
where the v occurs in the ¢-th argument of f. This holds for every 1.
We now argue that the relation

flo,..o vu, ..o u) 0w,

where the last v occurs in the i-th argument of f, also holds for every .
The facts that (u,v) € « < Vv and C(8V v, a;d) imply that we
may change the underlined v to v in

flo, ..o uyuy. o u) 0 u= f(u,...,u,u,u,...,u)
to obtain

flo,..,v,uu, . u) Su= flu,...,u,v,u,...,u)
By our earlier conclusions, the value f(u,...,u,v,u,...,u) on the right
side is d-related to uw. By induction and idempotence we get v =
f(v,v,...,v) 0 u, which is a contradiction. O

The hypotheses of the previous theorem are consequences of purely
order-theoretic conditions. For the statement of the next lemma, let
(p,q,7) be a triple of lattice variables, and define lattice words p := p,
qpo) == ¢, rpo) == 7, and pi1) = PpgAGp V) A1) = G ANPR VTR),
Tint1] := T AP Vam)- I (o, B, 7) is a triple of congruences on A, then
) = Pl (@, B,7), B = (@, B,7), Vi) := T(@, B,77) € Con(A).

LEMMA 4.11. Let (o, B,7) be a triple of congruences on A, and
let & be a congruence on A. The following two conditions imply the
corresponding conditions of Theorem 4.10.

(1) apy <6 <a < BV for somen.
(2) aNf=aANy=4.
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PROOF. Choose (u,w) € aN(Foy), There is a v such that u 5 v v w.
For £k = 0, these three elements are related as in the following tri-
angle: If u,v and w are related in this way for some £ > 0, then

v

O VK]

FIGURE 4.6.

(u,w) € ap N (B V Yw) = 1) and similarly (u,v) € By and
(v,w) € Ypp41)- This shows that aN (B o) C ay for all k. If oy <6
holds for some n, then we have

an(Boy)N(yoB) Can(Boy)C ap C9,

so the first condition of this lemma implies the first condition of The-
orem 4.10.

Now if a A = a Ay = 9, then we have C(, ;) and C(v, a;9)
according to item (8) of Theorem 2.19. By the semidistributivity of
the centralizer in its first variable (Theorem 2.19 (5)) we derive that
C(B V 7v,a;9d) holds. This shows that the conditions of this lemma
imply those of Theorem 4.10. O

Now we are prepared to prove the main result of this section.

THEOREM 4.12. The following conditions on a variety ¥V are equiv-
alent.

(1) V satisfies an idempotent Maltsev condition that fails in the
variety of sets.
(2) The quasi-identity

(44) (pAg)=s) & ((pAT)=s) & (pg~s) — ((pA(gVT)) = s)

holds in the congruence lattices of algebras in V.
(3) Quasi-identity (4.4) holds in the meet continuous congruence
variety of V.
(4) V satisfies a nontrivial meet continuous congruence identity.
(5) V satisfies a congruence inclusion of the form

an(Bosy) Cw(a,B,y),

for some lattice word w(p, q,r) such that w(p,q,r) < pA(qVr)
in the free lattice Fo({p,q,r}).
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(6) For some k > 4, V satisfies a congruence inclusion of the
form a1 (8 ox ) € wla, 3,7), where w(p,q,r) < pA gV 1)
in FL({p7 q, T‘})

A seventh equivalent condition is described in the remarks following
the proof.

ProoF. To see that (1) = (2), choose an assignment of variables
p— a,q+— B,r— 7,5+ 0 in Con(A) for some A € V for which
the premises of quasi-identity (4.4) are satisfied. Then the congruences
o == aN(BV7y), [, and ¢ satisfy the conditions of Lemma 4.11. (This
uses the fact that o’ < «a, so a’m < ap =0 .) Hence by Theorem 4.10
we have a A (V) = o = §, which shows that the conclusion of
quasi-identity (4.4) is satisfied by this assignment.

To show that (2)<=(3) we argue that quasi-identity (4.4) is equiv-
alent to a meet continuous lattice identity. This will follow from The-
orem 2.23 if we show that the words wi(p,q,7r) :==p A q, wa(p,q,7) :=
p Ar, and wsy(p,q,7) = pjg satisfy the hypotheses of Theorem 2.23.
For this we must check the comparabilities w; < ¢, ws < r and w; <

p A (g V) in the free lattice over {p,q,7}. The only nontrivial thinglremind the reader
to verify is that p < p A (¢ vV r). This follows from the definifion|\where to find the

Py = p A (g Vo) <pppi=pA(gVr). definition of D_1.

The implication (3)==-(4) follows from the fact that quasi-jdentity
(4.4) fails in some meet continuous lattice, e.g. the lattice Dy. The
implication (4)==(1) is Corollary 4.9, so we have proved that the first
four statements of this theorem are equivalent.

By Remark 2.24, quasi-identity (4.4) is equivalent to the meet con-
tinuous identity

(4.5) M(p,q,r)=pA(gVr).
for some meet continuous lattice word 6%, computed from the premises
of (4.4), which satisfies §¥(p,q,7) < pA(¢V ) in Fg,,.({p.q,7}).
Since this identity is nontrivial, d%(p,q,r) is in fact strictly smaller
than pA (¢ Vv r) in Fz,,.({p,¢,7}). Because of the equivalence of the
first four statements of this theorem, we may assume that the meet
continuous congruence identity referred to in statement (4) is identity
(4.5).

To prove that V satisfies a N (B o4 y) C w(a, B,7) for some word
w satisfying w(p, ¢,7) < p A (qV r) we begin with a generic occurrence
of the situation “(u,v) € anN (B o47v)” in V. That is, we let F =
Fy(u,v,z,y, 2) be the free V-algebra on five generators, and let o =
Cg?(u,v), B = Cg™((u,z), (y,2)), and v = Cg®((x,y), (z,v)). The free
generators are related as indicated in Figure 4.7. Since aN (B o4 7y) C
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FIGURE 4.7.

an (B V) and V satisfies (4.5) as a congruence identity we get that

(w,v) € aN(Boyy) Can(FVy)=d"(a,5,7).

Under the identification of F.,,.({p,q,r}) with the ideal lattice of
F:({p,q,r}) the word §¥(p, q,r) corresponds to an ideal D of ordinary
lattice words w(p, ¢, 1), each of which is strictly less than pA(qVr) (since
w(p,q,r) < W (p,q,r) < pA(gVvr)). The assignment p — «, q — (3,7 +—
7 extends to a homomorphism ¢: Fr,,.({p,q,7}) — Con(F) into the
congruence lattice of the 5-generated free algebra of V. This homomor-
phism assigns to each w € D the congruence w(«, 3,7), and assigns to
6% the union |, .p w(a, 8,7) = 6™ (a, 8,7). Since (u,v) € 6™ (a, 3,7),
we must have (u,v) € w(a,B,7) for some w € D. Since (u,v) is a
generic element of a N (B o4 7y) the inclusion a N (5 o4 7y) C w(a, 5,7)
holds throughout V. This completes the proof that (4)=(5).

The implication (5)==(6) is trivial, so we now prove that (6)=—=(1).
Item (6) asserts that V satisfies a certain congruence inclusion in the
signature {V, A, o}. The class of varieties satisfying any such inclusion
is definable by idempotent Maltsev conditions. To prove that at least
one of the defining Maltsev conditions satisfied by V' is nontrivial it
suffices to prove that the congruence inclusion in (6) fails in the variety
of sets. To show this, let A = ({ag, a1, ..., ar};0) be a (k+ 1)-element
set, and let a = Cg*(ag,ax),3 = Cg®({(a;,air1) | ieven}),y =
Cg®({(as, aip1) | i odd}). Then o, 3 and v relate the elements of A
as indicated in Figure 4.8. These congruences generate a sublattice

«
a [ a vy a B a3z v a4 a
FIGURE 4.8.

of Con(A) = Eq(A) isomorphic to Dy, labeled as in Figure 4.9. Let
v: Fr({p,q,7}) — Con(A) be the lattice homomorphism determined
by p — «,q +— [B,7 — 7. Since im(yp) = D is a finite lower bounded



4.2. CONGRUENCE IDENTITIES FROM MALTSEV CONDITIONS T

FIGURE 4.9.

lattice, for each a € im(p) there is a least element b € F.({p,q,7})
such that ¢(b) > a. There is a procedure described in Lemma 2.7 of
[16] for calculating this least b. Applying it to our situation shows that
the least b € F({p,q,r}) such that ¢(b) > aisb=pA (¢ Vr). Since
we assume in (4) that w(p,q,7) < p A (¢ V), we get that

w(a, B,7) = p(w(p,q,r)) ? a = Cg™(u,v).

Hence (u,v) € aN(fo4vy) —w(a, 5,7), which proves that the inclusion
in (5) fails in the variety of sets. O

REMARK 4.13. Quasi-identity (4.4) satisfies (W). (Recall from Sec-
tion 2.2 that to check that a quasi-identity @) satisfies (W) it suffices to
check that (W) holds in the partial lattice P(Q) of the Q-configuration.
For (4.4) this partial lattice has only twelve distinct elements, so the
verification is not difficult. In fact, if one first uses the axioms of lattice
theory to simplify pjg = ppy A (g V rpp) to

pA(quVry) =pA((gA V) V(rA(pVa)),

then the associated partial lattice only has nine elements.) The theo-
rem just proved, together with Theorem 2.22, shows that quasi-identity
(4.4) is the weakest congruence quasi-identity in the collection of non-
trivial congruence quasi-identities satisfying (W). That is, if @) is any
nontrivial quasi-identity satisfying (W) and @ holds in all congruence
lattices of algebras in some variety V, then )V satisfies a nontrivial
idempotent Maltsev condition by Theorem 2.22. Now, from (1)=(2)
of Theorem 4.12 we get that quasi-identity (4.4) is also satisfied by all
congruence lattices of algebras in V. Thus any variety satisfying () as
a congruence quasi-identity also satisfies (4.4).

PROBLEM 4.14. Is there a weakest congruence quasi-identity (not
necessarily satisfying (W))?
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Problem 4.14 is related to Problems 4.3 and 4.4.

REMARK 4.15. It is natural to be curious about the effect of re-
placing pjg) with some other pp, in item (2) of Theorem 4.12. The
quasi-identities

Qn: (PAg=s)&((pAr)=s)& (pm=s) — ((pA(qgVr)) =s)

become formally stronger as n increases, since

(pAg)=s)&((pAr)=s) & (pm =~ s) = (Pt =~ 5)
holds in all lattices. But @)y is a tautology, and for n > 2 all @,
are equivalent. For, if some assignment p — a,q — b,r — ¢,s — d
witnesses a failure of @), but not Q,,_1, then p — aj,—g, q > bjp—g, 7
Cin—2), 5 F d is an assignment witnessing a failure of Q.

It is also natural to be curious about the effect of replacing the
numbers 4 and k (> 4) in items (5) and (6) of Theorem 4.12 with
smaller numbers. It happens that there is a slightly more complicated
condition for k = 3 that is equivalent to the other conditions of Theo-
rem 4.12, but there is no similar condition for £ = 2.

To state the condition for k£ = 3, recursively define ternary lattice
words as follows: p° = p, 70 = r p"™ = p A (g Vv r"), and 7" =
r A (qV p"). The equivalent condition for k = 3 is:

(7) V satisfies a congruence inclusion of the form

an(fosy) Cwla,f,7),
where w(p, ¢, 7) is a lattice word such that w(p, q,r) # p" for
any n in the free lattice F.({p,q,r}).
To see why it is necessary to phrase item (7) in this more compli-
cated way, suppose that (u,v) € anN(fo~vyof). Then, for k = 0, there
are elements r and y related to v and v as in Figure 4.10. But it is

FIGURE 4.10.

easy to see that if u, v, x and y are related in this way for some k, then
(u,v) € a* N (BVA*) = o and (z,y) € ¥* N (B V a*) = 4*TL By
induction N (B o37) C o for all k. This shows that if a lattice word
w(p, q,r) is above p" for some n, then a N (B o3v) C o™ C w(a, 5,7)
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holds in any lattice of equivalence relations. Thus, for an inclusion
an(Bozvy) C w(a,B,7) to be nontrivial, we must have w(p, q,r) 2 p"
for all n. This is different from inclusions of the form a N (5 oy v) C
w(a, B,7) for k > 4, since these inclusions are nontrivial as soon as
w(p,q,r) Zp' =pA(qgVr).

Fortunately, that is the only modification of the condition on w that
is needed. To prove (4)==(7), observe that the assignment of variables
in E; defined by p — «a,q — §,7 — 7,5 +— 0 is one that satisfies the
premises but not the conclusion of quasi-identity (4.4).

0

FIGURE 4.11. The lattice E;

An examination of the third paragraph of the proof of Theorem 2.23
reveals that the same assignment must therefore witness a failure of
the equivalent identity (4.5). Thus, if ¢: Fz,,.({p,q,7}) — E; is the
extension of the assignment p — «, ¢ — (3,7 +— 7 to a homomorphism,
then (0% (p,q,7)) < @(p A (g V 1)) = a. On the other hand, an easy
induction shows that ¢(p") = « for all n. Hence d%(p,q,r) # pn
for all n in Fr,,.({p,q,7}). Now, as in the proof of Theorem 4.12
(4)=(5), the word w(p, q,r) lies below 0% (p,q,7) in Fr,,.({p, ¢, 7}),
hence satisfies w(p, q,r) 2 p" for all n in Fz({p,q,7}). This proves
(4)=(7).

One can prove that (7)==(1) in essentially the same way we proved
that (6)==-(1) using the number 3 in place of k. This time, define
A = ({ag, a1, a2,a3};0), a = Cg*(ag,a3), B = Cg®((ag, ay), (az,as3))
and v = CgA<CI,1,CL2>. These congruences on A generate a sublattice
of Con(A) isomorphic to the lattice E;, therefore E; should be used
in the argument in place of Dy. Unlike D, the lattice E; is not lower
bounded. However it can be shown (using Theorems 2.2 and 2.3 of
[16]) that if p: Fz({p,q,7}) — Con(A) is the lattice homomorphism
determined by p — «, ¢ — 3,7+ =, then the set of allb € F({p, q,7})
such that p(b) > « is the filter {t | t(p,q,r) > p", for some n}. If w
is as in item (7), then w is not in this filter, so p(w) ? a. As in the
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proof we gave for (6)=-(1), this implies that the congruence inclusion
an(Bozvy) Cw(a,f, ) fails in A, hence fails in the variety of sets.
There is no analogous condition for £ = 2 that is equivalent to the
other conditions of Theorem 4.12. The reason for this is that the con-
dition that aN(Bo~y) C w(a, B, ) is trivial if w(p, q,7) > py,) for some
n, as we showed in the first paragraph of the proof of Lemma 4.11.
On the other hand, Theorems 2.2 and 2.3 of [16] can be used to
show that if w(p,q,r) 2 ppn for all n, then p(w) 2 « for the ho-
momorphism h : F.({p,q,7}) — M3 : p — a,q — [, — =, where
M3 is labeled as in Figure 4.12 Therefore, if the congruence inclusion

FIGURE 4.12. The lattice M3

an(foy) C w(a, [,7) is nontrivial and holds throughout V, then when-
ever «, (3 and ~ are congruences on some A € ) that generate a copy of
M; it must be that aN(Bov) C aNw(w, f,7) S a. In particular, the
idempotent Maltsev condition associated with a N (Bo~) C w(a, 5,7)
precludes the possibility that «, 6 and v generate a copy of M3 where
Bo~y = [V~ Such an idempotent Maltsev condition must fail
in any nontrivial variety of modules, since any nontrivial variety of
modules contains members whose congruence lattices contain sublat-
tices of permuting congruences isomorphic to M3. But we will prove
in Theorem 8.1 (10)==-(1) that any idempotent Maltsev condition
that fails in every nontrivial variety of modules implies congruence
meet semidistributivity. This shows that a congruence inclusion of
the type a N (B o) C w(a, 3,7) for some lattice word w is trivial if
w(p,q,7) > ppy) for some n, and implies congruence meet semidistribu-
tivity if w(p, q,7) 2 pp for all n. Therefore any such inclusion is either
too weak or too strong to be equivalent to the existence of a Taylor
term. We emphasize, however, that this conclusion was reached un-
der the assumption that w is a lattice word. There do exist expressions
W (p,q,r) in the symbols V, A and o such that the congruence inclusion
an(foy) € W(a,p,) is nontrivial but does not imply congruence
meet semidistributivity for a variety. (E.g., Theorem 8.13 (2) of this
monograph, or Theorem 4.8 (2) and (3) of [52].)
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4.3. Omitted Sublattices

In this section we show that if V has a Taylor term, then certain
lattices cannot be embedded in congruence lattices of algebras in V.

THEOREM 4.16. Let V be a variety that satisfies a nontrivial idem-
potent Maltsev condition and let A be a member of V.

(1) The lattices in Figure 4.13 do not occur in the meet continuous
congruence variety of V.

g
B
g gl voa
o J o

D, E; G
FIGURE 4.13.

(2) The lattices in Figure 4.14 with the given centralities do not
occur in Con(A).

C(f,;0) or C(3,3; 8N 0) C(r,7;0)
T
Q 15} «
&
Y=90 Y=90
N5 D2
FIGURE 4.14.

(3) The lattices in Figure 4.15 do mot occur as sublattices of
Con(A).
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E,

FIGURE 4.15.

PrOOF. For the first claim of this theorem, the fact that V satisfies
a nontrivial idempotent Maltsev condition implies that the congruence
lattices of algebras in V satisfy quasi-identity (4.4) of Theorem 4.12 (2).
But in the proof of Theorem 4.12 we explained why that quasi-identity
is equivalent to a meet continuous identity, so in fact all members of
the meet continuous congruence variety of V) satisfy quasi-identity (4.4).
Item (1) of this theorem follows from the fact that Dy, E; and G all
fail quasi-identity (4.4) of Theorem 4.12. (In each case the assignment
p— a,q— [B,r— 7,5+ 0 witnesses a failure.)

For the second claim, observe that ajg < 6 < a < 3V « holds for
the indicated congruences in both Ny and Dy. By Lemma 4.11, this
is enough to establish the first condition of Theorem 4.10. To show
that the two configurations are forbidden it suffices to show that the
second condition of Theorem 4.10 is satisfied, since § # a. The second
condition of Theorem 4.10, that C(3V~, «; §) holds, is equivalent to the
conjunction of C(f,a;d) and C(v, a; ) since the centralizer relation
is monotone and meet semidistributive in its first variable. In the two
examples C(v, a;d) holds simply because v = §. In the first assertion
concerning N5 we have C(f3, «;d) because we have assumed it. The
second assertion concerning N5 can be reduced to the first, as follows.
We start with our assumption that C(3, 3; 3 A ) holds, derive C(5 V
3,8V §;0) using Theorem 3.26, and then derive C(f, «;9) from the
monotonicity of the centralizer in its first two variables.

For Dy we have assumed only that C(7,7;0) holds. From this and
a,B < 7 we get that C(8,a;0) holds. We have C(f3, a; «) trivially,
so by item (6) of Theorem 2.19 and the fact that 6 = o A o we get
that C(f3,a;9) holds. Since «, 5 and § generate a sublattice isomor-
phic to N5, we get a contradiction from the argument in the previous
paragraph.
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For the part of the third claim concerning Eo, C(a, 5; 6 A J) a

consider labelling
this lattice with
alpha, beta,
gamma, delta. my
first attempt didn't
work.

C(v,3; BA6) hold by Theorem 2.19 (8 e can use Theorem 2.19

and (1) to conclude first that C(av™, 5; 5 A d) holds, and then that
C(B,8; 68 A 6) holds. By applying item (2) of this theorem to the
sublattice generated by and § we obtain a contradiction. One can
handle the second latti¢e in the third claim by similar arguments. [J

REMARK 4.17. The combination of Theorem 2.2 (1) and Theo-
rem 4.16 shows that if L is a finite sublattice of Con(A) where A has
a Taylor term, and M3 is not a sublattice of L, then L is meet semidis-
tributive. This is the strongest conclusion about L that can be derived
from these hypotheses, since the variety S of semilattices has a Taylor
term, M3 is not embeddable in Con(A) for any A € S, yet every finite
meet semidistributive lattice is embeddable in the congruence lattice of
some semilattice. (To show this, combine Theorem 4.4.12 of [25] with
the main result of [14].)

4.4. Admitted Sublattices

Theorem 4.16 shows that if V has a Taylor term, then certain lat-
tices cannot be embedded in Con(A) for any A € V. If, on the other
hand, V does not have a Taylor term, then many lattices must appear
as sublattices of congruence lattices of algebras in V. The strongest
result of this sort that we know is the following.

THEOREM 4.18. Let V be a variety that satisfies no nontrivial idem-

potent Maltsev condition. If L is a finitely presentable lattice satisfying
Whitman’s condition (W) (Definition 2.3), then L € L(V).

PROOF. In order to prove that L is a member of £(V) it suffices to
prove that it is possible to separate the points of L by homomorphisms
into members of L(V), since L(V) is a prevariety. So, choose elements
p # q in L which are to be separated.

Suppose that L is presented by (G | R) where G = {¢g1,...,9n},
g=(91,--..90) and R = {p1(8) = ¢1(8),--.,Pm(8) = ¢m(g)}. There
exist n-ary terms p(x) and ¢(x) such that p = p(g) and ¢ = ¢(g). The
quasi-identity

(4.6)

satisfies (W) (De
class of varieti
conditions.

satisfying (4.6) is definable by idempotent Maltsev

in most, or maybe
all other instances,
the \approx symbol
Is used instead of =
in quasi-identities.
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What this shows is that if V satisfies no nontrivial idempotent Mal-
tsev condition, then V has an algebra A such that Con(A) fails quasi-
identity (4.6). If (64,...,0,) is a witness of the failure, then the func-
tion g; — 6, extends to a homomorphism h: L — Con(A) for which
h(p) # h(q). This proves the theorem. O

In the case where V is locally finite and L is finite, Theorem 4.18
is part of Theorem 6.22 of [34].

For later reference, and to illustrate Theorem 4.18, we next describe
a class of lattices satisfying (W).

DEFINITION 4.19. A graph is a pair G = (V; E) where V is a set,
E is a set of 2-element subsets of V', and V N E = (). Elements of V
are called vertices and elements of F are called edges. G is discrete
if £ =0.

If G is a graph, then the lattice of G (or graph lattice) is the
partially ordered set L[G] obtained from (V U E; €) by adding a new
top element 1 and a new bottom element 0.

L[G] has height < 3 and, when V # (), has V as its set of atoms
and has each element of E as a coatom of height 2.

FIGURE 4.16. The shape of L[G]

L[G] is indeed a lattice. For, (V U E; €) is a poset of height 1 that
does not have elements ordered as in Figure 4.17, since we have defined

e /
a b

FIGURE 4.17.
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graphs to exclude multiple edges e, f between distinct vertices a, b. It
is easy to see that if one adds new top and bottom elements to any
poset of height 1 with this property one always obtains a lattice.

LEMMA 4.20. A lattice L of height < 3 satisfies (W) if and only if
L has no sublattice isomorphic to My s (Figure 4.18).

FIGURE 4.18. M3

In particular, any graph lattice or dual of a graph lattice satisfies

(W).

PrOOF. If L fails (W), then there exist elements a, b, c,d € L such
that aAb = u < v =c¢Vdand {a,b,c,d}NI[u,v] = (). These conditions
force0 <u<z <1, z€{ab},and<y<v<l,ye€ {cd}. Since
the height of L is < 3, it must be that u, ¢ and d are atoms, while v, a
and b are coatoms (of height 2). In particular, this gives us that u < v.
The interval I[u, 1] has height 2, so it is isomorphic to M, for some m,
and a, b and v are distinct coatoms in this interval. Similarly, [0, v] is
isomorphic to M,, for some n > 3, and ¢,d and u are distinct atoms
in this interval. This, is enough to show that a,b,c and d generate a
sublattice of L isomorphic to the one in Figure 4.18.

Conversely, if L satisfies (W), then any sublattice of L must satisfy
(W). Since M35 does not, it cannot be a sublattice of L.

To see that any graph lattice omits M3 3 as a sublattice, it is enough
to observe that the element v in Figure 4.18 has height 2 and dominates
at least three distinct atoms. If this happened in a sublattice of a graph

| don't think that
you get simple
lattices in all cases.
for example, when
G ={a,b,c,d}and a
is adjacent to all
other elements,
and there are no
other edges, then L
[G] has M_3as a
quotient (I think).

atgice, then v would represent an edge incident to at least three distinct

0

L21. If G is a nondiscrete graph with at least 4 vertices,
then L[G] is a simple nonmodular lattice of height 3.

PROOF. Since G has at least one edge, the height of GG is exactly 3.
If G is modular, then the join of 2 distinct elements of height 1 in L[G]
(atoms, or vertices) is an element of height 2 (a coatom, or edge). This
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means that any two vertices of G are adjacent, hence G is a complete
graph. Now suppose that a, b, c and d are 4 distinct vertices of G. Then
e:={a,b} and f := {c,d} are disjoint edges of G, so they are coatoms
that meet to zero in L[G]; i.e., they are elements of coheight 1 whose
meet has coheight > 2. This is impossible in a modular lattice.

Let 6 be a nontrivial congruence on L[G], and let u < v be distinct,
comparable, #-related elements. The hypotheses guarantee that there
is an atom a < v for which a £ u. (If v is an atom, choose a = v; if
v is an edge, choose a to be any incident vertex not equal to u; if v
is the top, choose a to be one of the four atoms not below w.) Hence
(0,a) = (a Au,a Av) € 6. If there is a vertex b not adjacent to a,
then (b,1) = (0V b,aVb) € 8. Now for each vertex ¢ # b we have
(0,¢) = (¢ Ab,e A1) € 0. By hypothesis, G has at least 3 distinct
s other than b, so L|G] has at least 3 distinct atoms #-related to
0. But the e join of these atoms is #-related to 0, and the join of
any 3 atoms in a g lattice is the top. Thus, 6 is the total relation
in the case that there exis ertex b not adjacent to a.

In the remaining case G is a coinplete graph on at least 4 vertices.
If ¢ is any edge not incident to a, then (¢,1) = (0V ¢,aV {) € §. From
this it follows that the meet of all edges ¢ not incident to the vertex a
is also f-related to 1. These are the edges from the induced complete
graph on the vertex set V' —{a}. Since V' —{a} has at least 3 elements,
and a complete graph on > 3 vertices has no vertex incident to all
edges, the meet of all edges not incident to a is zero. Again, 6 is the
total relation. O

From Theorem 4.18 and Lemmas 4.20 and 4.21 we derive the fol-

this conclusion is
still valid, of
course.

ng. remove "of"

2. If V has no Taylor term, then any—graph lattice

1s embeddable in the co nce lattice of some er of V. Hence,
there exist arbitrarily large finite,=impl modular lattices that are
embeddable in congruence lattices of of members of V.

If we had defined graphs to allow loops on vertices, then we would
have found that the corresponding graph lattices still satisfy (W), so
Theorem 4.22 also applies to these lattices. Lattices of graphs with
loops are still usually nonmodular, but they need not be simple. For
example, this type of graph lattice is not simple if the underlying graph
has at least one isolated vertex with a loop.

We have shown that certain lattices are not embeddable into con-
gruence lattices of algebras in V if V has a Taylor term, while certain
lattices must be embeddable if V does not have a Taylor term. The
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two classes that we have described overlap, allowing us to characterize
the existence of a Taylor term according of the shapes of congruence
lattices of algebras in V.

THEOREM 4.23. Let V be a variety and let L be a finitely presented
lattice satisfying (W) but failing quasi-identity (4.4). (For example, L
could be Dy, E; or G.) The following conditions are equivalent.

(1) V satisfies an idempotent Maltsev condition that fails in the
variety of sets.

(2) V satisfies a nontrivial meet continuous congruence identity.

(3) L does not appear as a sublattice of Con(A) for any A € V.

(4) L is not in the meet continuous congruence variety of V.

PRrOOF. The equivalence of (1) and (2) follows from Theorems 2.14
and 4.12. That (1)==(4) follows from the argument we used in The-
orem 4.16 (1), which only required that the lattice in question failed
quasi-identity (4.4). The implication (4)==-(3) is trivial. Finally, the
contrapositive of (3)==-(1) follows from Theorem 4.18. O

REMARK 4.24. As we stated at the end of Section 2.3, Dy is sub-
directly irreducible and projective in Lj;c. Therefore the equivalence
of items (3) and (4) of Theorem 4.23 for D, is to be expected. But E;
and G are not projective in £)s¢, which makes the equivalence of (3)
and (4) for these lattices somewhat surprising.
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definition differ

from mckenzie's Rectangulation
original definition?

In this chapter we introduce a term condition for rectangularity and
prove a representation theorem for rectangular tolerances. We explain
how the stfucture of rectangular tolerances improves in the presence of
a join tern). We give three different Maltsev conditions that define the
class of vatieties that omit rectangular tolerances.

5.1. Rectangular Tolerances

DEFINI/TION 5.1. Let S and T be tolerances on an algebra A, let J
be a compatible quasiorder on A (i.e., J is a reflexive, transitive, binary
relation on A that is a subuniverse of A%). Then S rectangulates T
relative to J if for all v € A and all

r

(5.1) {p z] e M(S,T),

it is the case that
(5.2) wdgqg & wulr = wuds.
We indicate this by saying that R(S,T; J) holds.

By interchanging the rows and columns of matrices one sees that

R(S,T;3) holds if and only if
(5.3) wdqg & wldr < wdp & uls
for every u € A and every S, T-matrix in (5.1).

THEOREM 5.2. Let A be an algebra with tolerances S, S", T, T", com-
patible quasiorders J,3; and a congruence §. The following are true.
(1) If R(S,T;3) holds and S" C S, T" C T, then R(S',T'; D)
holds.
(2) If R(S,T;3;) holds for all j € J, then R(S, T ﬂjeJ ;) holds.
(3) Let B be a subalgebra of A. If R(S,T;3) holds in A, then
R(S|g,T|B; 2 |B) holds in B.
(4) If 2 is 0-closed (cf. Section 2.5), then R(S,T; ) holds in A
if and only if R(S/6,T/6;3/9) holds in A /0.
(5) R(S,T;3) holds if and only if R(T,S;3) holds.
88
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(6) R(S,T;9) holds if and only if SR(S,T;0) holds.

PROOF. Items (1)—(4) are proved in the same way as items (1), (6),
(9) and (10) of Theorem 2.19.
Item (5) follows from the fact that the transpose of an S, T-matrix

1sa ;5= ix, and the definition of rectangulation is invariant under
transpose (as indicated in Time*(9) following Definition 5.1).

Item (6) follows from the fact that the definition of SR(S,T;9) is
the restriction of the definition of R(S,T; J) to the case where J = 0
is a congruence. 0

It follows from Theorem 5.2 (2) that for tolerances S and 7" on an
algebra A there is a least compatible quasiorder J such that R(S,T"; J)
holds, namely the intersection of all J; such that R(S,T; J;) holds. If
some quasiorder J; is antisymmetric (equivalently, is a partial order),
then the intersection of all 3; will also be antisymmetric. It is this
situation that interests us, so we make the following definition.

DEFINITION 5.3. A tolerance S rectangulates a tolerance T if
R(S,T; 3) holds for some compatible partial order J. If S = T" we say
that T is rectangular.

If 3 is the least compatible quasiorder such that R(.S,7; J) holds,
then [S, T|g denotes the intersection of J with its converse C (:= V).

If S and T are tolerances on A, J is the least compatible quasiorder
such that R(S,7T;3) holds, and § = [S,T]r ( = 2 N L), then § is a
congruence on A and J is J-closed. Since R(S,7T;3) holds, we get
from Theorem 5.2 (4) that R(S/0,7/0;3/d) holds. Since J/¢ is a
compatible partial order on A/d, this means that S/d rectangulates
T/§in A /6. Moreover, it follows from Theorem 5.2 (4) that § = [S, T|r
is the least congruence on A for which this statement is true. We record
this as:

THEOREM 5.4. If S and T are tolerances on A, then [S,T|r is the
least congruence § € Con(A) such that S/6 rectangulates T/ in A/§.

If S and T are disjoint tolerances, then it follows from Definition 5.1
that R(S,T;0) holds, and therefore [S,T]g = 0. This describes a
trivial instance of rectangulation. If it happens that SN T # 0 yet
still [S, T|g = 0, then the intersection S NT is a nontrivial rectangular
tolerance (by Theorem 5.2 (1)). We spend the rest of this section
describing the structure of such objects.

DEFINITION 5.5. An operation + on A is a semilattice operation
on A if it is
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(i) idempotent: Vo € A(x + x ~ z);
(ii) commutative: Vr,y € A(z +y ~ y + z); and
(iii) associative: Vz,y,z € A(x + (y + 2) = (v + y) + 2).
If T is a tolerance on an algebra A, then a partial operation x + y
on A is a compatible semilattice operation on T if
(i) +: T — A is a homomorphism (with 7" considered as a sub-
algebra of A?); and
(ii) + is idempotent, commutative, and associative on each T-
block.

THEOREM 5.6. Let A be an algebra and let 6 be a congruence on A.
If 0 supports a compatible semilattice operation, then 6 is rectangular.

PRrROOF. Let + be a compatible semilattice operation on 6. Define
a relation J by

adb <= (a,b)cf and a=a+b.
This is a partial order on A due to the facts that 6 is reflexive and
transitive and + is a semilattice operation on #-blocks. It is compatible

because 6 and + are.
To show that R(#,0; J) holds, let

p q|_| flau) fl(av)

ros f(b,u) f(b,v)
be a #,0-matrix, and suppose that v J ¢ and u 3 r for some u € A.
The definition of 3 forces the elements u, ¢ and r to belong to the same
f-block, and also forces u = u+ g = u+r. This #-block is closed under
+, so (u,q+r) € 6. Moreover

W=t = (et g) () = ut (g ),

proving that v J ¢ + r. But

g+r = f(av)+ f(b,u)
= fla+b,v+u)
= f(a,u) + f(b,v)
=p+sds,
so u J s. This completes the proof. O]

THEOREM 5.7. Let A be an algebra and let T be a tolerance on A.
The following conditions are equivalent
(1) T is rectangular.
(2) There is an algebra Ac V(A) and a tolerance T on A such
that R
(i) A is a subalgebra of A;
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(ii) T C T)a;
(iii) T is rectangular; and
(iv) T supports a compatible semilattice operation.

PROOF. For (2)=-(1), we leave it to the reader to check our defini-
tions /z\md VerifX that whenever A < A\, T is a tolerance on A for which
T C T4, and T rectangulates itself with respect to the partial order J,
then T rectangulates itself with respect to the restricted partial order
3 |a. (In particular, (2)(iv) is not needed to prove that (2)=(1).)
The real content of the theorem is the claim that (1)=-(2).

Assume that (1) holds, and that J is a compatible partial order on
A for which R(7',T; J) holds. We will construct A from an algebra B,
defined as follows. The universe of B consists of the nonempty order
ideals of the poset (A;J). (A subset I C A is an order ideal if x € |
and z J y implies y € I.) If f is a k-ary operation symbol in the
language of A, and Iy,..., I, € B, then fB(I},... ;) is defined to
be the order ideal I generated by the set of all elements of the form
fA(ai,...,a;) with a; € I;. (Thus, u € I if and only if there exist
u; € I; such that fA(uy,...,ux) 3 u.) If a € A, write (a) for the
principal order ideal generated by a in (A; J).

CrAam 5.8. The function A — B:z — (x) is a 1-1 homomor-
phism.

The fact that ( ) is a 1-1 function follows from the fact that (A; J)
is a partial order. To show that a typical k-ary basic operation f is
preserved by (), choose ai,...,a; € A. The ideal fB((a1),...,{(as))
consists of all elements u € A for which there exist elements u; € (a;)
such that fA(uy,...,ux) 3 u. But since a; 3 u; and 3 is compatible,
this means that

Aay, .. ar) 3 fAuy, .. u) D
Thus u € fB({a1),{(as), ..., {ay)) if and only if u € (f2(ay,...,ax)),
which proves that () is a homomorphism.

This claim shows that we may view B as an extension of A. In
order to define a tolerance S on B whose restriction to A contains 7',
we first define

S'={(I,J)e B*| (Vue ) 3(v,w)e (IxJ)NT)(vIu)}

Now let S be the intersection of S’ and its converse.

Let £ be the language of A, and let £(U) be the expansion of the
language to include the symbol U. By interpreting U in B as union of
ideals we get an L£(U)-algebra (B;U).
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CrLAamM 5.9. S is a tolerance on (B;U). Moreover, if (a,b) € T,
then ({a), (b)) € S.

Since S is the intersection of S’ and its converse, it will suffice to
prove that S’ is a compatible reflexive relation of (B;U), and that if
(a,b) € T, then ({(a), (b)) € S".

Choose I € B. For any u € I the pair (u,u) € (I x I)NT, so
(I,I) € S’. This shows that S’ is reflexive.

Next, suppose that (I;,J;) € S’,1 < i < k, and that f is a k-ary
L-operation. Let I = f([,...,I}) and J = f(Ji,...,Ji). To see that
(I,J) € S’ choose u € I. There exist u; € I; such that f(uy,...,ux) 3
u, by the definition of B, and there exist (v;,w;) € (I; x J;) NT with
v; 3wy, since (1;, J;) € S’. Since J is compatible, this means that

vi= f(vl7"'7vk> gf(ulw"uuk) — u.
Since T is also compatible, for w := f(wy,...,w) € J we have
(v,w) = f((vy,w1), ..., (g, wg)) €T.

Thus, for our v € I (which we chose arbitrarily) there exist (v,w) €
(I x J)NT such that v J u. Hence (/,J) € §', showing that S’ is
compatible with all L-operations.

To show that S’ is compatible with U, choose (I',J'), (I", J") € S’
and let (I,J) = (I'UI”, JUJ"). Choose any u € [ =I'UI". lfu e I,
then since (I’, J') € S’ there is a pair

(v,w) € (I'x JYNT) C (I x J)NT)

such that v 3 u. The same conclusion holds if u € I”, so we have that
(I,J) € S’. Hence S’ is a compatible reflexive relation of (B;U).

To finish the proof of the claim we must show that for (a,b) €
T we have ({(a), (b)) € S’. To see that this is so, observe that for
any u € (a) the pair (v,w) = (a,b) satisfies the required properties:
(v,w) € ({a) x (b)) NT and v J u.

We have constructed an algebra B, a tolerance S, and we have a
candidate U for the compatible semilattice operation on S. For U to be
compatible on S it must commute with the L-operations on S. This
won't be true without some tinkering, so we factor by a congruence
that collapses all failures of compatibility. Specifically, let € be the
L(U)-congruence on B generated by all pairs of the form

(f(L,..., L) U f( S, Je), f(LUJTL . DU JR))

where f € £(U) and each (/;, J;) € S. Since 0 is defined to be a congru-
ence of (B;U), the quotient (B;U) /0 satisfies all equational properties
satisfied by (B;U). In particular, U is a semilattice operation of the
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quotient and all operations are monotone with respect to the semilat-
tice order.

Cramm 5.10. If (U, V) € 0 and u € A, then U C (u) <=V C (u).
Hence if ((u), (v)) € 0, then u = v.

To see that this is so, it suffices to check the claim only in the case
where (U, V') is a polynomial image of a generating pair for §. Here, by
a polynomial, we mean a unary polynomial of (B;U), although in our
argument we will only consider special unary polynomials of (B;U).

Let C be any algebra. A basic translation of C is a unary poly-
nomial of the form ¢(x,cy,...,c,) where each ¢; € C, and ¢ is ob-
tained from some basic operation by permuting variables. It is known
(and not hard to see) that the congruence on C generated by some set
G C C x C can be described by first forming the closure of GG under all
basic translations, and then generating an equivalence relation. Hence
(z,y) € Cg®(@Q) if and only if there is a sequence = = g, ..., Tm = ¥
where each {z;,z;11} = {p(g9),p(h)} for some (g,h) € G and some
unary polynomial p which is a composition of basic translations.

For us, the fact that for any f € £ we have

f(.ﬁCUWl,WQ,...,Wk) = f(.’L’,WQ,...,Wk) Uf(Wl,WQ,...,Wk)
= f(LU,WQ,...,Wk)UZ
when all W; € (B;U) and Z := f(W,..., W) implies that if a compo-
sition of basic translations of (B;U) involves U, then it can be rewritten
so that it is a composition of basic translations not involving U, fol-
lowed by a single basic translation of the form p(z) = U Z. This
observation shows that to prove the claim it suffices to show that if
(H, K) is a generating pair for 6, then
p(H) C (u) <= p(K) C (u)

when p has the form p(z) = q(z, W1, ..., Wy) U Z where ¢ is a compo-
sition of basic translations not involving U, and W;, Z € B.

Since the generating pairs for 6 are comparable and the operations
of (B;U) are monotone, to prove that

p(H) € (u) <= p(K) S (u)
for a generating pair (H, K) it suffices to show that

U= p(f(I,.. . L) U F(Jiye s ) C (1) =

Assume that U C (u) but that there is some e € V' — (u). Then, since
p(x) = q(z, Wy,..., W)U Z we get Z C U C (u), so since

66V—Z:q(f([lUJl,...,[nUJn),Wl,...,Wk)—Z,
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we get that e € ¢(f([L U Jy, ..., [, UJ,), Wy, ..., Wy). We can reorder
the variables of f so that there are elements s; € I; (1 < i < j),
tied;(j+1<i<n), w;eW,;(1<i<k)such that

e=q(f(s1,... S, tjg1, - tn),wr, ..., w,) =q(f(s,t),w).

For each ¢ between 1 and j we use the facts that s; € I; and (1;, J;) € S
to choose (s},t!) € (I; x J;)NT with s, J s;, and similarly for ¢ between

j + 1 and n we can choose (t,s]) € (J; x I;) N T with t; O ¢;. We use

1) 2%

these elements to form tuples 8" = (s,...,s}),8" = (s7,,...,s7), t/

and t”. Since s’ and t” are T-related coordinatewise, and the same is
true for s” and t’, we have

A(f(t".s).w) q(f&" ) w) ] _[p g
a(f(5,8"), W) a(f($,t),w) } B [ } = MET)

with ¢,7 € U C (u). Since we have assumed that 7" rectangulates itself
with respect to 2, and u J ¢, r, we must have

uds=q(f(s',t"),w) T q(f(s,t),w) =e¢,
which is contrary to our choice of e. This proves the first sentence of the
claim. The second sentence follows from the first by taking U = (u),
V' = (v), and using the fact that J is a partial order.
The relation S/8 = {(I/6,.J/0) € (B/0)* | (I,J) € S} is a tolerance
on B/0, hence a subalgebra of B/ x B/6.

CrAaM 5.11. The function U: S/0 — B/0 is a homomorphism.
We must show that if (1;/6,J;/0) € S/6 and f € L, then in B/

we have
f(L/0U /0, .. 1I;/0 U J,/0)
= f(L/0,...,I/0) U f(J1/0,...,J,/0).

Equivalently, we must show that if (1;,J;) € S and f € L, then in B
we have

f(IIUJhu[kUJk) =0 f([177[k)uf(J177Jk)
This is immediate from the definition of 6.

Claims 5.8 and 5.10 prove that the composite z +— (z) — (z)/0 is
an embedding: A — B — B/6. We identify A with its image under
this homomorphism.

Let C be the set of all algebras C € V(A) that are intermediate
extensions: A < C < B/#. This set contains A, so it is nonempty,
and it is closed under unions of chains. Therefore there is an algebra
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A € C which is maximal among intermediate extensions that belong
to V(A). Let T'= S/6| ; be the restriction of S/6 to A.

CLAIM 5.12. T is a tolerance on A, and conditions 2(i)-(iv) hold
forT and A.

T is the restriction of the tolerance S/6 on B/ to A, so it is a
tolerance on A. It is a consequence of Claim 5.9 that 7' C T'|4. What

we have left to show is that 7' is rectangular, and supports a compatible
semilattice operation. We show the latter first.
Claim 5.11 proves that U: S/ — B/6 is a homomorphism. This

homomorphism can be restricted to T. The image U(T ) of the re-
stricted homomorphlsm contains A since 7 i IS 1 reﬂexwe and aUa =a
for all @ € A. The image U(T) is a quotient of T', and 7 is a subalgebra
of A x A € V(A), so the image is in V(A). The maximality of A
prevents it from being properly contained in U(T) SO U(f) — A. This

shows that U is a homomorphism from T to A. R
Let D be a T-block. If a,b,c € D, then (a,c), (b,c) € T C 5/0 so,
since S/ is a tolerance of (B;U) /6,

(aUb,c) = (a,c)U(bc) € S0l =T
This shows that a U b is T-related to any ¢ € D, soaUb € D by the

}_x{?ct that D is a block. Since U is a homomorphism from 7" to A that

is the restriction of a semilattice operation on B/f, and since each
T-block is closed under U, it follows that U is a compatible semilattice
operation on T.
Now we prove that T is rectangular. To check this we need a com-
patible partial order on A. We choose it to be the restriction of the
U-semilattice order on B/6, which we denote by > and define by

a>b <<= a=aUb.

We have already observed that the operations of B/ are monotone
with respect to the semilattice order, and this fact is inherited by A,
hence > is a compatible partial order. To see that R(7T,T;>>) holds,
choose M € M(T,T),
Ao | Plaw) plav) | fp g
p(b,u) p(b,v) ros |’

with u > ¢, r for some u € A. All four elements of this matrix are
T-related, so

u>uUu>qUr =p(a,v)Up(b,u) =plaUb,vuu) > p(b,v) =s.
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Thus, u > ¢, r implies u > s, as required. This completes the proof of
the claim, and also of the theorem. O

It is worth recording that the proof produces from A and T two
algebras of interest: A and B /0. The properties of the two algebras
are roughly the same with respect to rectangulation, but A is in the
variety generated by A while B/f may not be. On the other hand, the
compatible semilattice operation that we constructed is only a partial
operation on A (it is defined only on f—blocks), while it is a total

operation on B/f and the semilattice order is a compatible partial
order of B/6.

5.2. Rectangular Tolerances and Join Terms

We introduced join terms in Section 3.2, but did not investigate
their properties. It is now important that we do so. In this section we
explore the structure of rectangular tolerances on algebras in varieties
with a join term. For such tolerances we prove that the representation
given in Theorem 5.7 is simpler in that one may take A = A and
T = T. We then describe connections with the relations >7 and ~r
that were introduced in Definition 3.14

THEOREM 5.13. Let V be a variety with a join term +, and let T
be a tolerance on an algebra A € V.
(1) If B is a T-block and w >p u and w >p v, then w > u + v.
Similarly, if w >7 w and w >1 v, then w >7 u + v.
(2) If B is a T-block, then >p is a join semilattice ordering on B
modulo ~p, and + 1is the join with respect to that ordering.

(3) If B is a T-block containing all entries of [ CCL b } e M(T,T),

d
thena+d ~pg b+c.
(4) If (g, 7r;s) is a (T,T)-triple, then ¢ +1 >r s.
(5) If p is a polynomial of A and u T v, then

p(u+v) ~p p(u)+p(v).

PRrROOF. Fromw >p wandw >p v it follows that w = w+w >p
u + v, since + is idempotent and >p is compatible with idempotent
polynomials (Lemma 3.15 (1)). The statement about > follows in the
same way from Lemma 3.15 (2).

If B is a T-block, then B is closed under + since + is idempotent.
From Corollary 3.21, w + v >p wu,v, while item (1) proves conversely
that if w >p w,v, then w > w-+wv. Thus >p is indeed a semilattice
order modulo ~g on B, and + is the join with respect to this order.
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For item (3), Lemma 3.17 (3) proves that b+c¢ >p (b+d)+ (a+c).
But from Corollary 3.21 we have b+d > dand a+c¢ >p a, so

b+c > (b+d)+(a+c) > d+a.

Since >p is transitive on B, we have b+c¢ >p d+ a. If we interchange
the two rows of this T, T-matrix, we derive conversely that d +a >p
b+ c, hence that b+c¢ ~p d+a. It follows from part (2) that d+a ~p
a + d, so from the transitivity of ~g on B we get a +d ~p b+ ¢, as
claimed.

For (4), if (q,r;s) is a (T,T)-triple, then its entries belong to a
T, T-matrix. All four entries of any T, T-matrix are pairwise T-related,
hence a block B exists that contains all four entries. Applying item (3)
to this block we obtain ¢ +r ~p p -+ s for some p € B, hence from
item (1) it follows that ¢ + r >p s. This proves ¢ +r > s.

We first prove item (5) in the case where p = f is a basic operation
of A. Choose T-blocks B; such that u;,v; € B; for all 7, and choose a
T-block B such that f(Bj,...,B,) € B. According to part (2) of this
theorem we have

(5.4) Ui + v ~p; Vit U
for all 7. Now consider the T, T-matrix

flutu) flut+v)
fv+u) f(v+v)

All entries lie in B, so from part (3) we get that
flu+u)+ f(v+v) ~p flu+v)+ f(v+u).

The left hand side is f(u) + f(v), since + is idempotent. The right
side is ~pg-related to f(u + v) since, by (5.4), Claim 3.16 and the
idempotence of + we have

flatv)+f(v+u) ~p flutv)+ flutv)=flutv).

Since ~p is transitive on B we get f(u) + f(v) ~p f(u+ v), hence
f)+f(v) ~r flutwv).

Now we prove (5) for polynomials. Consider the relation p C A3
consisting of all triples (u,v,w) for which there is a T-block B such
that u,v,w € B and u+v ~p w. It follows from the fact that item (5)
is true when f is a basic operation, together with Claim 3.16 and the
transitivity of ~p on B’ for any block B’, that p is compatible with the
basic operations of A. It is compatible with all constant operations on
A because + is idempotent. Thus p is compatible with all polynomial
operations. Since p contains all triples of the form (u,v,u + v), it
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therefore contains (p(u), p(v), p(u+ v)), establishing that p(u+v) ~r
p(w) +p(v). u

We can prove more if 7' is rectangular.

THEOREM 5.14. Let V be a variety with a join term +, and let T
be a tolerance on an algebra A € V. If 1 is a compatible partial order
of A for which R(T,T;3) holds, then the following are true.

) The relation ~r is the equality relation on A.

2) > equals 3 NT, and also equals {(u,v) € T | u=u+ v}.

3) If “ Z e M(T,T), thena+d="0+c.

4) If f is a polynomial of A and uT v, then

flutv)=flu)+ f(v).

(5) +: T — A is the unique compatible semilattice operation sup-
ported by T.

(1
(
(
(

PRrooF. If (r,s) is a (T, T;0)-pair, then there is a matrix

“’ g} e M(T,T)

with ¢ = r. Since » J r and r J ¢q (= r), we get r J s because
R(T,T;3) holds. This shows that the relation J contains all (T, 7’; 0)-
pairs, hence contains >7. Therefore, the reflexive relation ~7 is con-
tained in the intersection of J and its converse, which forces ~¢ to be
the equality relation. This proves item (1), and together with Theo-
rem 5.13 (3) and (5) also proves items (3) and (4).

We will prove that > is contained in J N7, which is contained
in {(u,v) € T | v = u+ v}, which is contained in >r. It follows
from Definition 3.14 that >¢ is contained in 7', and it follows from
the argument of the previous paragraph that >7 is contained in I,
so >r is contained in J NT. Next, choose any pair (u,v) in J N7
Since J is reflexive and compatible, and since v J v, we get that
u=u+uJdu+v. Butu+v >r u, according to the definition of a
join term, so u + v J u by the argument of the first paragraph. This
shows that both (u,u+v) and (u + v, u) belong to the partial order J,
so u = u + v. Hence J NT is contained in {(u,v) € T | u = u + v}.
Finally, choose any (u,v) € T such that v = uw +v. If Bis a T-
block containing v and v, then v = u + v >p v, since >p is the join
order for + on B (Theorem 5.13 (2)). Therefore u >7 v, proving that
{(u,v) € T | u=u+ v} is contained in >7. This completes the proof
of item (2).
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For item (5), it follows from Theorem 5.13 (2) and part (1) of this
corollary that + is a semilattice operation on the blocks of T'. The
property from item (4) of this corollary, in the cases where f is a
basic operation of A, is exactly the property that +: T — A is a
homomorphism. Thus + is a compatible semilattice operation on T
If s: T — A is another compatible semilattice operation, then using
the commutativity and idempotence of s and +, and the fact that
s:T'— A is a homomorphism, and that + is a term, we have for any
(u,v) €T

s(u,v) = s(u,v) + s(v,u)
=s(u+v,v+u)
=s(u+v,u+v)
=u-+wv.

Thus + is unique. 0]

COROLLARY 5.15. Let V be a variety. The following are equivalent.

(1) V has no member with a nonzero congruence that is simulta-
neously rectangular and abelian.

(2) V has no member with a nonzero tolerance that is simultane-
ously rectangular and abelian.

(3) V satisfies a nontrivial idempotent Maltsev condition.

PROOF. Since tolerances are congruences, (2)=-(1).

A strongly abelian congruence is both rectangular and abelian, so if
(1) holds, then V omits strongly abelian abelian congruences. Hence V
satisfies a nontrivial idempotent Maltsev condition, according to The-
orem 3.12, showing that (1)=(3).

Finally, if V satisfies a nontrivial idempotent Maltsev condition,
then it has a join term, +. Suppose that A € V has a tolerance T that
is rectangular and abelian. By Theorem 5.14 (5), + is a semilattice
operation on 7T-blocks. Therefore, if (a,b) € T and a > b in the
semilattice order, then

[aa}:[aJra a+b

a b b+a b+b}EM(T’T)'

But since T is also abelian, the equality in the first row of this matrix
implies equality in the second row. Hence T' =0, and (3)=(2). O

One can use tame congruence theory, [34], to prove that a finite
simple algebra has a nontrivial tolerance that is (a) simultaneously
rectangular and abelian if and only if it has one that is (b) strongly
rectangular if and only if it has one that is (c) strongly abelian. So
perhaps it is not too surprising that the varieties that omit tolerances
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of type (a) are the same as those that omit type (b) or (c). However,
(a), (b) and (c) are truly different properties of tolerances, even for
finite algebras, as we explain in the next example.

EXAMPLE 5.16. This example is an extension of Example 3.2. Asin
that example, let X be a set and let M C X2*2 be a set of 2 x 2 matrices
with entries in X. Define A(M) as in Example 3.2. Suppose that >
is a quasiorder defined on the set X such that whenever M = [ ]; Z }
belongs to M, then

u>q & u>r <= u>s & u>p

for any v € X. Let O be the least extension of > to a quasiorder
on A =X UY U{0} (namely, J is the union of > with the equality
relation on A). Then J is a compatible quasiorder of A(M), and it
is clear that R(R, S;3J) and R(T,T;3) both hold (since for u # v we
have v J v if and only if u > v). Thus, we are again in the situation
that we may ignore algebraic considerations and think set-theoretically
when considering relationships between rectangulation and the term
conditions introduced earlier.

To see, for example, that there is a finite algebra with a tolerance
that is rectangular and abelian but not strongly rectangular (hence not
strongly abelian), it is entirely sufficient to write down the single ma-
trix M = l :1)) g ] Then, for M = {M}, and A(M) and T defined as
in Example 3.2, the set of nontrivial T', T-matrices are just those that
can be obtained from M by permuting its entries by some combination
of row or column interchanges or transposes. As a T, T-matrix, M for-
mally conflicts with SR(T, T'; 0). But it does not formally conflict with
C(T,T;0) or R(T,T;>>) where > is the partial order on X generated
by the pairs (3,1) and (3,2). Therefore, on the algebra A(M), the
tolerance 7' is rectangular and abelian but not strongly rectangular.

The construction of Example 5.16 can be used to show that it is
possible for the transitive closure of the (T, T’;0)-pairs to be a partial
order even when 7' is not rectangular. For example, this occurs when

edls sl Lhsl)

Generalizations of this example show that the construction of the rect-
angular commutator of two tolerances can be arbitrarily complicated
in general. The situation is better in varieties with join terms.



5.2. RECTANGULAR TOLERANCES AND JOIN TERMS 101

THEOREM 5.17. Let V be a variety with a join term +, and let T
be a tolerance on an algebra A € V. Let p be any congruence on A
that contains ~p, and let C = A/p and S =T/p.

(1) Ifa; >s a3 >g -+ >s a, >sa; inC, thena; = ay = -+ = a,.

(2) If 3 is the transitive closure of >g, then 1 is a partial order
of C" whose restriction to any S-block agrees with >g.

(3) R(S,S;3) holds.

(4) The transitive closure of ~r is [T, T|R.

PRrOOF. First we prove (1). We may assume that all (a;, a;11) (with
the understanding that n+1 = 1) are (5, .5; 0)-pairs. Now choose n > 2
minimal among such cycles for which the statement is false. We argue
that a1 +as = as +ay; = a1. As (ay,az) is an (5, 5;0)-pair, there exists

a (T, T)-matrix
a b
c d

such that b/p = ¢/p = a; and d/p = ay. Choose a T-block B containing
these four elements. By Theorem 5.13 we have that b4+c¢ ~p a+d, and
that + is a semilattice operation on B modulo ~ g, which implies that
(b+c)+d~pd+ (b+c) ~g b+ c. The relation ~p is contained in p,
and therefore in A /p we have (a; +a1) +ag = as+ (a1 + a1) = a1 + a4.
But + is idempotent, so a; + as = as + a; = a;. A similar argument
shows that a; + a;.1 = a;41 + a; = a; for all 7.
Consider

ay+az 5 a3+ a3 >g A + a4 25+ 25 a2+ Ay =5 A2 + A7 .

This is a cycle of length n — 1. We show that every link in it is
an (5,95;0)-pair. Indeed, the sum of two (S, S)-matrices is also an
(S, .S)-matrix, hence the sum of two (5, .S)-triples is an (S, S)-triple as
well. Now (a1,a1;a2) and (ag,as;as) are (S,S)-triples, and so their
sum (a; + ag, ay + ag; as + az) is an (S, S)-triple, proving that the first
link is indeed an (.S, S;0)-pair. Similarly, (as,as;as) and (a;, a;; a;v1)
are (S,5)-triples, and their sum shows that all the other links in the
chain are (S, S;0)-pairs, too.

The minimality of n then forces this chain to be trivial, that is, all
links are equal. Thus a; +as = as + az. But we know that a; +as = a4
and as + ag = as. Therefore a; = ap. This contradicts the minimality
of n in the original chain. This argument works for every n > 1, and
so (1) is proved.

To prove (2) suppose that v J v and v J u. Then there is a >5-
chain from u to v, and from v to w. Thus the statement in (1) shows
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that u = v. Therefore > is indeed a partial order. To prove the other
statement, suppose that

by >gby >g5b3 >g--->gb,,
where (by,b,) € S. Consider
(5.5) by +b1 >gba+by >5b3+by >5--->5b,+ b

Here b, + by >5 by = by + by by the properties of 4+, since b, and b,
are S-related. Hence (5.5) is a cycle, which must be trivial by (1).
Therefore by = b, + by >3 by, proving (2).

Now we prove that R(S,S; ) holds. Suppose that

d

and v € C satisfies that v 2 b and v 2 ¢. If B is an S-block that
contains these four elements, then Theorem 5.13 (3) guarantees that
b+ c~pg a-+d. But the relation ~g is the intersection of >p and its
converse, the relation >p is contained in >g, and >g is antisymmetric
by item (2). Thus ~p is equality on B, yielding b+ c=a+d. As + is
idempotent and 2 is compatible, we get that u = u+u J b+c=a+d.
But a + d >g d by the definition of a join term, so v 2 a + d 3 d,
proving that R(.S,S; 3J) holds.

For item (4), let p be the transitive closure of ~7 in A. Since ~r is
a tolerance, its transitive closure p is a congruence. Now suppose that
> is the least compatible partial order on A such that R(7,7T;>>)
holds. If

[‘C’ b]eM(S,S),

H g} e M(T,T),

and ¢ = r, then r > r and r > ¢(=r), so r > s. Thus > contains all
(T, T;0)-pairs, and therefore contains >7. According to Definition 5.3,
[T, T'w is the intersection of > and its converse, hence [T, T contains
the intersection of > and its converse, hence contains ~7. Since p is
the least congruence containing ~, we get p < [T, T|r.

On the other hand, according to Theorem 5.4, [T, T|g is the least
congruence ¢ for which 7'/§ is a rectangular tolerance of A/J. By
items (2) and (3) of this theorem, p is a congruence with this property.
Therefore [T, T|r = p- O

The following consequence of Theorem 5.17 is worth stating sepa-
rately.

COROLLARY 5.18. Let V be a variety with a join term, and let T
be a tolerance on some A € V. T 1is rectangular if and only if ~1 s
the equality relation.
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Proor. If T is rectangular, then ~p is the equality relation ac-
cording to Theorem 5.14 (1). On the other hand, if ~7 is the equality
relation, then Theorem 5.17 (4) guarantees that [T, T|g = 0. O

Corollary 5.18 implies the following characterization of rectangular
tolerances in varieties with join terms, which is a refinement of Theo-
rem 5.6.

COROLLARY 5.19. Let V be a variety with a join term 4+, and let
T be a tolerance on an algebra A € V. T is rectangular if and only if
+ s a compatible semilattice operation on T

PrROOF. If T is rectangular, then + is a compatible semilattice
operation on 7' by Theorem 5.14 (5). Conversely, suppose that + is a
compatible semilattice operation on 7. If (r, s) is a (7', T; 0)-pair, then
there is a matrix

[p q} _ [ f(a,u) f(aﬁé) e M(T,T)

r s
with ¢ = r. In this situation
g+r=fa+b,v+u) =p+s,

and all elements p, g, r, s, g-+r and p+s lie in a single T-block. Therefore
r=q+r =p+s > s in the semilattice order on that block. This
means that the equation » + s = r holds, which is a property that
is independent of the block that we are considering. Thus if (r,s)
is a (T,T;0)-pair, then r > s in the semilattice order on any block
containing r and s. This conclusion implies that on any 7-block the
relation > is contained in the semilattice order, and therefore that ~
is the equality relation. Hence T is rectangular by Corollary 5.18. [

The following corollary will be used in Section 9.2.

COROLLARY 5.20. Let V be a variety with a join term +, and let T
be a rectangular tolerance on an algebra A € V. Assume that a and b
are distinct T-related elements of A. If p is a congruence on A that is
mazximal with respect to (a,b) & p, then T'/p is a nontrivial rectangular
tolerance on the subdirectly irreducible algebra A /p.

Proor. If T is rectangular, then ~p is the equality relation ac-
cording to Theorem 5.14 (1). Therefore every congruence p on A
contains ~7. From Theorem 5.17, T'/p is a rectangular congruence
of A/p for any p. Choosing p as described in the statement of this
corollary guarantees that 7'/p is nontrivial and that A /p is subdirectly
irreducible. U
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5.3. Varieties Omitting Rectangular Tolerances

The purposes of this section are to show that a variety omits rect-
angular tolerances if and only if it omits rectangular congruences, and
then to give three different Maltsev characterizations of the class of
varieties with these properties.

LEMMA 5.21. Let V be a wvariety with a join term and let F =
Fy(z,y) be the free V-algebra generated by {x,y}. Let T = Tg® (z,v),
let § = Cg"(T), and let B = /0. The relations >4 and > have the
same restriction to B.

Proor. It follows from Lemma 3.15 (4) that > | = tr.cl.(S|p),
where S is the set of (T, T;0)-pairs of F, and that >4 | = tr.cL.(S|p),
where S is the (larger) set of (6, ;0)-pairs of F. Thus, it is enough to
show that if (r, s) € B? is a (6, 6; 0)-pair, then (r, s) is in the transitive
closure of the set of (T',T"; 0)-pairs. So choose a 6, f-matrix of the form

por|_|tHac) tad)

r s | | t(b,c) t(b,d) |~
Let h: F — F be the endomorphism determined by z +— z,y — .
The conditions a =¢ b and ¢ =y d are equivalent to h(a) = h(b) and

h(c) = h(d). As in the proof of Lemma 3.7, consider the following 4 x 4
matrix:

lextra )

Recall from that earlier proof that the four elements in the middle are
equal to z and that the four 2 x 2 matrices in the corners are T, T-
matrices. All elements of this 4 x 4 matrix are contained in B, because
all elements are f-related, r,s € B by assumption, and B is a block
of 6.

Proceeding as we did in the proof of Lemma 3.7, let k: F — F be
the endomorphism of F that sends x to y and y to y. Consider the
analogous 4 x 4 matrix with respect to k, and apply r(x,y) to these
two matrices, the first matrix in the first argument, the second matrix
in the second argument. As before, we get a 4 x 4 matrix which, after
deleting one of the doubled middle columns and one of the doubled
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middle rows, is a 3 x 3 matrix of the form:

p 1T
J=1|j5 r [
r m s

The four 2 x 2 matrices in the corners of the 3 x 3 matrix J are T, 7T-
matrices. From the matrix in the upper right corner we get that r > ¢.
From the matrix in the lower left corner we get that » >4 m. From
the matrix in the lower right corner we get, using Theorem 5.13 (4),
that £ +m >7 s. But + is idempotent, >7 is compatible, and > is
transitive on B, so we see that r =r+1r >¢7 {+m > s. O

THEOREM 5.22. Let V be a variety. The following are equivalent.

(1) No member of V has a nontrivial rectangular congruence.
(2) No member of V has a nontrivial rectangular tolerance.

PRrROOF. Clearly (2)==(1), since congruences are tolerances. The
same type of argument as that used in the proof of Lemma 3.5 shows
that to prove the converse it is enough to show that

(x,y) € [‘97‘9]1:{ - (l‘,y) € [Tv T]R

where 6 = Cg®(z,y) and T = Tg"(z,y) are the congruence and toler-
ance generated by (z,y) in the free algebra F = Fy(x,y). So assume
that (z,y) € [0,0]r. This assumption, which is equivalent to the as-
sumption that ¥V has no member with a rectangular congruence, implies
that V has no algebra with a strongly rectangular congruence. Theo-
rems 3.20 and 3.22 now guarantee that V has a join term. This puts
us into position to use Theorem 5.17. By part (4) of that theorem,
the condition that (z,y) € [0, 0]r means that (z,y) lies in the tran-
sitive closure of ~y. But according to Lemma 3.15 (5), the fact that
f is a congruence implies that ~y is transitive. Therefore x ~y y.
This implies that x >y y and y >4 x, so by Lemma 5.21 we get that
x >ryand y >p x. Since B = x/6 is the unique T-block containing
x and y we have * >p y and y >p x; i.e.,, x ~p y and hence x ~p y.
Theorem 5.17 (4) now guarantees that (z,y) € [T, T]r. O

The proof of Theorem 5.22 shows that a variety V contains no mem-
ber with a rectangular tolerance or congruence if and only if z ~7 y
in F = Fy(z,y) for T = Tg"(z,y). This property is easily seen to be
expressible by an idempotent Maltsev condition, which we record here.

THEOREM 5.23. Let V be a variety. The following are equivalent.

(1) No member of V has a nontrivial rectangular tolerance.
(2) 2 ~ry in F =Fy(z,y) for T = Tg" (z,y).
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(3) There exists an m > 1, and sizary terms f1,..., fm such that
V satisfies the following identities:
(1) T~ fl(y,y,x,w,x,y),
(i) fm(y,z,2,2,9,9) = vy,
(111) fi(ZL‘,l‘,{L‘,y,y,y) ~ fi(y,y,x,x,:v,y), I<i<m
(IV) fi(y,l',l’,l',y,y) ~ f¢+1(y,y,x,x,x,y), I<i<m-—1.
(4) For any algebra A € V, tolerance S on A, and (a,b) € S,
a >g b holds.
(5) For any algebra A € V, tolerance S on A, and (a,b) € S,
a ~g b holds.

ProOOF. The proof of Theorem 5.22 shows that (1) and (2) are
equivalent.
2) holds, then = >7 y in F, so according to Lemma 3.19 there
exists a segmence fi,..., f,, of sixary terms satisfying the identities
in (3).

Now suppose that (3 s. Choose A € V), a tolerance S on A,
an S-block B and a,b € B. Slnce B is a block it is closed under all
the idempotent terms that appear in item (3). By substituting a and b
for z and y in the identities of (3) we obtain elements of S witnessing
that a >p b. Namely, the fact that (a,b) € S implies that for each i
the matrix

llower case "i"

Iremove "i"

_ fi(a'7 ba a, bvavb) f’i(a'7a7a7b7 b7 b)

Pi 4
|: Ty S :| N |: fl(b7 ba a’7a7avb) f’i(b7aaa'7a7b7 b) |"i" not "r"

is in M (S, S). Identities of type (iii) imply that g, r;, so each (rrﬁH
that the sequence of
these pairs is a connected chain from a to b. Thus a >g b, and item
(4) is establighed.

The argument of the previous paragraph showed that a >p b for
some S-block B, aud a similar one shows that b >pg a for the same

block B. Hence a ~3%, which implies that a ~g b. This establishes

and clearly, (5) Trem 5] —>
implies (2). item (5] =

Our next task will be to connect the foregoing with the Hobby—
McKenzie term. First we need a lemma.

LEMMA 5.24. If C is a nontrivial idempotent algebra with a com-
patible semilattice term, then there is an algebra D that is a homo-
momorphic image of a subalgebra of C and is term equivalent to the
2-element semilattice.
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PROOF. Denote the semilattice operation by +, and call it join.
Since the semilattice order is equationally definable by

T2y <~ zr=x+y,

and + is compatible, it follows that the semilattice order is a compatible
relation. As C' is not a singleton, there exist two distinct elements
0 <1of C. If ¢1,...,c, belong to the interval [0, 1] (with respect to
the semilattice ordering), and f is a term operation of C, then

1= f(1,....1) > f(c1,...,cn) > £(0,...,0) =0

by the idempotence of f and the compatibility of >. Thus [0,1] is a
nontrivial subalgebra of C. Replacing C by this subalgebra, we may
henceforth assume that C has least and largest elements 0 and 1.

If f is a k-ary term operation of C, then since + is compatible the
operation f must commute with x; + - - - + x; on the matrix

., 0 -+ 0
0 2o -+ 0
0 0 -

This says exactly that f(xy,...,zx) = fi(z1) + -+ + fre(xx) where
fiz;) == f(0,...,0,2;,0...,0), with z; in the i-th position. As f is
idempotent, we have that

fia) +o ot fule) =

for every x. In particular, f;(z) < x for every z. The functions f;
are of course +-endomorphisms, too, since f is compatible with + and
0+0=0.

Choose a maximal semilattice ideal I of C that does not contain 1.
Let F = C' — I be the complementary filter. Let 6 be the equivalence
relation on C' whose classes are I and F'. We claim that 6 is a congru-
ence of C, and that C/6 is term equivalent to a semilattice. To show
this, represent an arbitrarily chosen term f as a sum of unary polyno-
mials as described in the previous paragraph. The condition f;(z) < x
implies that f;(I) C I. We prove that either f;(F) C F, or fi(F) C I.
Assume that f;(F) € F, and choose u € F so that f;(u) € I. By the
maximality of I, there exists an element a € [ such that a +u = 1.
Since f; is a +-endomorphism we have f;(1) = f;(a) + fi(u) € I. This
shows that if f;(u) € I, then f;(1) € I, hence f;(C) C I. Consequently
each f; preserves . Since + also preserves 0, it follows that f preserves
it, so 6 is a congruence of C.
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The quotient D = C/0 is a 2-element idempotent algebra with a
compatible semilattice term +. Any such algebra is term equivalent to
the 2-element semilattice, as we now show. Suppose that the elements
of D are denoted 0 and 1, and that 0 < 1 in the +-order. As above, each
term operation of D may be represented as f(xi,...,zx) = fi(z1) +
-+ fr(zr) where each f; is a decreasing +-endomorphism. But since
D = {0, 1} this forces each f; to be the identity function or the constant
function with value 0. If J C {1,...,k} is the set of indices j such that
f; is the identity, then J # 0, since f is idempotent, and f(zy,...,z5) =
>, xj. Hence f equals a semilattice term operation. Il

Now we are in position to give a second Maltsev characterization
of the class of varieties that omit rectangular tolerances.

THEOREM 5.25. Let V be a variety. The following are equivalent.

(1) No member of V has a nontrivial rectangular tolerance.
(2) V satisfies an idempotent (linear) Maltsev condition that fails
in the variety of semilattices.

remove

(3) V has a Hobby—McKenzie term.

PRrROOF. The equivalence of (2) and (3) is Theoremn-Z.16.

To show that (1)==(2) we argue that the theZidempotent linear
Maltsev condition from Theorem 5.23 (3) fails in the variety of semi-
lattices. We give two proofs of this.

First, the Maltsev condition from Theorem 5.23 holds only in vari-
eties omitting rectangular congruences. A calculation shows that the
largest congruence on the 2-element semilattice is rectangular. There-
fore the Maltsev conditon fails in the variety of semilattices.

For the second proof, observe that if fi(x1,...,26) is a semilattice
term, then identity (i) of Theorem 5.23 (3), = ~ fi(y,y,z, z,x,y),
implies that f; does not involve the variables x1, x5 or xg. (Otherwise,
by putting the absorbing element of the 2-element semilattice in for
these variables and the nonabsorbing element for the other variables
one obtains the contradiction that these two elements are equal.) This,
together with the first instance of identity (iii), fi(z,z,z,y,y,y) ~
fily,y,z,z,x,y) (= x), shows that f; does not involve x4, x5 or xg
either. Therefore, by idempotence, fi(x1,...,2zs) ~ x3. This argument
propagates down the chain of f;’s via identity (iv), showing that each
term satisfies f;(x1,...,x¢) =~ x3. Identity (ii) then reduces to = = y,
which fails in the variety of semilattices.

Now we prove (2)==(1). Assume that V satisfies a (not necessar-
ily linear) idempotent Maltsev condition, called W, that fails in the
variety of semilattices. Let T' = Tg(x,y) be the tolerance generated
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by (z,y) on the free algebra F = Fy(z,y), and let B be the T-block
of idempotent binary terms. B is closed under all idempotent terms
of V, so let B be the algebra with universe B and basic operations all
idempotent terms of V. B is an idempotent algebra that satisfies the
idempotent Maltsev condition W. The relation ~r restricted to B is
a congruence 6 of B.

Since the Maltsev condition W is nontrivial, the variety generated
by B has a join term +. By Theorem 5.13 (2) and (5), + is a compatible
semilattice term of the idempotent algebra C = B/6. If C is nontrivial,
then Lemma 5.24 guarantees that some homomorphic image D of some
subalgebra C is term equivalent to the 2-element semilattice. The
Maltsev condition W is satisfied by C, hence by D, hence by the variety
of semilattices. But we have assumed the contrary, so we conclude that
C is trivial. This proves that B is a single ~7 class, and therefore that
x ~7 y in Fy(z,y). According to Theorem 5.23, this means that V
contains no algebra with a nontrivial rectangular tolerance. U

In the preceding proof the implication (3)==-(1) is verified indi-
rectly. Before proceeding, we would like to describe a direct proof
of this implication. Suppose that f(zq,...,z,) is a Hobby-McKenzie
term for V. Recall from Chapter 2 that for a subset U C N :=
{1,...,n} the expression fy(z,y) denotes the term obtained from f
by substituting x for x; if ¢ € U and y for z; otherwise. The statement
that f is a Hobby-McKenzie term for V is precisely the statement
that f is idempotent and for any nonempty subset U C N there exist
subsets VW C N with U CV, U Z W and V = fy(z,y) = fw(x,y).

Asusual, let F = Fy(z,y), T = Tg"(z,y), and B be the T-block of
idempotent binary terms. Our aim is to prove that x ~p y using the
equations of the Hobby—-McKenzie term. Recall that the restriction of
~71 to B is transitive. Let U C N be minimal under inclusion with
respect to the property that fy(z,x +y) ~p x. (Such a set U exists,
since fy(x,z+y) = x ~r x.) If U is not empty, then there exist V, W C
N such that U C Vbut U € W, and fy(z,z+y) = fw(x,z+y). Hence
by Theorem 5.13,

(5.6) folz,z+y) + fw(x, 2z +y) ~r fuaw(z, v +y),
and
(5.7) fv(z,z+y)+ fv(v, 2 +y) ~r funv(z,z+y) = fo(z,z +y).

Since fy(z,x+y) = fw(x,z +y), the left hand sides of lines (5.6) and
(5.7) are the same. Therefore

fUﬂW('rvx_'_y) ~T fU(SL’,.T—i—’y) ~1 T.
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This contradicts the minimality of U unless U = (), which leads to the
conclusion that z ~¢ fy(z, x+y) = x+y. A symmetric argument shows
that y ~r x+y, and therefore x ~7 y. At this point, Theorem 5.23 may
be invoked to deduce that no algebra in V has a rectangular tolerance.

We turn to our third Maltsev characterization of the class of va-
rieties that omit rectangular tolerances. This new Maltsev condition
involves four variable terms, and somewhat resembles Alan Day’s Mal-
tsev condition characterizing the class of congruence modular varieties

(cf. [8]).

DEFINITION 5.26. Let A be an algebra. If Con(A) has a sublattice
isomorphic to the lattice Dy with (fou)N(rod) € «, then we call this

FIGURE 5.1. D,

sublattice a special Dy in Con(A). We say that V omits special
Dy’s if for no A € V does Con(A) have a sublattice that is a special
D,.

As an aid to recognizing copies of Dy in congruence lattices, we
record the following.

LEMMA 5.27. A presentation of Dy relative to the variety of all
lattices is (G | R) where G = {z,y, 2z} and R consists of the relations:
(i) zAz <y,
(i) < zV(yAx),
(iii) 2 <z V(yAz), and
(iv) y < (@Ay)V(yA2).
Moreover any lattice generated by G and satisfying the relations in R
and also satisfying x £ y is isomorphic to Ds.

PROOF. The reader can easily verify that the copy of Dy in Fig-
ure 5.2 is generated by x,y and z, and that the relations in the state-
ment of the lemma hold for these elements. To show that it is a pre-
sentation of Dy we must prove from the relations (and the laws of
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t
T z
p 4q
S
FIGURE 5.2.

lattice theory) that the seven elements x, y, z, p:=x Ay, ¢ := 2z Ay,
s:=xAyAz and t:=zVyV z are closed under meet and join.

It is clear that the seven elements are ordered as they should be, and
consequently s and ¢ are the bottom and top elements of the sublattice
they generate. The only incomparable doubletons are {z,y}, {z, 2},
{z,q}, {y,2}, {p,z} and {p,q}. By symmetry, we do not need to
consider the meets or joins of {y, z} or {p, z}. For the remaining cases:

e {x,y}: x ANy = p by the definition of p. x V y is above z by
relation (iii). Since z V y is formally below x VyV z = t, it
must equal it.

o {z,z}: x A zis below y by relation (i). This implies z A z =
T ANyAz=s,as desired. xV zis above (z Ay)V (y A z), since
corresponding joinands are larger, and (z Ay)V (y A z) >y by
(iv). Therefore x Vz=xVyV z=t.

e {x,q}: x Aq=2x A (yAz)=s by the definition of q. zV ¢ =
x V (y A z) is above z by (iii), therefore it is above z V z =t
and hence equal to t.

e {p,q}: pAqis below x A z, which has already been shown
to be the bottom element, so p A ¢ = s. By (iv) we have
y<@Ay)V(yvz)=pVg<ysopVg=y.

This proves that (G | R) presents Ds. For the last claim of the
lemma, any lattice generated by G satisfying the relations R which is
not isomorphic to Dy must be a proper quotient of Dy. Since D is a
subdirectly irreducible lattice whose least congruence collapses p and
x, any such lattice will satisfy x = p < y. Therefore, if a lattice is
generated by G and satisfies R but does not satisfy z < y, then the
lattice is isomorphic to Ds. O

THEOREM 5.28. The following are equivalent for a variety V.
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(1) V satisfies an idempotent Maltsev condition that fails in the
variety of semilattices.

(2) Whenever 0, u,v and 6 are congruences on some A € V, then
Oop)N(vod) COVIH)AWVR]VIV L.

(3) V has a sequence of terms fi(x,y,u,v),0 <i <2m+ 1, such
that

(1) V ): fO(xvyvuvv) ~ Ty
(11) V ): fl('rv Y, Y, y) ~ fiJrl('r? Y, Y, y) fOT even 7:7'
(iii) v ): fl('rv z,Y, y) ~ fiJrl('rv z, Y, y) andV ): fl('rv Y, T, y) ~
fir1(z,y, x,y) for odd i;

(iv) V E fomr1(z,y,u,v) = v.

(4) V omits special Dy’s.

PROOF. We first establish the equivalence of (2), (3) and (4), and
connect them to item (1) afterward.

Assume that (2) holds. On F = Fy(z,y,u,v) let § = Cg¥(z,u),
p = Cg¥(u,v), v = Cg¥(x,y), and 6§ = Cg¥(y,v). Since (z,v) €
(@op)N(vod), and (2) holds:

(Oop)n(vod) S[(OVI)AWYPIVIVp,

we have (z,v) € [(0 V) A (vV u)] V3V u Therefore, there is a
sequence fo, f1,. .., foms1 of elements of F such that fo = x, fo,i1 =
v, (fi, fix1) € 0V u for even ¢ while (f;, fiz1) € (V) A (v V u) for odd
1. If one chooses 4—ary terms representing the f;’s, it is straightforward
to see that the equations of (3) hold.

Assume that (3) holds and that some A € V has congruences
i, v, a0 and @ that generate a sublattice of Con(A) isomorphic to
D, labeled as in Figure 5.1. Choose any (a,d) € (6 o u) N (v o d).
There exist elements b,¢ € A such that a v b d d and a 0 ¢ u d.
pairs (fi(a,b,c,d), fiz1(a,b,c,d)) belong to § V u = « for even i
OV A(vVpu) <aforodd i. Hence a = fy(a,b, c,d) is a-related| to
fom+1(a, b, ¢, d) = d. Since (a,d) € (fopu)N(vod) was chosen arbitrar-
ily, this implies that (# o p) N (v o) C a. Therefore this copy of Dy is
not a special D,. The argument works for every D, that appears i
congruence lattice of a member of V), so V omits special D5’s.

Next we argue the contrapositive of (4)==(2), so assume that sone

A €V has congruences u, v, and 6 such that
(Bop)N(vod) Z(OVIHANWVVR]VIV L.
Choose (a,d) € (fou)N(rod) satisfying (a,d) ¢ [(OVO)A(v

as well as elements b,c € A such that a =y b % dand a =,
¢ =5 d. Let 6 = Cgh((a,b), (c,d)), v* == Cgh((a,0), (b,d)), and
o = Cg®((b,d), (¢, d)) V (6" Av*). We will show that the congruences
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x = 0" y:= «a* and z := v* satisfy the presentation for Dy given in
Lemma 5.27.

Item (i) of Lemma 5.27 requires that
immediate consequence of the definitio

Item (ii) requires that 8* < v*V(a*A#*). Since v* contains (a, ¢) and
(b, d) while a* A 6* contains (¢, d), the join is the congruence generated
by X x X where X = {a, b, c,d}. Hence the join contains the generators
(a,b) and (¢, d) of 6*. Ttem (iii) is symmetric to item (ii).

For item (iv), the congruence #* A a* contains {(c,d)} U (0* A v*),
since this is true of each of #* and «*. Similarly v* A a* contains
{(b,d)} U (0* A v*). This shows that (6* A a*) V (a* A v*) contains all
the generators of a*. Hence a* < (6% A o) V (a* A V¥).

Finally we must show that 0* £ o*. Assume that this is not the
case. Since (a,b) € 0*, this assumption forces (a,b) € a*. By definition,
0 < 0V ), v < (vVpu),Cghc,d) <6and Cg*(b,d) < p, so

o = (0" Av*) Vv Cg™(c,d) v Cg(b,d) <[(OVI)A V)] VEVu.

Combining the facts that (a,b) € o* and (b,d) € p, we obtain that
the right hand side of the previous displayed line contains (a,d). This
is contrary to the choice of (a,d), so we are forced to conclude that
0* £ a*. This completes the proof that {6*, o, v*} generates a copy of
D, in Con(A). Indeed, this is a special Dy since a =g« b =pep+ d
and a =, ¢ =qp9+ d, SO

(a,d) € (0" o (" AV*))N (Vo (a* AO¥)) — .

This proves that item (4) of the theorem fails to hold.

Now we turn our attention to item (1). If 2 = ({0,1};+) is the
2-element join semilattice, 6, v € Con(2 x 2) are the projection kernels,
and o € Con(2x2) is the kernel of the homomorphism +: 22 — 2, then
0,v and « generate a special Ds. Therefore the variety of semilattices
does not satisfy the idempotent Maltsev condition in (3). This shows
that (3)==(1). To complete the proof, we must prove that (1)=(3).

Both (1) and (3) are statements about the idempotent Maltsev
conditions satisfied by V. The idempotent reduct 1d(V) satisfies the
same idempotent Maltsev conditions as V, so to prove (1)==(3) we
may (and do) assume that V is idempotent.

Suppose that (3) fails. Then V does not have terms satisfying the
identities listed in (3), so the method that we used to construct those
terms in our proof that (2)==-(3) must fail. Recall from that part of the
proof that we defined F = Fy(z,y,u,v), § = Cg¥(z,u), p = Cg¥ (u,v),
v = CgF(r,y), and § = CgF (y,v). We argued that if (z,v) € [(§ V §) A
(vV )] VoV pu, then (3) holds. Therefore, in our current situation, the
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ongruence « := [(V ) A (v V u)] vV V u does not contain the pair
,v). Our plan is to use this fact to construct a nontrivial algebra in
V\that has a compatible semilattice operation.

Let X = {z,y,u,v}, so that F = F,,(X). Let G = Fy(x,v) be
the \subalgebra of F generated by {z,v}. The functions 7;: X —
i = \,2, defined by m(x) = m(y) = * = m(x) = m»(u) and 7 (u

tions £, = Eq™ ((z,u), (y,v)) and Ey = Eq™ ((z,v), (y, u)) respectively.
These transversals induce homomorphisms h;: F — F whose/kernels
are 6 V 6 and v V p respectively (according to Lemma 3.6 1)), and
whose images are both G. Therefore the kernel of

h:=h; xhy: F - GxG: t(z,y,u,v) — (t(x,z,v,v),t(x,v,z,0))

is [(AVO) A (v V u)]. The idempotence of V implies that this homomor-
phism is surjective. Namely, if (p,q) = (p(z,v), ¢(x,v)) € G x G, then
(poq)(z,y,u,v) = p(q(x,y),q(u,v)) € F is a preimage of (p, q) under
h. This shows that G is generated by the four elements h(z) = (z, x),
h(y) = (z,v), h(u) = (v,z), and h(v) = (v,v). Since the kernel of h is
contained in o = [(A V) A (v V p)] VIV u, we may use h to recast our
earlier assumption that (z,v) ¢ « as a statement about GxG. That as-
sumption is equivalent to the assumption that h(z,v) = ((x, z), (v,v))
does not belong to the congruence

W) = h([(0 Vo)AV u)]Vaovnu)

> >

= Cg®*(((w,0), (v,v)), ((v,2), (v,v))).

Therefore, if we let 8 = h(a), then 3 = Cg®*S(Y x V) where Y =
{(z,v), (v,x),(v,v)}, and our earlier assumption that (z,v) ¢ a in F
is equivalent to the assumption that ((z,z), (v,v)) ¢ §in G x G.

For any (p,q) € G? there is an 7 € G such that (p,q) 3 (r,7).
Indeed, if p = p(x,v) and ¢ = ¢(z,v), then for r = p(q(z,v),v) we have

(5.8)

I
=
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Of course, the element r need not be unique, since it may happen that
(p,q) B (r,r) B (s,s) for some s # r. To account for this nonunique-
ness, let v be the congruence on G defined by

rys < (r,r) B (s,s).

This is indeed a congruence, as it is t71(3) for 1: G — G%: p — (p,p)
equal to the diagonal embedding. Write G for G/~ and p for p/v if
p € G. In this notation, we have shown in (5.8) that there is a well
efined function

x:Gx G —G:(p,q)—T7 if (p,q) B (r,7).

e value of p x ¢ is p(q(x,v),v), as we have shown.
Ifg~vdq,th

pxq=np(g(z,v),v) v p(d(z,v),v) =pxd,

since p is a term and 7 is a congruence. Thus, left x-multiplication by
any p € (G is compatible with . Since the generators of 3 are invariant
under switching coordinates, the property (p,q) 8 (r,r) is equivalent
to (q,p) B (r,1), so pxq = q*p. This commutativity implies that right
sx-multiplication is also compatible with . Consequently * induces a
well defined binary operation (also called *) on G:

*;6)(6—)6: (p7q)b—>7 lf(p,q)ﬁ(T,T)

We have already established the commutativity of this operation. The
idempotence of * follows from the fact that (p,p) G (p,p) for any p € G.
Associativity is clear, too, since

(p*g) *7 = plq(r(z,v),v),v) =P * (7+T)

Thus * is a semilattice operation on the set G. Moreover, * is a com-
patible semilattice operation of the algebra G := G/v. For suppose
that f is an n-ary basic operation of G, and that p;, g, € G are chosen
arbitrarily. Choose r; such that (p;,q;) 5 (r;,r;) for all . Then, since

B is a congruence, (f(p), f(q)) G (f(r), f(r)). This shows that
@)+ f(@) = f(r) = fp*q).
Finally (and critically), G is nontrivial. Indeed, since ((z, ), (v,v)) ¢

3, we get that (x,v) € v, so T and ¥ are distinct elements of G.

This proves that G € V is a nontrivial algebra with a compatible
semilattice operation. Theorem 5.6 applies to show that the total re-
lation on G is rectangular. From Theorem 5.25 we derive that any
idempotent Maltsev condition satisfied by V is also satisfied by the

variety of semilattices. Thus (1) fails, and the proof is complete. [
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In Theorem 8.11 we will learn that if V' satisfies an idempotent
Maltsev condition that fails in the variety of semilattices, then ) omits
all Dy’s, not just the special ones.



CHAPTER 6

A Theory of Solvability

A normal subgroup N of a group G is solvable if there is a finite
chain of normal subgroups of G,

{I} =Ny C N, C---C N, =N,

such that each factor N;y1/N; is abelian, or equivalently such that
[Nix1, Niz1]) € N; for all i. An interval I[M, N] in the normal sub-
group lattice of GG is a solvable interval if N/M is a solvable normal
subgroup of G/M. Normal subgroups M and N of G are solvably re-
lated, written M < N, if they belong to a solvable interval. We will
call the relation ~ “the solvability relation”, and refer to the study
of this solvability relation as the “theory of solvability” for groups.
Among the important features of the theory of solvability for groups
are:

e The solvability relation is a congruence on the normal sub-
group lattice of any group.

e The solvability relation is preserved by homomorphisms in the
sense that if M, N and P are normal subgroups of G with
P < M N N, then M is solvably related to N if and only if
M/ P is solvably related to N/P in G/P.

e If N is a minimal normal subgroup of GG, then N is solvable if
and only if it is abelian.

The ring-theoretic concept that corresponds directly to that of a
solvable normal subgroup is that of a nilpotent ideal. In the early
days of ring theory the concept of solvability was developed in analogy
with the group theoretical concept via the Wedderburn radical ( = the
largest nilpotent ideal, if it exists). Other radicals soon made their ap-
pearance, which permitted new approaches to solvability not bound to
finite chains of congruences with abelian factors. Moreover, in the case
of some radicals, the resulting “solvability theory” was no longer bound
to the abelian property. For example, if R is a subdirectly irreducible
ring that is not simple, then the Brown-McCoy radical ( = the inter-
section of maximal two-sided ideals) contains the monolith whether or

117
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not the monolith is abelian. Thus, it can happen that a minimal non-
abelian congruence is contained in the Brown-McCoy radical, hence is
“solvable” in the Brown-McCoy sense.

A third approach to solvability, valid for arbitrary finite algebras,
is developed by D. Hobby and R. McKenzie in Chapter 7 of [34]. This
approach does not use chains of congruences with abelian factors nor

does it use radicals to define the solvability concept. Rather, one starts
by defining a pair (0,1) € A? from an algebra A to be a 2-s if there
is a polynomial p(x,y) € Poly(A) such that p(0,0) =pf6;1) = p(1,0) =
0 and p(1,1) = 1. Hobby and McKenzie obsé&wve that if A is a finite
algebra and « < 3 are congruences on A, then C(/3, 3; «) holds if and
only if # — «a contains no 2-snag. From this it is clear that a chain of]

congruences:

consider replacing
"observe" with
"prove", since a fair
amount of work is
needed to establish
this connection.

a=qy<a < <ap=0
has abelian factors a; 1 /a; if and only if f—a contains no 2-snag. Start-
ing from this observation, it can be argued that the relation o ~ 3,
defined by the condition that o and (3 contain the same 2-snags, is a
complete congruence on Con(A) for any locally finite algebra.

Our aim in this chapter is to synthesize ideas from the solvability
theories for groups, rings, and finite algebras in order to develop a
solvability theory for a wide class of varieties. The theory resembles the
theory for groups in that it is defined in terms of chains of congruences
with abelian factors. However, as we will show in Section 6.3, the
theory may viewed as an extension of the theory of solvability for rings
that is based on the prime radical ( = the intersection of all prime
congruences), since for rings our theory defines an ideal to be solvable
precisely when it is contained in the prime radical. Finally, anyone
familiar with the theory developed by Hobby and McKenzie in [34] will
recognize that our “solvability obstructions” (Definition 6.5) play the
role of their 2-snags, while Theorems 6.17, 6.23 and 6.25 of this chapter
are analogues of Theorem 7.9 (3), Corollary 7.13 and Lemma 6.5 of [34].

6.1. Varieties With A Weak Difference Term

There is an obstacle to the development of a very general solvabil-
ity theory that we must deal with first. Any absolutely free algebra
in any given signature is abelian in the sense of Chapter 2. If there
were a solvability theory that applied to all such algebras, where the
solvability relation is a congruence preserved by homomorphisms, then
such a theory must identify every congruence on every algebra as solv-
able. Such a theory would, of course, be trivial. We cannot avoid this
type of problem even if we restrict our attention to varieties satisfying
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a nontrivial idempotent Maltsev condition, since there exist algebras
(such as A = ([0,1]; Z£%), the unit interval of the real line under the
averaging operation) that are abelian in the sense of Chapter 2, have a
Taylor term (f(z,y) = ££%), but which have simple nonabelian homo-
morphic images (in this case, A /0 where § = [0,1) x [0,1) U {(1,1)}).
This phenomenon, that solvable algebras have nonsolvable homomor-
phic images, prevents the development of a powerful solvability theory.

As it happens, there is a weakest idempotent Maltsev condition that
guarantees that homomorphic images of solvable algebras are solvable,
and this Maltsev condition is a strong enough hypothesis for the the-
orems that we have in mind. We start this chapter by discussing the
idempotent Maltsev condition on which the solvability theory is based,
and then we discuss the theory.

DEFINITION 6.1. Let V be a variety. A ternary term d(zx,y, z) is
a weak difference term for V if whenever A € V, § € Con(A) and
(a,b) € 0 it is the case that

d(a,a,b) =b=d(b,a,a) (mod [6,0]).

The following theorem is included to show that our development
of a solvability theory only for varieties with a weak difference term is
reasonable.

THEOREM 6.2. The class of varieties with a weak difference term is
definable by a nontrivial idempotent Maltsev condition. This idempo-
tent Maltsev condition is the weakest conjunction of idempotent Maltsev
conditions that implies that homomorphic images of solvable algebras
are solvable. It is also the weakest conjunction of idempotent Maltsev
conditions that implies that abelian algebras are affine.

PRrROOF. The first and third statements are proved in Theorem 4.8
of [52]. We prove the second only.

If V has a weak difference term, then it can be shown (by using
Lemma 6.8 and following the same argument that works for groups)
that homomorphic images of solvable algebras are solvable.

Conversely assume that )V satisfies some conjunction of idempotent
Maltsev conditions that implies that homomorphic images of solvable
algebras are solvable. At least one of these Maltsev conditions must
be nontrivial, since there exist solvable algebras with nonsolvable ho-
momorphic images (e.g. ([0,1]; Z%)). The idempotent reduct Id(V)
of V satisfies the same idempotent Maltsev conditions as V, so homo-
morphic images of solvable algebras in Id()) are again solvable. Let A
be the subvariety of Id(V) that is generated by the abelian algebras in
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Id(V). Since the class of abelian algebras in any language is axiomati-
zable by the universal Horn sentences of the term condition, this class
is closed under the formation of subalgebras and products. From our
assumption that homomorphic images of solvable algebras are solvable
we get that A consists of solvable algebras. In particular, A contains
no subvariety term equivalent to the variety of semilattices. Since A
also satisfies the nontrivial idempotent Maltsev conditions satisfied by
V, it follows from Lemma 2.5 of [47] that A must satisfy an idempo-
tent Maltsev condition that fails in the variety of semilattices. From
Theorem 4.10 of [52], it follows that the variety A is affine, and in
particular congruence permutable. If d(z,y, z) is a Maltsev operation
for A, then it will be a weak difference term for V, as is explained in
the proof of Theorem 4.8 of [52]. O

This theorem has a corollary which will prove useful in what follows.

COROLLARY 6.3. If a variety has a Hobby-McKenzie term, then it
has a weak difference term.

PRrROOF. Theorem 4.10 of [52] proves that if V satisfies an idem-
potent Maltsev condition that fails in the variety of semilattices, then
abelian algebras in V are affine. Theorem 5.25 proves that the hypothe-
sis of this statement is equivalent to the existence of a Hobby—McKenzie
term, while Theorem 6.2 proves that the conclusion of the statement
implies the existence of a weak difference term. O

The concept of a weak difference term entered mathematics dur-
ing the development of commutator theory. Recall from the intro-
duction that A. I. Maltsev showed in [62] that a variety V has per-
muting congruences if and only if it has a term d(z,y, z) such that

V = d(z,z,y) = y = d(y,z,x). In [31], C. Herrmann proved tlrra%explain why the
abelian algebras in a congruence modular variety V are affine by con-{term "difference” is
structing a term d(zx,y, z) from the Day terms for congruence m¢d-{used for this kind of
ularity and showing that d(z,y, z) is a Maltsev term for any abeljan|term.

algebra in V.! Then H. P. Gumm observed in [27] that the term cpn-
structed by Herrmann has the stronger properties that the identity
d(x,z,y) ~ y holds in V, and d(b,a,a) = b (mod [0, 0]) for any A gV,
0 € Con(A), and (a,b) € 0. Such a term is now called a difference
term. Difference terms play a central role in most developments of
modular commutator theory and in some extensions of the theory to
nonmodular varieties (see [45, 56, 58]). Weak difference terms were

IThis fact, together with the fact that the class of congruence modular varieties
is definable by an idempotent Maltsev condition, already implies that d(x,y, z) is
a weak difference term for V, as the proof of Theorem 6.2 shows.
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first identified in [34]. They occur far more frequently than ordinary
difference terms, and are equally useful in most circumstances.

EXAMPLES 6.4. As noted in Theorem 6.2, any variety with a weak
difference term satisfies a nontrivial idempotent Maltsev condition, and
therefore has a Taylor term. The converse is not true in general, as we
explained in the first paragraph of this section, but the converse does
hold for certain classes of varieties. We describe some of these classes
now, thereby providing a number of examples of varieties with weak
difference terms.

Theorem 9.6 of [34] proves the converse for locally finite varieties:
that is, any locally finite variety that has a Taylor term has a weak
difference term.

Any idempotent abelian (or solvable) variety that has a Taylor term
has a weak difference term. (The proof of this is contained in the proof
of Theorem 6.2.)

A variety of semigroups that has a Taylor term has a weak differ-
ence term. For if f(zq,...,2,) = x;, - - - 2;, is a Taylor term for V), then
necessarily k > 1. The idempotence of f implies that V | zF! ~ .
Any semigroup S satisfying this equation has the property that (s¥)? =
sh=lgh+tl — gk=lg — sF for any s € S, so k-th powers of elements of
S are idempotent. If e, f € S are idempotent, and ef # fe, then
it can be shown that the subsemigroup of S generated by {e, f} has
a homomorphism onto a nontrivial left zero or right zero semigroup.
But a nontrivial left zero semigroup fails the ig—th Taylor identity for
f(x1,...,xn) = my, -+ - x;,, and a nontrivial right zero semigroup fails
the i;,—th Taylor identity. It follows that V has no nontrivial left or
right zero semigroups, and hence that no S € V has a pair of non-
commuting idempotents. This fact may be expressed by saying that
the identity *y* ~ y*z* holds in V. Now we argue that the term
d(z,y,z) = zy**'z is a weak difference term for the variety of semi-
groups axiomatized by z**! ~ z and z*y* ~ y*x*. To justify this, it
suffices to show that if A is a semigroup in V and a,b € A are elements
for which 6 := Cg®(a,b) is abelian, then d(a,a,b) = b = d(b,a,a).
To show that b = d(a,a,b) = a®*b = a*b and b = ba* it is enough
to prove that a* = 0*. Since e = a* and f = b* are idempotent and
(e, f) = (a*,b%) € 0, it suffices to prove that idempotents related by
an abelian congruence are equal. The 6, f-term condition applied to
eef = ef = eff allows us to replace the underlined f with e and
obtain eee = efe. Since idempotents commute, this is equivalent to
e = ef. The same argument shows that f =ef, so e = f.
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It is easily seen that any congruence n-permutable variety satisfies
a nontrivial idempotent Maltsev condition, hence has a Taylor term.
Less obvious is the theorem of P. Lipparini in [57] that any congruence
n-permutable variety has a weak difference term.

6.2. oo-Solvability

We now begin the development of a solvability theory for varieties
with a weak difference term. Any succesor ordinal, considered as a
lattice under its usual ordering, is a meet continuous lattice. By a
continuous sequence of congruences on an algebra A we mean
a meet continuous lattice homomorphism ¢ : K +1 — Con(A), We
write such a sequence as (0y)x<xy1 Where oy := o(A). It is not hard
to verify that (o))x<x+1 1S @ continuous sequence of congruences if and

only if 0, <o) for p < XA and o) = U,u<)\ o, for all limit ordinals A.

DEFINITION 6.5. Let A be an algebra with congruences «, (3,0, 0, 0
and ¢'.

If § <0 and C(0,6;0) holds then we say that 6 is abelian over §,
and write 0 < 6.

If £ is an ordinal, and (0))x<x4+1 is a continuous sequence of con-
gruences such that 6, < 6, for all A < s, then we say that 6, is
k-step solvable over 6.

We say that 6 is oo-solvable over o if 8 is k-step solvable over ¢
for some k. We may denote this by § < 6. If 0 < 6, then we say that
0 is oco—solvable. If 0 <« 1, then say that A is co—solvable.

If a A <K aV 3, then we say that a is solvably related to [
and denote this by a ~ .

If 0 <0, and 6 < & < 6 implies § = ¢, then we call the congruence
interval I[d, 0] a solvability obstruction and we denote this by ¢ « 6.

Note that for comparable congruences ¢ < € the relations § < 6
and § ~ 6 are the same.

EXAMPLE 6.6. If V is a variety whose members have the property
that their principal congruences are abelian, then every member of V
is oo—solvable. For if A € V, (a)) <« is an enumeration of A, and 6,
is the congruence generated by {(ag,a,) | p < A}, then it is not hard
to see that

(i) o =0 and 6, =1,
(i) Oy < 6y4q for all A < k, and
(ili) Ox = U<y 0, for all limit ordinals.
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Items (i) and (iii) follow immediately from the definition of #,. For
item (ii), note that 65,1 = Cg®(ap, ax) V. Thus y1 /6 is a principal
(hence abelian) congruence on A /6,. This implies that 6, <1 6,,; for
all A < k.

An example of a variety in which principal congruences are abelian
is the variety V of nonunital rings satisfying 22 ~ 0. This identity
implies that 0 ~ (z + y)* ~ 2? + zy + yx + y* ~ xy + yz, so the
anticommutative law xy ~ —yz holds in V. This law implies that,
for any R € V, all principal ideals have the form (a) = R - a. Hence
(a)? = RaRa = > {ra-sa = —rsa® | r,s € R} = (0). Since congru-
ences correspond to ideals, and the commutator operation corresponds
to ideal multiplication, this is indeed a variety in which principal con-
gruences are abelian. Hence V consists entirely of co—solvable algebras.

However, there is no cardinal bound on solvability degree in V. In
fact, if k is any infinite cardinal, V contains rings of solvability degree
exactly k. One such ring, R,, may be presented by generators and
relations relative to V as follows. Let S be an infinite set of cardinality
k. Take as generators for R, all symbols xy where U is a nonempty
subset of S. Impose the relations

e 2y = 0 for all nonempty U C S,

e 1y -2y =01 UNV #(), and

o vy -xy =apuy HUNV =0.
These relations force each element of R, to be expressible as a finite
sum of generators xy, + - - + xy, where U; # U; if ¢ # j. We leave
it as an exercise to prove that the ring R, is k-step solvable, but not
A-step solvable for any ordinal A < k.

LEMMA 6.7. Let V be a variety with a weak difference term. If
A € V has a tolerance T and a congruence ¢ such that C(T,T;J)
holds, then T" := § o T 0§ is the smallest congruence on A containing
T Uod. Furthermore, C(T',T";9) holds.

Proor. We know from the basic properties of the centralizer rela-
tion (enumerated in Theorem 2.19) that if C(7,T%;9) holds and 7" :=
doT o, then C(1T",7";6) holds. Since (TTUJ) CT" =d0To0d C
Cg®(T U 6), the only thing left to show is that T is a congruence. For
this we only need to establish that 7" oT" C T".

Let § = Cg®(T"). Since C(T",T";6) holds, it follows from Theo-
rems 3.23 and 6.2 that C(0,6;0) holds. If (a,c) € T" o T’, then there is
an element b such that (a,b), (b,c) € T" C 0. Since a =}y d(a,b,b) =
d(b,b,c) =g c and [0,0] < 6, we get that (a,c) € oT"0d =T". Since
(a,c) € T" o T" was chosen arbitrarily, 77 o T" C T". O
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LEMMA 6.8. Let V be a variety with a weak difference term. If
A €V has congruences 6 and 0 such that [0,6] < §, then C(0,6;0)
holds.

PROOF. Assume that [0,0] < 6. If C(6,0;d) does not hold, then
there are a polynomial p(x,y) and tuples a # b and u v such that

p(a,u) =5 p(a,v)
and
(6.1) p(b,u) #;s p(b,v).

Let p'(x,y) = d(p(x,y),p(x,u),p(b,u)). Using that d is an idempo-
tent term that is Maltsev on f—classes modulo [0, 6], we get that

p'(a,u) = d(p(a,u),p(a,u), p(b,u)) =pe pb,u)=7p'(b,u).

Since C(0,0; [0, 0]) holds, we can change the underlined u to v without
changing the fact that the left hand side is [, f]-related to the right
hand side:

(6.2) p'(a,v) =pg p'(b,v).
Moreover we have that

(6.3) p'(a,v) =d(p(a,v)

Here
d(p(a, v),p(a,u),p(b,u)) =; d(p(a,u),p(a,u),p(b,u))
is a consequence of the fact that p(a,v) =5 p(a,u), and
d(p(a,u),p(a,u),p(b,u)) =pg p(b,u)

is a consequence of the facts that a # b and that d is Maltsev on
f—classes modulo [0, §]. We also have that

(64) pl<b7 V) = d(p(b7 V)ap<b7 u)7p(b7 11)) =[0,6] p(b, V)'

since u ¢ v and d is Maltsev on f—classes modulo [6,6]. Combining

lines (6.2), (6.3), and (6.4) yields

p(b7u> =5 p,<a7 V) E[G,@] p,<buv> E[G,@] p(ba")?

or simply p(b,u) =5 p(b,v) (since [0,0] < ). This contradicts line
(6.1), thereby completing the proof. O

The following corollary will be used in Section 9.2.
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COROLLARY 6.9. Let V be a variety with a weak difference term.
Assume that T is an abelian tolerance on some A € V, and that a
and b are distinct T-related elements. If p is a congruence on A that
is mazimal with respect to (a,b) & p, then T'/p is a nontrivial abelian
congruence on the subdirectly irreducible algebra A /p.

PrOOF. It follows from Lemma 6.7 (using 06 = 0) that 7" is an
abelian congruence on A. Then, using Lemma 6.8 in the case where
0 =T and § = p, we obtain that C(T,T’; p) holds, so T'/p is a nontrivial
abelian tolerance on the subdirectly irreducible algebra A /p. Using
Lemma 6.7, we find that 7'/p is a congruence. 0J

LEMMA 6.10. Let V be a variety with a weak difference term. As-
sume that A €V has congruences o, 3, and .

(1) If o« < B, then (a A7y) Q (BA7) and (aVy) < (BV 7).
(2) If « < B, then (e Ay) <K (BA7Y) and (aVy) <€ (B V7).

PRrOOF. To prove the part of item (1) that concerns the compati-
bility of < with meet, recall that @ < [ means that C(8, 3; «) holds.
By item (1) of Theorem 2.19 we have that C(8 A 7,3 A 7; «) holds.
By item (8) of Theorem 2.19 we have that C(5 A v, A 7;7) holds.
Item (6) of Theorem 2.19 now yields that C(G A, 8 A v;a A~) holds,
which means that (a Ay) < (BA7).

To prove the compatibility of < with join, assume that C(3, (3; «)
holds. Then [, f] < a < aV7, so by Lemma 6.8 we get that C(3, 5; aV
) holds. Using Lemma 6.7 with 7' = 8 and § = o V v we deduce that
(aVy)ofo(aVy) =LV (aVy)=pFV~yand that C(BV~y,BVy,aVy)
holds. This shows that (aV~y) < (8V 7), so item (1) holds.

For (2), assume that (0))a<.+1 is a continuous sequence of congru-
ences for which o = 6y, = 6, 0, < 60,1 for all A\. The sequences
(Ox N Y)acre1 and (0 V y)r<xs1 are also continuous, since meeting or
joining with the fixed element ~ preserves order and unions of chains.
Therefore it follows from item (1) of this lemma that (0x A ¥)a<xs1
and (0) V 7)x<ws1 are sequences witnessing (o A y) <K (8 A7) and
(V) <w (B V), respectively. O

THEOREM 6.11. Let V be a variety with a weak difference term. If
A €V, then X is a congruence on Con(A) that is compatible with the
complete join operation.

PROOF. Recall that o ~ 3 holds if and only if (a A 8) < (aV 3).
It is easy to see that this relation is reflexive and symmetric. To show
that it is transitive, assume that o ~ 3 < 7. Then (a A 3) < (a'V )
and (6 Av) < (8 V), so by the second statement of Lemma 6.10 we
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get that (a ABAY) = (@ AB)A(BAY) K (@AB)A(BVY) = (aAp)
ﬁrr;ld(avf)z(avﬁ)v(ﬁAv)«(avﬁ) (BVA)=(aVBV9).

(@ANBAY) <K (aApf) <K (aVP) <K (aVBVy).

The well-ordered chains of congruences that witness these three in-
stances of oo—solvability may be concatenated to produce a single such
chain from a A S A~y to aV 5V, thus proving that (¢ ABAY) <K (aV
BV7y). Since (aANBAY) <aAy<aVy< (aVpVry), we can
deduce that (o Ay) <K (a V) if we show first that 6 < § < ¢ < 6
and § < 6 imply ¢’ <1 #’. We show this by using Lemma 6.10 again:
joining 6 < 0 with ¢’ we obtain

d ="V w(d Vo) =6.
Meeting with 6" we find that
§=0"N0)<(ONE)=1"

This reasoning completes the argument that ~ is transitive, hence an
equivalence relation, and also shows that subintervals of co-solvable
intervals are again oo-solvable. Hence ~—classes are convex sublattices
of Con(A). This implies that @ ~ 3 if and only if o and 3 belong to
some oco-solvable interval. This reformulation of the definition of the
~-relation makes it easy to see that it is a congruence: a ~ f if and
onlyif 0 :=a AN <KaVF=0 Butd <k impliesd Ay KONy
and 0 Vv <& 6V v by Lemma 6.10. Since a« Ay, BA~y € I[0 Av,0 A
and a Vv, BVy € I[6Vy,0V~], we conclude that o ~ 3 implies that
(@A) ~ (BA7)and (@Vy) ~(BV7).

It remains to show that ~ is compatible with the complete join
operation of Con(A). Suppose that o; ~ f3; for all i € I. Let §; =
a; A B and 0; = o; V 3. Then 6; < 0; for all i. If A = \/,; 0
and © :=\/,_; 0;, then both \/,_; a; and \/,, §; belong to the mterval
I[A, ©]. We will be done if we show that © is co—solvable over A.

Consider the collection P of all sequences of the form o = (o)) x<w11
where o), € Con(A) and

(0) 09 = A, 0, € I[A, 0],

(1) on < oxqq for all A < k, and

(2) ox = U, <, 0 for limit ordinals A.
The elements of P are the continuous sequences of congruences that
witness the oo—solvability over A of some elements o, € I[A,©]. P
is nonempty, since it contains the one-term sequence (A). P can be
partially ordered by the rule: o < ¢’ if ¢’ is an extension of o. That
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is, o < ¢’ if the domain of ¢ is contained in the domain of ¢’ and the
functions agree on their common domain. This is an inductive ordering
of P, as we now explain. Assume that (¢*),<, is an increasing sequence
of sequences in P. Define ¥’ to be the union of the functions o#. ¥’
is a function from the ordinal p := (J,., dom(c*) into Con(A) that
preserves all existing joins. Y’ may not be in P because elements of
P are functions from successor ordinals into Con(A) and p may be
a limit ordinal. But if it is, then there is a unique meet continuous
extension of X' to p + 1: it is the sequence ¥ = (¥X3)r<p+1 Where
(Xa)r<p = X' and 3, is defined to be U/\<p2>\' Since X is a meet
continuous homomorphism from a successor ordinal into Con(A), 3
extends each o*, and ¥ = o} <o} ; = ¥y for some p for each A < p,
) is an upper bound in P for all the sequences o*.

Since P is nonempty and inductively ordered, Zorn’s lemma applies
to show that P has a maximal element (¢V))x<x+1. The final congruence
in this sequence, 1, is oco—solvable over A and is a maximal congruence
in the interval I[A, ©] among those that are co—solvable over A. For
each i € I, 0; <« 6; and §; < A <), so by Lemma 6.10 we have

Vs = (1/}/@\/51') < (% \/Qi) < 0.

The maximality condition on v, implies that ¢, = ¥, V 6;, or ¥, > 6,.
Since this is true for all i € I, ¢, > \/,.;0; = ©. This proves that
A K, = O, as desired. O

DEFINITION 6.12. Assume that V is a variety with a weak difference
term, and A € V. If o € Con(A), then

rad(a) = \/{ﬁ € Con(A) | a ~ 3}

is the oo—solvable radical of a. The co—solvable radical of A is
rad(0). A radical congruence is a congruence « such that rad(a) =
a.

THEOREM 6.13. Let V be a variety with a weak difference term.
Assume that A € V and that o, 3 € Con(A). Then

(1) rad(a) is the largest congruence ~-related to c.

(2) rad(rad(«)) = rad(«).

(3) rad(a A B) = rad(a) A rad(5).

(4) o 4 B if and only if a < and o = B Arad(«).

(5) If Rad(A) denotes the meet subsemilattice of Con(A) consist-
ing of the radical congruences, then the restriction to Rad(A)
of the natural homomorphism v : Con(A) — Con(A)/~ :

o — a/~ to Rad(A) is an isomorphism onto Con(A)/ <.

3
4
5
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(6) The natural homomorphism v from item (5) is meet continu-
ous, and its image Con(A)/ ~ meet semidistributive.

PROOF. For item (1), the fact that ~ is compatible with the com-
plete join operation implies that the join of all congruence ~-related
to a is ~-related to a, and it is necessarily the largest congruence
~-related to a.

For (2), o & rad(a) and rad(a) ~ rad(rad(a)) hold by (1), so
o ~ rad(rad(a)). Since rad(a) is the largest congruence ~-related to
a, it follows that rad(rad(«)) < rad(«). The reverse inclusion follows
from the facts that rad(a) ~ rad(a) and rad(rad(«)) is the largest
congruence ~-related to rad(a).

For (3), a X rad(a) and 8 ~ rad(f), so a A 8 ~ rad(a) Arad(3)
since ~ is a congruence. Since rad(a A ) is the largest congruence
R-related to a A 3 we get that rad(a) A rad(3) < rad(a A 3). On the
other hand, a A 3 ~ rad(a A 3), so

a=aV(aAp) X aVrad(aAp) <rad(a)

from the definition of rad(«). Thus, rad(aA ) < rad(«a), and similarly
rad(a A B) < rad(f), so rad(a A B) < rad(a) Arad(3). This completes
the proof of (3).

For (4), assume that o <« 5. Then o < 3 according to the definition
of 4. The congruence o := [ Arad(a) satisfies @ < o/ < rad(a) and
is in I[a, (], so it is a congruence in I, (] that is co—solvable over .
If this fact is witnessed by a chain of congruences (0))a<.+1 starting
at #p = a and ending at 0, = o, and satisfying the conditions of
Definition 6.5, then using the fact that o € 3 and induction it follows
that 0y, = o for all A\, so a = o/ = fArad(a). Conversely, if o « 3 fails
to hold and « < 3, then there is a congruence o/ € I[a, 3] such that
a<a’ and a < o/. Since a ~ o we get that a < o/ < 3 Arad(a), so
a = [ Arad(a) fails to hold.

For (5), it is clear that v : Rad(A) — Con(A)/~ is an order-
preserving function between meet semilattices. To prove that it is
an isomorphism it suffices to show that it is bijective, or equivalently
that the elements of Rad(A) form a transversal for the congruence
X. The fact that o <~ rad(a) (proved in (1)) together with the fact
that rad(a) € Rad(A) (an equivalent form of (2)) shows that every
R—class contains a radical congruence. But the fact proved in (1), that
every radical element is the largest element of its ~—class, implies that
each ~—class has at most one radical congruence. This shows that the
elements of Rad(A) form a transversal for ~.
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For (6), the fact that ~ is compatible with the complete join opera-
tion implies that it is a meet continuous congruence, hence the quotient
modulo this congruence is meet continuous and the natural homomor-
phism v : Con(A) — Con(A)/~ is a meet continuous homomor-
phism. To prove that Con(A)/~ is meet semidistributive, suppose
that (a/ ~) A (B/~) = (a/~) A (y/~) = (§/~). From item (5)
we get that rad(a) A rad(f) = rad(a) A rad(y) = rad(d) in Rad(A).
Since Rad(A) is a meet subsemilattice of Con(A), these equalities hold
in Con(A). Theorem 2.19 (8) implies that C(rad(5),rad(«);rad(d))
and C(rad(v),rad(«);rad(d)) hold. Theorem 2.19 (5) now yields that
C(rad(f) V rad(y), rad(«); rad(d)) holds. If

0 :=rad(a) A (rad(3) V rad(y)),

then 6 > rad(d) and C(6, 0;rad(6)) holds according to Theorem 2.19 (1).
This shows that rad(d) <. But rad(d) « 1 or else rad(d) = 1, by items
(2) and (4) of this theorem, and in either case we get

rad(d) = 0 = rad(a) A (rad(f) V rad(7)).

Using the isomorphism from (5) once again, we conclude that (a/~) A
(B/~) V (v/~X)) = (6/~). This proves that Con(A)/~ is meet

semidistributive. O

THEOREM 6.14. Let V be a variety with a weak difference term. If
A €V has congruences < 6, then 0 is co-solvable over ¢ if and only
if the interval 1[0, 0] contains no solvability obstruction.

PROOF. Assume that 6 is co—solvable over 0, and that I[a, (] is
an arbitrarily chosen but nontrivial subinterval of I[0,6]. Then ¢ =
SAa X~ OAa = a,sorad(a) = rad(§) > 0 > 3. This shows that
a < = p Arad(a). By item (4) of Theorem 6.13, I[«, 5] is not a
solvability obstruction.

Conversely, assume that 1[0, 0] contains no solvability obstruction.
Let o = 6 Arad(d). Then since § < a < rad(d) we get that & ~ «,
and hence that rad(a) = rad(d). This means that a = 0 A rad(«).
According to item (4) of Theorem 6.13, either v « 6 or else a = 6.
The first possibility is ruled out by the assumption that I[0, 8] contains
no solvability obstruction, so it must be that o = #. Since § ~ a =6,
the proof is complete. 0

LEMMA 6.15. Let V be a variety with a weak difference term. As-
sume that A € V has congruences v,7',6 and &' such that v' <1~ and
0 <16. Thenyod Cy odoyod.
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PROOF. Choose any (a,c) € vo . There is a b € A such that
a=,b=5c, s0

a =y d(a,bb) =5 d(a,b,c) =, db,bc)=5c
shows that (a,c¢) € ¥ odoyod O

THEOREM 6.16. Let V be a variety with a weak difference term. If
A €V, then ~—classes of Con(A) consist of permuting congruences.
In particular, these classes are modular sublattices.

PROOF. We assume that the theorem is false and argue to a contra-
diction. If some ~-class of Con(A) contains a pair of nonpermuting
congruences, then there is a subinterval I[o, 7] of that ~class that
contains the two congruences. (For example, we could take o to be the
meet and 7 to be the join of the two nonpermuting congruences.) Let
A denote the ordered set of all congruences 6 € I[o, 7] such that every
congruence in I[o, #] permutes with every congruence in I[o, 7]:

A={0 € llo,7| |Vl € I[0,0],Y € I|o,7] (0" 0tp =1 0@)}.

A is nonempty (since o € A) and it is closed under updirected unions,
therefore A has maximal elements. Let o be a maximal element of A. It
must be that oo < 7 since otherwise all congruences in I[o, 7] permute,
contrary to assumption. Since I[o, 7] is co—solvable and 0 < o < 7,
there is a congruence & such that « < @ < 7 and a < a. The set

remove

B={0¢eIlo,7] |V € I[0,0],V € I[o,a] (#' otp =)ot

of all € I[o, 7] such that every congruence in [[o, §] perpfutes with

every congruence in [[o, @] is also nonempty and closed’under updi-

rected unions, so B has a maximal element 3. We not have § =7

since this would force a € A, contradicting the the maximality of a.

Since 3 < 7, there is a congruence B such that ﬁ < B <7and < ﬁ
By the maximality of # and the fact that 7 < ﬁ there is some § < ﬁ

which fails to permute with some v < @. Every congruence below (3

permutes with every congruence below @, so & £ 5. Every congruence

below « permutes with every congruence in I[o, 7], so v € . Therefore

v = a A7y is strictly less than v and ¢’ = 5 A 0 is strictly less than .

The four congruences v,v’,d and ¢’ have the following properties:

(i) v <v<a, v <

(ii) & <8< 3,8 < B;

(iii) v <, ¢’ < 6; and

(iv) any two congruences in {v,~/, 0,0’} permute, except vo § &
don.
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(The first, second and fourth items follow from the way we chose
a,&,ﬁ,ﬁ,fy,fy’,é, and ¢’. The third item follows from Lemma 6.10
since, for example, « <@ so v = aAy<ta Ay =+.) By item (iii) and
Lemma 6.15 we have yo0d C 7' 0d o~yod'. But by items (i), (ii) and
(iv) we have

Y odoyod =doy oyod =doyod =d0d oy=4don.

Thus yo0dé C § o, in contradiction with (iv). This is a contradic-
tion to the assumption that I[o, 7] contains a pair of nonpermuting

congruences.
For the final statement of the theorem, recall that any lattice of
permuting equivalence relations is modular. O

This result may be used to establish a new characterization of vari-
eties with a weak difference term. In the following theorem, a lattice L
has an SD, /Modular factorization in a category C of lattices if there
is a C-morphism of L onto a meet semidistributive lattice whose kernel
classes are modular.

THEOREM 6.17. The following are equivalent for a variety V.

(1) V has a weak difference term.

(2) For every A € V, Con(A) has an SD,/Modular factorization
in the category of meet continuous lattices.

(3) For every A € V, Con(A) has an SD,/Modular factorization
in the category of ordinary lattices.

(4) For every A € V, each SDA-failure in Con(A) is modular.

(5) If L belongs to the meet continuous congruence variety of V,
then each SD-failure in L is modular.

PRroOOF. If V has a weak difference term, then the natural homo-
morphism v: Con(A) — Con(A)/~ is a homomorphism of meet
continuous lattices whose image is meet semidistributive according to
Theorem 6.13 (6). The kernel classes are modular according to Theo-
rems 6.16. This proves that (1)=(2).

The implications (2)==-(3)==-(4) are straightforward; the first since
any factorization in the category of meet continuous lattices is a factor-
ization in the category of lattices, and the second because SD ,-failures
must be collapsed by any homomorphism into a meet semidistributive
lattice.

Assume that SD,-failures of Con(A) are modular for any A € V.
As explained in the third paragraph of Remark 2.24, the class of meet
continuous lattices whose SD-failures are modular is g definable by a
meet continuous identity. If (4) holds, then the congrueyce lattices of

remove "a"
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algebras in V satisfy this identity, so the meet continuous congruence
variety of V also satisfies it, hence (5) holds.

According to Theorem 4.7 the class of varieties U that satisfy the
the meet continuous congruence identity expressing the fact that SD -
failures are modular is definable by idempotent Maltsev conditions. To
show that (5)==(1) we must show that these Maltsev conditions are
strong enough to force the existence of a weak difference term. By The-
orem 6.2, it is enough to show that if V is a variety satisfying (5) then
the abelian algebras in V are affine. So let V be any variety satisfying
condition (5), and let A be the subvariety of V that is generated by
the abelian algebras of V. A must also satisfy item (5), and in partic-
ular (since the variety of sets does not satisfy (5)) this implies that .4
has a Taylor term. Let F = F 4(4) be the 4-generated free algebra of
this variety. F is abelian since A is generated by abelian algebras, the
abelian property is preserved by subalgebras and products, and free
algebras may be constructed as subalgebras of products of generating
algebras. Since F is abelian, there is a congruence A on F? that has the
diagonal D = {(f, f) | f € F'} as a class. It follows from Lemma 4.4

f [52] (in the case v = § = 1 of that result) that since A has a Tay-
lor the congruence A is a lattice complement of the coordinate
projection~kegnels 7y, 7, € Con(F?). Since AAn = A Any = 0, the

interval 1[0, AV (9, V)] = I[0, A] is an SDs-failure. By item (5), this
interval is modular. Since the diagonal D is a A-class, it follows from
Lemma 2.4 of [34] that restriction is a lattice homomorphism from the
interval 1[0, A] to Con(F?|p), where F?|p is the algebra induced on
D by F?, so Con(F?|p) is modular. The operations of F?|p are the
polynomial operations of F? under which D is closed, each of which
agrees with some polynomial operation of F acting coordinatewise on
D. Thus, F?|p is isomorphic as a nonindexed algebra to the algebra
F|r that F induces on itself. But the congruence lattices of F and
F|r are the same, so F = F 4(4) has a modular congruence lattice.
By Day’s Theorem, [8], this implies that A is congruence modular.
Since A is generated by abelian algebras, modular commutator theory
implies that all algebras in A are affine. O

EXAMPLE 6.18. There exists a purely lattice-theoretic proof that
(2)=(3)=(4) in Theorem 6.17, but not for the reverse implications.
Those implications are false even for congruence lattices of individual
algebras.

For example, if L is a lattice of height < 3, then any SD ,-failure has
height < 2, hence is modular. Thus, any finite, nonmodular, simple
lattice of height < 3 has the properties that it is algebraic (hence
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isomorphic to the congruence lattice of some algebra), has modular
SD -failures, but has no SD,/Modular factorization. There are many
graph lattices satisfying the required conditions (cf. Section 4.4).
There also exist algebraic lattices with SD, /Modular factorizations
in the category of ordinary lattices and no such factorization in the
category of meet continuous lattices, such as the one in Figure 6.1.

FIGURE 6.1. No SD,/Modular factorization in £ ¢

We next show that the relation ~ behaves well with respect to the
class operators H,S and P,.

THEOREM 6.19. Let V be a variety with a weak difference term.

(1) If A €V and o, 3 > 7 are congruences on A, then o ~ (3 in
Con(A) if and only if a/y ~ (/v in Con(A/7y).
(2) If B is a subalgebra of A € V, then o ~ (3 in Con(A) implies
that a|g ~ B|p in Con(B).
(3) If A € V has congruences a and 3 and B € V has congruence
v and §, then a x v X~ 3 x 6 in Con(A x B) if and only if
a® B in Con(A) and v~ ¢ in Con(B).
In particular, the class of co—solvable algebras in V is closed under the
formation of homomorphic images, subalgebras and finite products.

PRroOF. It follows from Theorem 2.19 (10) that if v < § < 6, then
d <6 if and only if §/v < 0/~. Tt is also true that a sequence (6))x<x
of congruences on A, each containing =, is continuous if and only if
(0x/7)a<r is. The property a ~ 3in Con(A) is the property that there
exists a continuous sequence of congruences witnessing oo-solvability
from a A B to o V 3, which is therefore equivalent to the existence
of a continuous sequence of congruences witnessing co-solvability from
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(A B)/y = (a/7) A (B/7) to (aV B)/y= (/) V (B/7). Hence a~ 3
is equivalent to o/ ~ 3/v when v < a A 3. This proves (1).

It follows from Theorem 2.19 (9) that restriction to B preserves
the relation < (i.e., d < 6 in Con(A) implies 6| < f|g). Since re-
striction to B also preserves unions of chains, it must preserve <.
Hence oo-solvable intervals in Con(A) restrict to oo-solvable intervals
in Con(B). Since o~ 3 if and only if & and f3 lie in a single co-solvable
interval, ~ is also preserved under restriction to B. This proves (2).

Applying item (1) to A x B (with the coordinate projection kernels
m and 7, playing the role of v in (1)) we obtain that o ~ 3 in Con(A)
if and only if a; ~ 3; in Con(A x B) and similarly v~ § in Con(B) if
and only if 7, ~ &, in Con(A x B). Since co-solvability is a congruence,
the conjunction of a ~ 3 and v~ ¢ implies that

axyi=a;Avs ~ By Ady=: X9,

Conversely, if o x v ~ (3 x 6, then again because oco-solvability is a
congruence we get

ar=mV(axy) X gV (Bx6) =70,

and similarly v, ~ 5. As proved above, these instances of ~ hold if
and only if @« ~ 3 in Con(A) and v ~ § in Con(B). O

By a partial Maltsev operation on a set A we mean a function
m: D — A, for some domain D C A3 containing all triples (z,y,y)
and (y,y,z), x,y € A, which satisfies m(z,y,y) = z = m(y,y,x) for
all z,y € A.

THEOREM 6.20. Let V be a variety with a weak difference term.
Assume that A € V, § € Con(A) is co-solvable, and S C A™[f] is
a subset. If S is compatible with the operations of A, then S is also
compatible with some partial Maltsev operation on A

PROOF. Recall from the opening paragraph of Chapter 2 that A™[6]
is defined to be {x € A" | x; =¢ x; for all i,j}. Assume that S C
A"[0] is compatible with the operations of A. We will show that S
is compatible with the partial Maltsev operation on A with smallest
domain, which is

D = {(a,b,b) | a,b € A}y U{(a,a,b) | a,b e A}.
We must show that if a,b,c € S and the tuple

m(a, b, c) = (m(ay, by, 1), m(ag,be, ca),...,m(ap, by, c,)) =:d
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is defined in all coordinates, then d € S. To be defined in all coordi-
nates, it must be the case that a; = b; or b; = ¢; (or both) for all i.
Assume that this is so. Let I C N := {1,...,n} be the set of coordi-
nates where a; = b;. If = (), then b=c,sod=aec S. If I = N,
then a = b, so d = ¢ € S. Thus the only nontrivial cases are those
where () # I # N. Restrict attention to those, and let J = N — I.

Let S be the subalgebra of A™ that is supported by S = A"[d].
Elements u,v € S are related by 6; ( = 7, '(0)) if and only if u; = v;.
Since S C A"[¢] this implies that u; =y u; =9 v; =p v; for any 7,
hence that 6; C 0; for any ¢ and j. Let 9 denote the congruence
h=0=---=0, of S. It follows from Theorem 6.19 (1) and (2) that

0; ~n; for each i, s0 6 = \6; > /\ni = 0, proving that § is co-solvable.

Itiel, thenn <n <6, = 0 and a similar argument proves that
ny < 0. Since 0 is co- -solvable, 771~«9~77 ;. This and Theorem 6.16
prove that n; and 7; are permuting congruences of S. According to
the definition of I and J, we have a n; b 1, ¢, so there must exists a
tuple x € S such that a n; x n; c¢. The tuple x satisfies the condition
that x; = ¢; if i € I and 2; = a; it j € N -1 = J. That is, z; =
¢; if m(a;,b;,¢;) = m(ai,ai,¢;) = ¢, and x; = a; if m(a;,bj,¢;) =
m(a;,cj,c;) = a;. This proves that x = d, hence d = x € S as
desired. O

It is a general fact that if A is an algebra, m is an operation on
A, and for every cardinal s any relation S C A" compatible with the
operations of A is also compatible with m, then m is a term operation
of A. If instead one only has that any finitary relation S on A that is
compatible with the operations of A is also compatible with m, then
m is only guaranteed to be a local term operation of A. This means
that for any finite subset F© C A there is a term operation ¢y that
agrees with m on F. Theorem 6.20 suggests the possibility that if V
has a weak difference term and A € V is oco-solvable, then A has a
local Maltsev term operation. Admittedly Theorem 6.20 speaks only
about partial Maltsev operations, but that is exactly what one would
expect of a result like Theorem 6.20 if the local Maltsev term operation
were not unique. These observations lead to speculations recorded in
the following problem.

PROBLEM 6.21. Assume that )V has a weak difference term, and
that A € Vis oo-solvable. Does A have a local Maltsev term operation?
Does A have a Maltsev term operation? If V is generated by oo—
solvable algebras, then must V be congruence permutable?
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Although affirmative answers to these questions seem unlikely, it is
true that for each finite n there is term that is Maltsev on classes of n-
step solvable congruences of algebras in V. It would be interesting if this
property extended to congruences with higher degrees of solvability.

COROLLARY 6.22. Let V be a variety with a weak difference term.
IfA €V, p ~ 0in Con(A) and S C p (= A2[p]) is a reflevive
compatible binary relation on A, then S is a congruence.

Proor. This is proved in the same way that one proves that a
reflexive compatible binary relation on a Maltsev algebra is a congru-
ence, since that argument works equally well with a partial Maltsev
operation.

For the record, the details are as follows. If S C p is reflexive
and compatible, then S is compatible with a partial Maltsev opera-
tion according to Theorem 6.20. Thus, if (a,b) € S, then since S is
reflexive (a,a), (b,b) € S also, so (b,a) = m((a,a), (a,b), (b)) € S.
This proves that S is symmetric. If (a,b),(b,c) € S, then (a,c) =
m((a,b), (b, b),(b,c)) € S. This proves that S is transitive, hence a
congruence. 0]

THEOREM 6.23. Let V be a variety with a weak difference term.
(1) If A € V has congruences o' <d o and 3 < 3, then

aVp=(Vp)oaofo(ad V).
(2) If A € V has congruences o and 3 with 8 ~ o A 3, then
aVp=aofoa.

PRrooF. For item (1), the relation R = (o' V ') oaofBo(a/V ) is
an (o’ V 3')—closed compatible reflexive relation on A whose transitive
closure is a V 3. To prove this part of the theorem it suffices to show
that R is a congruence.

Since o < a and /' <« g, it follows from Lemma 6.10 and the
transitivity of < that (o/ V ') < (a Vv ). In the quotient algebra
A/(a'V ') we have that

pi=(aVp)/(a'VE) ~(VF)/(avE)=0

by Theorem 6.19. The relation S := R/(a/Vf’) is a compatible reflexive
relation of A/(a/V #'), and S C p, hence S is a congruence on A /(a/V
B') according to Corollary 6.22. The fact that R is (o’ vV §')—closed
means that for the natural homomorphism v: A — A/(a/ V) : a
a/(c/ vV 3) we have R = v (v(R)). But v(R) = R/(a/ V) =S is
a congruence, and the inverse image of a congruence is a congruence.
Hence R is a congruence.
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Item (2) is the special case of item (1) in which a = o/ > ' =
aAS. O

Theorem 6.16 follows from the case of Theorem 6.23 (1) where
o =F =aNnf.

THEOREM 6.24. Let V be a variety with a weak difference term. If
A €V has congruences o and 8 with f ~ aAf and o < v < oV, then
v=aV(BA7). Hence the map J : IlaNp, ] — I[a,aV (] :x— zVa
18 surjective.

PROOF. The hypotheses of Theorem 6.23 (2) are met, so oV § =
a o 3o a. Arbitrarily choose (a,b) € v. Since y < aV f=aofoa,
there are elements u,v € A such that

(6.5) a4 =q U =g v =, b

This means that u =, a =, b =, v, 50 (u,v) € A (V) =
B A . This allows us to strengthen the -relation in line (6.5) to a
(6 A 7y)-relation, and in the strengthened form that line indicates that
(a,b) € aV(BA~). Since (a,b) was chosen arbitrarily, v C aV (G A7).
The reverse inclusion follows from the fact that a < ~.

For the final statement of the theorem, note that for any v € I[a, aV
B3] the element 5 A v is in I[a A 3, 5] and we have proved above that

v =J(BAY). O

THEOREM 6.25. Let V be a variety with a weak difference term.
Assume that A € V.

(1) If N5, with the labeling indicated in Figure 6.2, appears as a
sublattice of Con(A), then f £ B A a.

O N«
FIGURE 6.2. f % B A«

(2) If Dy appears as a sublattice of Con(A), then no two distinct
congruences in the sublattice are oco-solvably related.
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PROOF. In item (1), ave a < v < aV 3. Therefore, if we had
B ~ B A, then all of the the hypotheses of Theorem 6.24 would be
met. This would force y = a V (BA7). But aV (BA7y) =a # 7, so
we cannot have 3 ~ 3 A a.

For item (2), the relation ~ restricts to a congruence on Dy, which is
a subdirectly irreducible lattice. If the copy of Dy under consideration
is labeled as in Figure 6.3, then the critical intervals are Iy, v], I[a, 7],
and I[9,0]. Therefore, if any two distinct elements of this sublattice
are ~-related then u X v, o ~ 7, and § ~ 6. Assume that this is so

" 5 e

FIGURE 6.3.

and choose ' so that @ < o/ < 7 and a < a’. By Theorem 6.24 the
maps I[u, v] — I[a,7]: x — xVa and I[6,0] — I[a,7]: ©+— x V « gre
surjective, so there exist ' and ¢" such that p < ¢/ < v, 0 < ¢’ <6
and ¢/ Va = o = 0 V. Since I[u, /] and I[5,0'] are perspective
with I[a, '] we get that p <y and § < 60’ from Theorem 3.26 (or
Lemma 6.10).

|z, noty

CLAIM 6.26. 1/, c, and &' and generate a sublattice isomorphic to

ument uses Lemma 5.27 with z = ¢/, y = a and z = ¢’, as
well as the fact that v, o and 6 generate a copy of Ds.
For item (i) of Lemma 5.27,

rAy=pu AN <vAO<a=y.
For item (ii),
2V(yAz)=0Viang)=Vu=d=avy >y ==1.

Here we have used the facts that I[u, p'] and I[d, §'] are perspective up
to Ia, o/], and that &' V=0V (OVu)=4dVa=d.
Item (iii) is similar to (ii). For (iv),

(xAy)VyAz)=@ ANa)V(aAd)=pVi=a.
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lintervals
a sublattice isomorphic to Dy with abelian critical mterval. This con-
tradicts Theorem 4.16 (2). O

The rest of the results in this section provide some information
about failures of join semidistributivity in the congruence lattice of an
algebra with a weak difference term.

LEMMA 6.27. Assume that V has a weak difference term. If A € V
has congruences a, 3 and v satisfying

(1) avB X a’ aVy, and
(2) BAY <o,
then (BV (A7) A(yV(aAB)) =(aAB)V(aAy).

PROOF. Since g A~y lies below all congruences of interest, we may
factor by it and assume that G A~ = 0.

In the next claim we label some of the congruences in the sublattice
of Con(A) generated by {«, 3,7}, and prove some of the more obvious
relationships between them.

CLAIM 6.28. Let 6 = (@ AB)V (aAy), B=BVE 3 =yV6,
0=0AN75, 0 =06AN0, and~ =~ AN6b. Then

(i) 6 < a,

(ii) ﬁ/\é BANaandyNd =N a,

(iii) B ~ ﬁ/\éand'ywv/\é

(iv) § <0< B and s <6 <7,

W BRoL7,

(vi) fVa=0VaandyVa=vVa, and

(vii) /VI=0=+" V.

Some of these congruences and relationships are indicated in Fig-
ure 6.4.

We omit the proofs of the parts of the claim that concern ~ if those
parts are symmetric to the arguments we give for .

lemma For item (i) of Claim 6.28, note that 6 = (a A ) V (A7) is a join

o elements below «;, so (5 <a.
item (ii), since 6 < av we get that A6 < § A a. On the other

(1) of the theorem. Using the fact that ~ is a congruence, meet both
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B=pV(an7) YV (aAB) =7

g g
aAp . a ANy

FIGURE 6.4.

sides of & ~ a V  with 3 to obtain S A« ~ (3. Applying the result
from (i) of this claim yields BA S ~ 3.

For item (iv), the fact that § = BAF = (BV ) A(yVd)is a meet
of elements above ¢ is enough to prove that § < 6, while 6 < B is
immediate from the definition § = 3 A 7.

For item (v), join the relation BA§ ~ 3 from (iii) with & to obtain
52 BVé=04.

For item (vi), 3V a = (BV8)Va =8V (§Va) =BV a, where the
last equality follows from item (i).

For item (vii), use the fact established in (iii) that 3 ~ 3 A J, the
fact established in (iv) that § < 6 < B = [#V ¢, and Theorem 6.24 to
deduce that 6 = § vV (5 A6). Since ' = 5 A6, this yields 0 = ' Vv .
This completes the proof of Claim 6.28.

By examining the definitions of d and 6, the reader will verify that
the statement of the next claim is precisely what is asserted in the
statement of this lemma.

CLAIM 6.29. § = 0.

We assume instead that 0 # 6 and show that the sublattice of
Con(A) generated by {#’,7/,0} is isomorphic to Ds. In order to show
this, we verify that the congruences z = ',y = §, and z = +/ satisfy the
relations from the presentation of Dy given in Lemma 5.27. Throughout
the argument we will make free use of Claim 6.28.

To establish relation (i) of Lemma 5.27, we have

TANz=0 ANy <PBAy=0<d=uy.
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For relation (ii),

zV(ynz) =+

The proof that x V (y A 2)
relation (iv),

(@Ay)V(yAz) =

| \/
5
&
=
&
=
=+
o
—+
=
@
o
=
@

—
c
0
=S

e
<
@
=
g
=

Finally, z = ' £ § = y since ' V § = 6 by Claim 6.28 (vii), and we
are assuming that § # 6.

Thus, our assumption that 6 # 6 and Lemma 5.27 together imply
that the sublattice generated by {’,7/,d} is isomorphic to D,. It fol-
lows from Claim 6.28 (iv) and (v) that I[6, f] is an co—solvable interval
in this sublattice. This is forbidden by Theorem 6.25, hence Claim 6.29
and the lemma are proved. ([l

THEOREM 6.30. Assume that V has a weak difference term. If

A €V has congruences «, 3 and vy satisfying
(1) aVvB A a X aVy, and
(2) BAy <o,

then C(aV B,V v;«a) holds.

PROOF. Asin the proof of Lemma 6.27, we may assume that BNy =
0. Asin that proof we let 6 = (a«AB)V (aAy), B =4VJ, andy = V4.

CrAIM 6.31. a/\BzaAﬁzB\/\ﬁ

We proved in Lemma 6.27 that § = ﬁ A7, so it suffices fby sym-

metry) to prove only that a A ﬁ = ¢. Both a and ﬁ are above ¢

this is pretty much
immediate, no
need to refer to
earlier claims.

according to Claim 6.28 (i) and (iv) of Lemma 6.27, so we certainly

have a A 3 > 6. This forces a A B € 1[0, 8] = I[), 5V §]. The perspec-
tive interval I[3 A J, 5] = 1[G A «, 5] is oo—solvable by assumption, so
Theorem 6.24 guarantees that

aAB=68V(BA(aAp)).
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But we can simplify the expression on the right as follows: § V (8 A

~ ~

(anpB)=0V(aAN(BAB)) =03V (aAB)=245. This proves the claim.

isa...

CLAIM 6.32. C(3,7;a) holds.

It follows from Claim 6.31 that 7 A (B\/ (FAa)) < a, so Claim 6.32
isa direct application of Theorem 2.19 (8).

why distinguish this
as a separate
claim? this is what
is supposed to be
proved in the
theorem.

| _=LAIM 6.33. C(aV §,aV y;a) holds.

It follows from Theorem 2.19 (7) or (8) that C(«,7; ) holds. From
this, Claim 6.32, and Theorem 2.19 (5) we get that C(aV 3,7; «) holds.

We established that oV 3 = a V @ in Claim 6.28 (vi) of Lemma 6.27,
so C(a V ,7;«) holds. Using Theorem 2.19 (3) we finally get that

C(aV B,a 07 o a;a) holds. This claim, and this theorem, will be
established if we show that aojoa =a V7 (= aV~y). For this, meet
both sides of the relation aVy ~ «, which is part of assumption (1) of
the theorem, with the congruence 5. The result is that 7 ~ aA¥. From
Theorem 6.23 (2) we conclude that oy oo = a V7, as desired. O

There is a special case of the previous theorem that is worth record-
ing.

COROLLARY 6.34. Assume that V has a weak difference term, that
A €V, and that I is an SDy-failure in Con(A). If I is co—solvable,
then I is abelian.

PROOF. An SDy-failure is a nontrivial interval I = I[a, V3] deter-
mined by congruences «, 3 and v satisfying aV G = aV~y and fAy < a.
The assumption that I is co-solvable means that & ~ aV3 (= aV~y).
This establishes hypothesis (1) of Theorem 6.30. Hypothesis (2) holds
simply because I is an SDy-failure. Hence we have the conclusion of
Theorem 6.30, that C(aV 3,V 7; ) (equivalently C(aV 3, aV 5;a))
holds. This is precisely what it means for I to be abelian. U

|develop

6.3. An Alternative Development

ing section we developed the theory of solvability in
analogy with the theoxy_of solvability for groups, using chains of con-

we show that it is
possible to ...

_§ruences with abelian factors~_In this short section we show that it
would have been possible to developed the theory of solvability in anal-

ogy with the theory of solvability for rings. Namely, we show that the
basic notions of the preceding section, rad, ~ and <¥, can be defined
in terms of prime congruences.
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DEFINITION 6.35. Let A be an algebra. A congruence 6 on A is
semiprime if § « 1; it is prime if it is semiprime and meet irreducible
in Con(A).

An m-sequence is a sequence o = ()<, of principal congruences
where [0y,0)] > 0y.1 holds for all \. The m-sequence o avoids a
congruence 6 if 6 £ 6 for all A\, otherwise it intersects 6.

Our definitions for “prime” and “semiprime” agree with those from
ring theory. The concept of an m-sequence generalizes the concept of
a multiplicatively closed subset of a commutative ring, or an m-system
in a noncommutative ring. All of these notions are definable in terms
of the centralizer relation.

Observe that if (0))r<. is an m-sequence, then it is descending,
since 0y > [0y, 0,] > 6,1 for all \.

THEOREM 6.36. Let V be a variety with a weak difference term.
Assume that A € V, and 0 € Con(A). The following conditions con-
cerning 0 are equivalent.

(1) 6 is semiprime.

(2) 6 is an intersection of prime congruences.

(3) For every principal congruence 0y £ 0 there is an m-sequence
o= (0o,01,...) starting at Oy that avoids 6.

(4) 0 is a radical congruence.

PRrOOF. It follows immediately from the definitions that (1) and
(4) are equivalent, so we prove only that (1)=(3)=(2)=(1).
Assume that 6 is semiprime and that 6y € 6. If [0y, 0] < 6, then

since [0, 6] <1 0y we get from Lemma 6.10 that
=0V [00,00] <0V b,.

But since 6 < 0V 6, this contradicts the assumption that 0 <€ 1 (i.e.,
that € is semiprime). Thus it must be that [fy, 6y] £ 6, and this means
that there is a principal congruence 6; < [6y, 6] such that 6; £ 6. The
same argument applied to #; produces a principal congruence 6 such
that 0y < [61,60:1] and Oy £ 6. Repeating the argument indefinitely
produces an m-sequence (6, 6y, ...) starting at 0, that avoids 6.

Now suppose that Condition (3) holds for 8. Let 8} be the intersec-
tion of the prime congruences containing 6. If § < ¢, then there is a
principal congruence 0y < 0’ such that 6y £ 6. By Condition (3), there
is an m-sequence o = (6, 6;,...) that avoids #. Exfend 6 to a con-
gruence 7 that is maximal for the property that o avpids w. (The fact
that such a congruence exists uses Zorn’s Lemma, and relies on the fact
that each 6; in o is compact.) We claim that 7 is a prime congruence.

it isn't obvious why there are any prime congruences above \theta
(unless i've missed something). so, up front, \theta' could be the
intersection of the empty set. (which is this equal to 1_A). in any
case, the construction of \pi shows that there must be prime
congruences \ge \theta. you might want to address this issue in
some manner, since others may have the same problem at this
point. you could introduce a lemma that shows that if \sigma avoids
a congruence then it can be extended to one that is prime and that
is still avoided by \sigma. this is used in the next theorem as well.
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To see that it is meet irreducible, assume instead that m = a A § where
m < a, 3. Then by the maximality of 7 it must be that ¢ intersects
both a and 3, so 0; < o and 6; < 3 for some ¢ and j. But then for
k = max(i,j) we have 0, < a A = 7, since ¢ is a descending chain
of congruences, and this contradicts the fact that ¢ avoids 7. To show
that 7 is semiprime, assume instead that there is a congruence § such
that m <0 and 7 < §. Then the maximality condition on 7 forces o to
intersect ¢, so for some ¢ we have #; < §. But now the monotonicity of

the commutator operation implies that

\sigma avoids \pi

Oiv1 < [0:,0:] <[6,0] <.

This contradicts the fact that o avoids w. This congfudes the proof
that 7 is prime. Since 7 extends #, and €’ is the ingérsection of prime
congruences containing 6, it follows that 8" < 7., But now we have the
contradiction that 6y < 6 < 7w while m avoids 0 = (0))x<,. This final
contradiction proves that 8’ = 6, and hence that Condition (2) holds.
Finally, assume that Condition (2) holds. Then 6 = (., m; where
each 7; is a prime congruence. If § <6, then (since 0 < ;) we get
m; <\ m; VO for each i. Since each m; is semiprime we deduce that
m; = m; Vo, or that § < m; for all 7. Hence § < ﬂiel m; = 6. This shows
that # <6 implies that § = 0, so 0 « 1. Hence Condition (1) holds. O

COROLLARY 6.37. Let V be a variety with a weak difference term.
Assume that A € V has congruences o and (3.

(1) rad(«) equals the intersection of the prime congruences con-
taining «.

(2) aX B if and only if a and 3 are contained in the same prime
congruences.

(3) a<wfif and only if « < 8 and every m-sequence that intersects
[ also intersects .

PRrOOF. Item (1) follows from the fact, proved in Theorem 6.36,
that the radical congruences are exactly the intersections of prime con-
gruences. Item (2) follows from (1) and the fact that o ~ 3 if and only
if rad(a) = rad(p).

For item (3), assume that o<k and that the m-sequence o inter-
sects B. If o avoids «, then « can be extended to a prime 7 that o
avoids, as in the proof of Theorem 6.36 (3)==-(2). The prime 7 cannot
contain 3 since o avoids 7 but intersects (3. Therefore 7m contains «
and not 4. Since a<¥/3, this contradicts Item (2) of this corollary. For
the other direction, assume that a <. Then, since a < 3, Item (2)
guarantees that there is a prime 7 containing o and not containing
8. If 6y is a principal congruence satisfying 6y < § and 6y £ m, then
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Theorem 6.36 guarantees the existence of an m-sequence starting at 6
and avoiding 7 since the prime 7 is semiprime. This m-sequence also
avoids « since o < 7, but it does not avoid [ since 6y < (5. Thus (3)

holds. O



CHAPTER 7

Ordinary Congruence Identities

In this chapter we will prove that a variety satisfies a nontrivial
lattice identity as a congruence identity if and only if it satisfies an
idempotent Maltsev condition that fails in the variety of semilattices.
In view of the results of Chapter 5, this shows that the class of varieties
that satisfy a congruence identity is definable by a Maltsev condition
(for example, the Maltsev condition of Theorem 5.28).

7.1. A Rank for Solvability Obstructions

The congruence identity that we describe depends on the number
of variables in a Hobby—McKenzie term for the variety, so let us now fix
that arity. We assume in this chapter that V is a variety with a fixed
Hobby-McKenzie term F(zq,...,z,), and we let N = {1,2,...,n}.
By Corollary 6.3, V also has a weak difference term, so we are free to
use the results of Chapter 6 in this chapter.

DEFINITION 7.1. If I[4,0] is a solvability obstruction and 7T is a
tolerance, then T" separates [ :=I[6,0]if T C 6§ and T Z 6. We write
I[6,0)r or Ir to refer to the obstruction I in a manner that indicates
that T separates I.

If f and g are m-ary terms, then I supports the local equation
flzr,. .y xm) = g(@, .. x,) i f(r,.. o xm) =5 g(z,. .0, 20)
holds whenever all z; € {a, b} for each (a,b) € T.

DEFINITION 7.2. Assume that A € V, that I = I[d, 0] is a solvabil-
ity obstruction, and that 7" is a tolerance that separates /. The rank
of I is the set

Rank(Ir) :={U C N | Fy(z,y) ~1, ©}.

LEMMA 7.3. Assume that A € V and that It := I[6,0|r is a sepa-
rated solvability obstruction in Con(A). Then
(1) N € Rank(I7).
(2) 0 & Rank(Ir).
(3) Rank(Ir) is a closed subset of B(F') that is not a lattice filter.

46
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ProOF. For (1), N € Rank(Ir) if and only if
F(z,z,...,z) = Fyx(z,y) =1, ©.

That this is true follows from the fact that F'is idempotent.
For (2), if § € Rank(Ir), then

Yy = F(yvyvvy) = F@(l‘,y) ~Ip T
This statement means that y =5 x for all (x,y) € T, contradicting the
fact that T separates I[9,6]. Thus 0 & Rank(Ir),

To prove (3), notice that if V = Fy(x,y) ~ Fy(z,y), then U €
Rank(Ir) if and only if V' € Rank(Ir). Therefore Rank(/7) is a closed
subset of B(F'). It is not a lattice filter since, by parts (2) and (3), it
is proper and nonempty, and B(F') has no closed, proper, nonempty
lattice filter. U

A certain configuration involving a pair of separated solvability ob-
structions forces one obstruction to have rank that properly contains
the rank of the other obstruction. We identify this configuration now,
and introduce a shorthand notation for it.

DEFINITION 7.4. I[u,v]s ~ I[d,0]r means that
(a) SN(0:T)C pu,

(b) TN(So(TNdo(SNpu)) Cd, and

(c) SN((TNd)o(SNu)o(T'NJ)) C p.

The three conditions of this definition describe a property of the
tolerance _
T'=TnN(So(T'Nd)ols).
This tolerance consists of all pairs (¢, d) for which there exist elements a
and b related as in the quadrangle in Figure 7.1. Condition (a) implies

TNo b
S S
c T d
FIGURE 7.1.

that C(S,T;9) fails (since S Z p). An S, T-matrix { CCL

] witnessing

d
this failure produces a pair (¢, d) € T with (c,d) € §. Thus, if Condition
(a) holds, the tolerance 7" C T also separates [[0,6]. Condition (b)
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implies that if a,b,c and d are any four elements related as in the
above quadrangle, and (b,d) € p, then (¢,d) € §. If this happens, and
Condition (c) holds, then (a, ¢) € p. In particular, if [y, v]s ~ 1[4, 0]r,
then there will exist quadrangles related as above with (¢, d) € 6, but
any such quadrangle must have (a, c), (b,d) & p.

LEMMA 7.5. Assume that A € V, that Is = I[u,v]s and Jr =
116, 0)r are separated solvability obstructions in Con(A), and that Is ~
Jr. If S C S also separates I[p,v] and T =T N (So(TNJ)oS), then

(1) Ig~ Jr, and
(2) T separates I[0,0].

PROOF. For item (1), suppose that S C S and that S separates I.
Then the three conditions of the definition of ~» hold with S in place of
S, because the symbol S appears only on the left side of each inclusion
and the left side of each inclusion is an expression that is monotone in
S with respect to inclusion.

Item (2) follows from Ig ~» Jp as we explained in the remarks
preceding the statement of this lemma (using S instead of ). O

LEMMA 7.6. Assume that A € V, that Is = I[u,v]s and Jr =
1[5, 0]r are separated solvability obstructions in Con(A), and that Ig ~
Jr. Let T=TN(So(TNd)oS). If f(z,y,2) is an idempotent term
of A, and Is supports the local equation f(x,y,y) ~r, x, then both of
the local equations

f(SC,ili,y) %JT r and f(I,y,SC) %JT xz

are supported by J=.

PROOF. The fact that the tolerance T := T N (S o (T N6) o S)
separates J follows from Condition (a) defining the relation I~ Jr,
as we remarked prior to the statement of Lemma 7.5 (or, it follows
from Lemma 7.5 (2)). Now, to prove this lemma, it suffices to show
that if I supports the local equation f(z,y,y) ~, =, then Jz supports
the local equation f(z,r,y) ~,. x. The same argument applied to
f'(x,y,2) = f(x, z,y) shows that if the local equation f(x,y,y) ~r, x
is supported by I, then f(z,y,r) ~;_ x is supported by Jz.

To show that Jz supports the local equation f(z, x,y) ~ J— T, choose
apair (0,1) €T =TN(So(TNJ)oS). There exist elements u and
v such that 0 =g u =rns v =g 1. The relationships between 0,1, u
and v are described in the left hand square in Figure 7.2. The right
hand square of this figure describes the relationships between four other
elements.
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S S

1 v £(0,0,1) £(0,u,0)
T TNo T TNo
FIGURE 7.2.

Let’s convince ourselves that the information indicated in the right
hand square of Figure 7.2 is correct. First,

£(0,0,0) =¢ £(0,0,1)
follows from the fact that (0,0), (0,1) € T. Second,
(0, u,u) =rns f(0,u,v)
follows from the fact that (0,0), (u,u), (u,v) € T'N4J. Third,

f£(0,0,1) =5 f(0,u,v) and f(0,0,0) =g f(0,u,u)

follow from (0,0), (0,u), (1,v) € S, Finally, orjustl_S.

f(oa 07 O) E,u f(oa U, u)
since both sides are p-related to 0: the left d side equals 0 since f
is idempotent and the right hand side iggrelated to 0 since (0,u) € S
and [[p, v]s supports f(z,y,y) ~.45

The relations that we have just verified imply that
(£(0,0,1), f(0,0,0)) e TN (So(T'Nd)o (SN p).
By Condition (b) of the definition of Ig ~» Jr (Definition 7.4) this
implies that
f(ov 07 1) =5 f(07 07 O) (Z O)

holds for any pair (0,1) € T. Hence J7 supports the local equation
f(z,7,y) =z x, and the proof is complete. O

LEMMA 7.7. Assume that A € V, that Is = I[p,v]s and Jr =
1[5, 0]r are separated solvability obstructions in Con(A), and that Is ~
Jr. Let T=TN(So(TNJ)oS). If f(x,y,2) is an idempotent term
of A, and Is supports the local equations

f(xwray) Rg T and f('r7y7x> Ris T,

then f(x,y,y) ~_ x is supported by Jz.
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PROOF. As in the last proof, choose (0,1) € T = TN(So(TNJ)oS),
and let v and v denote elements of A for which 0 =g u =705 v =g 1. As
before, relationships between 0, 1,4 and v are expressed in Figure 7.3.
In this proof we will be interested in the relationships between some

1 S v

T TNo

0 g u
FiGUuRrE 7.3.

of the elements depicted in Figure 7.4. In this figure each element has

£(0,0,0) snpf0.0,u) pns fO0,00) g £(0,0,1)
S s\ s s
£(0,1,0) Hee—rt 5 R Sa— £(0,u,1)
TN§ TNS§ TN§ TN§
£(0,,0) e S R S £(0,0,1)
s s g s
T
£(0,1,0) == R . S £(0,1,1)
FIGURE 7.4.

the form f(0,a,b). As one moves row-by-row from top to bottom the
value of a changes from 0 to u to v to 1. As one moves column-by-
column from left to right the value of b changes from 0 to u to v to
1. All but two of the indicated relations follow from (0, u), (1,v) € S,
(u,v) € TN, and that S and T'NJ are compatible. The exceptions are
the two instances of S M p in the upper left hand corner of Figure 7.4.
The relevant pairs are clearly S-related, since (0,u) € S and S is
compatible, so we must justify the claim that

f(0,u,0) =, £(0,0,0) =, £(0,0,u).
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For this one can use the|facts that I[u, v]s supports

f(x7y7x> %I[M,V]s T = f(xwrax) %I[u,l/]s f 37;3’372/>7

that (0,u) € S, and that S is a tolerance. The curved lines in the figure
represent T-relations, and all follow from (0, 1) € T]and the fact that T
is a tolerance. We must prove that f(0,1,1) =5 0./ We will accomplish
this by showing that the curved lines of Figure xxX that appear across
the top and along the right hand side represent 7' N d-relations, and
not merely T-relations.

We begin our work by examining the top row of Figure 7.4. Follow-
ing the straight line from right to left we see that (f(0,0,1), f(0,0,0)) €
So(T'Nd)o(SNu), while following the curved path we see that these el-
ements are related by 7. By Condition (b) of the definition of Ig ~ Jr
we get that (f(0,0,1), £(0,0,0)) € 6. We can apply this information to
the rectangle formed from the leftmost and rightmost elements of the
first two rows, as shown in Figure 7.5. Condition (b) of the definition

AN N e O — £(0,0,1)
SNpu TNo S
fOu,0) S —————— < ———— f(0,u,1)
T
FIGURE 7.5.

of Is ~ Jr can be applied again to show that
(f(0,u,1), f(0,u,0)) €T N(So(TNdo(SNu)) C,

so the bottom curved line in this figure represents a d-relation. Now
we see that the two elements on the right hand side are related by
SN((TNo)o(SNu)o(T'NJ)). Condition (c) of the definition of Ig ~» Jr
asserts that SN((T'Nd)o(SNu)o(TNG)) C w, so ((f(0,0,1), f(0,u,1)) €
1.

Returning to Figure 7.4, we examine the four elements of the right
hand side:

f(0,0,1) =5, f(0,u,1) =rrs f(0,0,1) =5 f(0,1,1),
and f(0,0,1) =7 f(0,1,1). Hence
(f(0,1,1), f(0,0,1)) e TN(So(TNJ)o(SNu)) .
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We have shown that the curved lines across the top and down the right
side are d-relations, so we have

f(0,0,0) =5 f(0,0,l) =5 f(O,l,l)

Since f is idempotent, this proves that f(0,1,1) =5 f(0,0,0) =0, as
desired. U

Next is the promised result showing that instances of ~» are related
to proper increases in rank.

THEOREM 7.8. Assume that A € V, that Is = I[u,v]g and Jr =
116, 0)r are separated solvability obstructions in Con(A), and that Ig ~
Jr. If T=TnN(So(I'Nd)oS), then Rank(Is) & Rank(J5). In fact,

(1) if U € Rank(Ig) and U CV C N, then V € Rank(J5), and
(2) if U,V € Rank(Ig) and UUV = N, then UNV &€ Rank(J5).

PROOF. It follows from Lemma 7.5 that T separates .J, so Rank(.J5)
is defined. We will prove that (1) and (2) hold first, and then we will
deduce that Rank(Is) & Rank(J7). The following notation will be
helpful: Given a partition of N = {1,...,n} into three sets P, Q) and
R, one or two of which may be empty, we write F'p/o/r(x,y, 2) to denote
the term that results from substituting « for z; in the Hobby—McKenzie
term F'(z1,...,x,) when i € P, y for z; when i € @, and z for z; when
i € R. Any Fpjq/r(,y, 2) is idempotent, since F' is.

We begin the proof of (1). Assume that U € Rank(lg) and U C
V' C N. Partition N as P/Q/Rwith P=U,Q =V—-Uand R = N-V.

you could use P/Q/
R here.

The fact that U € Rank(/g) means precisely that the local equation

U/(va)/(fo/)(?U’y,y) = Fy(v,y) =g

Is. From Lemma 7.6 we get that J7 supports

FV('rvy)

Hence V' € Rank(J7).

Now we prove (2). Assume that U,V € Rank(Ig) and UUV = N,
Partition N as P/Q/R with P=UNV,Q=U -V and R=V —U.
The fact that U,V € Rank([g) translates into

J(V —U)/(N =V) (z,7,y) RJm X

Foavyw-vw-v(@,zy) = Fu(r,y) =
and
Fonvyw-vw-uv)(@y,z) = Fy(z,y) =i,
so Lemma 7.7 proves that
Furnv(2,y) = Funvyw -viwv -o)(®,y,y) <5
is supported by Jz. Hence U NV € Rank(J7).
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Now we use (1) and (2) to prove that Rank(Zs) & Rank(Jz). It fol-
lows from (1) that U € Rank(Is) implies U € Rank(.J7), so we certainly
have Rank(/g) € Rank(J7). Suppose that Rank(ls) = Rank(J7).
Then from (1) we get that Rank(/g) is an order filter in B(F). If
U,V € Rank(lg) and U € V, then since V is the intersection of the
(n — 1)—element sets that contain it there must be an (n — 1)—element
set W D V such that U € W. For this set W we have W € Rank(/g)
and UUW = N, so by (2) we get that UNW € Rank(J7) = Rank([g).
Since U N W is a proper subset of U, and is in Rank(/g), this shows
that if U is not the least element of Rank(/g), then U is not minimal
under inclusion in Rank(/g). It follows that Rank(/s) is a principal
order filter, hence a lattice filter in B(F'). But by Lemma 7.3 (3) the
set Rank(/g) is not a lattice filter, hence Rank(/g) = Rank(J7) is im-
possible. This completes the proof that Rank(7s) & Rank(Jz). O

Since an instance of the ~»-relation leads to a proper increase in
rank, and there are only finitely many ranks, one expects a bound
on the length of ~»—sequences. That bound is provided by the next
theorem.

THEOREM 7.9. Assume that A € V. Con(A) does not contain a
~»—sequence of separated solvability obstructions
Ig0M151MI§2M"'M]§k

of length k > 2n — 4.

PROOF. Suppose otherwise, and that I/ = I[u’,17]. Define toler-
ances S C S7 according to the rules
(i) §”:= S°, and
(i) & = 5N (F o (ST N i) o F).
Now consider two sequences of claims:
(a)’ [%j ~ [g'j_‘gl
(b)? & separates I’.
Claims (a)° and (b)" hold since I%, ~ I& and 5 = g0 separates
I°. Claim (a)’ implies Claim (b)’*! by Lemma 7.5 (2). Claim (b)
implies Claim (a)? by Lemma 7.5 (1) and the facts that 5’ C S and
I g,j ~ [ éﬁl By induction, Claims (a)’ and (b)? hold for all j. Applying
Theorem 7.8 to Claim (a)’ yields that Rank([%j) G Rank([%ﬂl) for
each 7 < k. This shows that

[go/\»[él/\»[gQMu-/\»[gk
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implies that

Rank(I%) G Rank(I3) G Rank(I%) G -+ G Rank(I%)
where the tolerance gj is contained in S7 yet still separates I7.
Let U7 == Rank(]%j). In the last paragraph we showed that

0 1 2 k
WU Sur S Sut
Other properties of the sets U7 include:

e Each U is a closed subset of B(F) that is not a lattice filter
(by Lemma 7.3 (3)).

e N el and ) € U for all j (by Lemma 7.3 (1) and (2)).

e U T contains the order filter generated by U (by Lemma 7.8 (1)).

e U7 contains the intersections of comaximal pairs from U7 (by
Lemma 7.8 (2)).

We now argue that such a sequence of sets cannot exist if &k > 2n — 4.
First, % contains N, is closed, and is not a lattice filter, so either ¢°
contains a set of size < n—2 or else at least 2 sets of size n— 1. In either
case, since U! contains the order filter generated by U° and contains
the intersections of comaximal pairs in 4°, the set U properly contains
an order filter generated by a set U of size n — 2. Now suppose that
for some r > 0 the set U* ! contains a principal order filter generated
by a set U of size < n —2 —r. If U is not empty, then there is
some W € U* ! such that W 2 U (since U**! is closed). The set
Vi=UU(N —W)isin U** since V2 U, and VUW = N since
VON-W. Thus VAW = UNW € U>*? = y>"+Y. Since
W 2 U, the set UNW has size <n —2— (r +1). The set Y2r+D+!
contains the order filter generated by U NW. By induction we see that
for all  the set U+ contains a principal order filter generated by a
set of size < n —2—1r. For r = n — 3 we get that U?"~5 contains a
principal order filter generated by a set U’ of size 1. The containment
is proper, since U?"7® is not a lattice filter. If W’ € U?**~> does not
contain U’, then as above we get that V' := U’ U (N — W') € Y>3
and V' NW' =0 € U*»* C U*. This is a contradiction, since no
U’ contains the empty set. This completes the proof that there is no
sequence
[go’\/?[él’\/?[ké“ﬁ""\/’[gk

with k& > 2n — 4. OJ

Now that we have shown that there is a bound on the length of
~»—sequences in congruence lattices of algebras in V), our next goal is
to determine how to recognize ~»-related intervals lattice-theoretically.
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LEMMA 7.10. Assume that A € V, and that Is = I[u,v]s and
Jr =110, 0]|1 are separated solvability obstructions in Con(A). Choose
and fir congruences &' and y' satisfying T N6 C & C Cg™(T) and
SNpC ' CCg™(S). If the conditions
(d) Cg™(T)NCg(S) C o'V,
(e) TN(Vu)Co, and
(f) SNV ) <Sp
are satisfied, then the conditions
(b) TN(So(TN§o(SNpu))Cd, and
() SN{(TNdo(SNu)o(TNG)) Cpu
from Definition 7.4 are also satisfied.

ProoF. Condition (c) follows immediately from Condition (f), since
TNoC§ and SNp Cu'.

We will prove that (b) follows from (d) and (e) by showing that
TN(So(TNd)o(SNu)) CTN( V). Choose (¢,d) € TN(So(T'N
d)o(SNpu)). There exist a and bsuch that ¢ =g a =rns b =50, d, a3
shown in Figure 7.6. The pair (c, b) belongs to So(T'NJ) C Cg*(S)od’

a TN b
S SNu
C T d
FIGURE 7.6.

and also to T o (SN pu) € Cg™(T) o p/. Using Theorem 5.28 (2) (to
go from the first line below to the second) and Condition (d) of this
theorem we get that

(c,b) € (Cg®(T)o )N (Cgh(S)od)
C ((CEA(T) v &) A (CEA(S) v W) V&' v i
< (Cg™(T) A Cgh(S) Vo' v i/

(Here we used the facts that Cg®(T) 2 ¢ and Cg*(S) Dy to replace
(Cg™(T) Vv &) A (Cg™(S) v 1) by Cg™(T) A Cg™(S).) Hence ¢ =gy
b =, d,so(c,d)eTN(§"Vy). Since (¢, d) € TN(So(T'NG)o(SNpu))
was chosen arbitrarily, we get that

TN(So(TNdo(SNu) TN V).
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With this pnd Condition (e) we get Condition (b). This completes the
U

in Chaptér 6. It appears here instead because its primary function is
to aid in [the proof of the succeeding lemma, which further simplifies
the task ¢f recognizing some instances of the ~» relation.

LEMMA 7.11. Let U be a variety with a weak difference term, A €
U, and I[6,0)7 a separated solvability obstruction in Con(A).

(1) (6 :T) is the largest congruence & € Con(A) such that £ > §

and ENT C 6. \nu is any

(2) (6 :7) is a radical congruence. /congruence?
(3) If p is a radical congruence and v p, then v A p 4 v.

PROOF. Recall that (§ : T') is defined to be the largest congruence
¢ such that C(&,7';6) holds, so in particular C((d : T'),T; ) holds. If
T := (6§ : T)NT, then the monotonicity of the centralizer relation
guarantees that C(7",7";9) holds. If 7" := 6 o T" o § is the J-closure
of T, then Lemma 6.7 proves that 7" is a congruence containing ¢
for which C(T"”,T";6) holds. Therefore § < T" C Cg*(T U d) C 0,
which (since I[6, 6] is a solvability obstruction) forces 7% = ¢. Hence
(0:TYNT =T CT" =4, proving (0 : T') is one of the congruences
above ¢ whose intersection with 7" is contained in 9.

Now suppose that £ is any congruence above § whose intersection
with T is contained in 0. These properties of £ may be used to show
that

TN(Eo(TNJo&) CTNECH.
By Theorem 2.19 (7) it follows that C(§,7;0), or £ < (§ : T'). This
item (1).

For item me_instead that (0 : T) < a < 1 for some
congruence a. Let 7" =aNT. Since C(a, a; (§ : T')) holds, we also have
C(T",T"; (6 : T)) by monotonicity of the centralizer. We will derive that
C(T",T";6) holds using Theorem 2.19 (4). To do this we need to prove
that 7N (0 : T) = T" N 6. The inclusion D follows from (6 : T') D 0,
while the inclusion C follows from 7N (6 : ) C TN (6 : T') C . Hence
C(T",T";6) holds indeed. Now, using an argument like the one in the
first paragraph of this proof, this contradicts the fact that I[4,6] is a
solvability obstruction unless 7" C §. But then « is a congruence above
§ for which aNT =T" C 4, so by item (1) we get that o < (0 : T).
This proves that (0 : 7)) « 1, and therefore that (§ : 7)) is a radical
congruence.
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For item (3), if v £ p, then we certainly have (v A p) < v. Given
any A satisfying (v A p) < A < v we may join with p to obtain
p < (pVA) < (pVvr), according to Lemma 6.10 (1). Since p « 1, it
follows that A < p. Since A < v as well, we must have A < (v A p).
This proves that (v A p) € v. O

Because of Lemma 7.11 (1), we may refer to (0 : T') as the pseu-
docomplement of T over 0 when I[d,6]r is a separated solvability
obstruction.

The following set of criteria for producing ~»-related intervals is
simpler than the definition of ~» or the criteria of Lemma 7.10, but is

till strong enough for all of our intended applications.

EMMA 7.12. Suppose that I[p,v]s and I[6,0]r are separated solv-

abiltky obstructions in Con(A). If

(d) Cg™(S) N Ce™(T) S (Ce™(S) A (6: 1)) V (Cg™(T) A (8 : T))

and

(8) SNp=Sn(:7),
then I[p,v])s ~ 1[0,0]7.

In particular, assume that 1[0,0]7 is any separated solvability ob-
struction, v £ (6 : T), and p :== vA(0 : T). Then I[u,v], is a separated
solvability obstruction, and if v N Cg™(T) C u then I[p,v], ~ I[6, 0]r.

PROOF. Assume that (d)’ and (g) hold. We will argue that Con-
dition (a) of Definition 7.4 holds, and Conditions (d), (e) and (f) of
Lemma 7.10 all hold in the case where & = Cg®(T) N (6 : T) and
p = Cg™(S)N (6 : T). This choice for § satisfies the required con-
dition TN C § C Cg(T) because T C Cg™(T) and 6 C (6§ : T).
The choice for p/ satisfies the condition S N u C i/ € Cg™(S) because
S C Cg”(S), while SN C (6 : T) is part of assumption (g).

From Condition (g) we get SN (0 : T) = SNu C p as Condition (a)
requires.

Condition (d)’ is simply Condition (d) of Lemma 7.10 restricted to
the case where &' = Cg®(T)N (6 : T) and p/ = Cg®(S)N (6 : T).

Condition (e) asserts that 77N (6’ V u/) C §. For this, observe
that o'V i/ < (6 : T') from our choice of primed congruences, so from
Lemma 7.11 (1) we get that TN (&' V') CT N6 :T) Cé.

Condition (f) asserts that S N (¢’ V ') € p. According to the
previous paragraph we have ¢’ V ¢/ < (0 : T'). Together with (g), this
yields SN (' v/ )CSN@:T)=SNuC p.

For the second paragraph of the lemma statement, assume that
I[6,0]r is any separated solvability obstruction. If v £ (6 : T) and
w:=vA(:T), then Lemma 7.11 (2) and (3) prove that I[u,v] is a
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solvability obstruction. It is certainly separated by S := v. To see that
(d)’ holds under the assumption v N Cg®(T) C p, observe that since
S = v we have

CeA(S) NCgA(T) =N CeA(T)
Cpu (by the assumption)
=vN(:T)
=Cg®(S)N(©:T)
C(Cg*(S)YN(6:T)) VvV (Cg™T)N(6:T)).
For (g), SNu=vNu=p:=vN@:T)=5Sn(0:T). O
7.2. Congruence Identities in

a failure

The first theorem of this section shows that ility obstructions
of minimal rank cannot be contained in failure of the distributive law.
It is pretty easy to combine this with our bound on the length of ~»-
sequences to derive a nontrivial congruence identity, which is something
that we will do in Theorem 7.15.

THEOREM 7.13. Assume that A € V and that Jr = 1[5,0|r is a
separated solvability obstruction in Con(A). If a, 3, and «y are congru-
ences on A such that

(aANB)V(aAy)<d<O<aA(BVy),

then there is a separated solvability obstruction Ig that is a subinterval
of either Ila A 3, 5] or Ilae Ay, 7] such that Ig ~ Jr.

Proor. We will apply Lemma 7.12. The pseudocomplement of T’
over ¢ cannot lie above both  and ~, for if it did we would have

TCOH<SBVy<(6:T),

which is in conflict with the properties TN (§:7) C 6 and T € §. We
may therefore assume that v £ (6 : 7). If p:=~vy A (6 : T), then the
second paragraph of the statement of Lemma 7.12 proves that I[u, 7]
is a solvability obstruction. Since a Ay < 6 < (0 : T), we have
aNy <yAN(:T)=p,so I[u,v] is contained in I[aw A y,7]. Using
the second paragraph of the statement of Lemma 7.12 again we obtain
from

that I, v], ~ I[6, 6]z O

COROLLARY 7.14. Assume that A € V, and that Con(A) has a
sublattice of congruences labeled as in Figure 7.7. If Jr is a separated
solvability obstruction in I[3,«|, then there is a separated solvability
obstruction Is contained in I[o,v| such that Ig ~ Jp.

YNCeMT) <yn(an(BVy)=ary<u
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g

FIGURE 7.7.

PROOF. The hypotheses of Theorem 7.13 are met, since (a A 3) V
(aANy)=pVo=0<d<0<a=aA(BV~). Therefore there is
a separated solvability obstruction Ig contained in either Ila A (3, 3] =
I[3,0] or Ilaw A v,7] = I[o,7] such that Is ~ Jp. The first of these
intervals is trivial, so I¢ must be a subinterval of the second one. [

THEOREM 7.15. Let V be a variety. The following conditions are
equivalent.
(1) V satisfies a nontrivial congruence identity.
(2) V satisfies an idempotent Maltsev condition that fails in the
variety of semilattices.
(3) There exists { < w such that the lattice Ny, 5, depicted in Fig-
ure 7.8, cannot be embedded into Con(A) for any A € V.

To
T
Ty
o
’)/0 e o o ’)/g ﬁ
Oy
01
00

F1GURE 7.8. The lattice Ny 5

Proor. If V satisfies a nontrivial congruence identity, €, then any
variety satisfying the same idempotent Maltsev conditions as V must
also satisfy e, by the Pixley-Wille algorithm. But Ralph Freese and
J. B.Nation proved in [20] that the variety of semilattices satisfies no
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nontrivial congruence identity. Therefore V satisfies an idempotent
Maltsev condition that fails in the variety of semilattices.

Assume that (2) holds. Then V has a Hobby-McKenzie term F
of arity n for some n < w. We shall argue that for ¢ = 2n — 4 the
lattice Ny;5 cannot be embedded into Con(A) for any A € V. The
interval I[oy, 7] contains a sublattice {oy, «, 3, v, ¢} that is isomorphic
to Nj, so this interval is nonmodular. By Theorem 6.16, it follows that
I[oy, 7] is not oco-solvable. Therefore, by Theorem 6.14, this interval
contains a solvability obstruction I[u,, vg]. Choose a tolerance S, that
separates this interval (e.g., Sy = v;). By Corollary 7.14, applied to
the sublattice {oy, 04_1,70_1,Te—1,7¢}, there is a separated solvability
obstruction I[pe_1,v41]s,_, contained in the interval I[oy_1,7e—1] such
that

Hpe-1,ve-1ls, ., ~ I, vis,-
Similarly, for each ¢ = 1,2,...,¢ successively we can apply Corol-
lary 7.14 to the sublattice {oy_;11,00—i, Vo—is Te—i, Te—i+1} tO obtain a
separated solvability obstruction I[p,—;, vs—;]s,_, contained in the in-
terval I[oy_;, V¢ such that

[[/Mfz‘, yf*i]Sg,i ~ [[M@Hh VéfiJrl]Sg,iH-

When we reach ¢ = ¢ we will have a sequence

[[/1‘07V0]So > [[:U/luyl]fh > ][/’[/271/2]52 N N [[:LLZ7VZ]S['

According to Theorem 7.9, there is no such sequence if ¢ > 2n — 4.
This completes the proof of (2) =>(3).
To prove that (3)==(1), we observe that:

(i) Each Ny, 5 is subdirectly irreducible.

(ii) Each Ny 5 is projective in the variety of lattices. (See [64].)
By Theorem 2.7, there is an identity ;.5 that holds in a lattice L if
and only if L has no sublattice isomorphic to Ny 5. Since (3) asserts
that Ny, 5 is not embeddable in Con(A) for any A € V, g,,5 is a
congruence identity of V. Since €4, 5 fails in Ny 5, it is a nontrivial
congruence identity. OJ

COROLLARY 7.16. (Cf. [57]) Any congruence n—permutable variety
satisfies a nontrivial congruence identity.

Proor. It suffices to observe that congruence n-permutability can
be characterized by an idempotent Maltsev condition, for example by
the Maltsev condition of J. Hagemann and A. Mitschke from [29], and
that the variety of semilattices is not congruence n-permutable for any
n. U
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COROLLARY 7.17. Any congruence join semidistributive variety sat-
isfies a nontrivial congruence identity.

Proor. Congruence join semidistributivity can be characterized
by a set of idempotent Maltsev conditions, as is shown in [3], and the
variety of semilattices is not congruence join semidistributive. 0

See Theorem 8.14 (7) for explicit congruence identities for congru-
ence join semidistributive varieties.



CHAPTER 8

Congruence Meet and Join Semidistributivity

In this chapter we will characterize the satisfaction of a nontrivial
congruence identity in several new ways (Theorems 8.3, 8.10, 8.11, 8.12,

and 8.13). Our goal is to understand congruence join semidistributiv- 5
ity and its relationship to the satisfaction of a nontrivial congruyerice y

identity. Although most of the results of this chapter cong vari-
eties satisfying congruence identities, we start the chapter be recalling
known results about congruence meet semidistributivity and we end
the chapter with new results (Theorem 8.14) that provide several char-
acterizations of congruence join semidistributivity for varieties. In the
process we solve an old problem of B. Jénsson (Problem 2.18 of [40])
by showing that the class of congruence join semidistributive varieties
is definable by a Maltsev condition.

It should be noted that any congruence join semidistributive variety
is also congruence meet semidistributive (see Exercise 7.14 (10) of [34]
or (1)==(6) of Theorem 8.14 of this chapter). Therefore congruence
join semidistributivity and congruence semidistributivity are equivalent
properties for varieties.

8.1. Congruence Meet Semidistributivity

Using straightforward arguments, it follows from a combination of
the statements in Theorem 2.19 that if o and 3 are congruences on
an algebra A, then [o,] < a A # and (a A §)/[a, 8] is an abelian
congruence on A /[«, ]. Therefore, if V is a variety that omits abelian
congruences, it follows that [, 5] = a A 8 for any «, f € Con(A) for
any A € V. Theorem 2.19 (5) implies that the commutator operation
is semidistributive in its first variable i.e.,

@] =0&[B,9]=6 — [aVBy]=4.

Hence if V omits abelian congruences, then the congruence lattices of
members of V must satisfy the ordinary meet semidistributive law:

aNy=0&FANy=6 — (aVPB)Ay=1.

The converse of this statement is true, but is much more difficult to
prove. It was established for locally finite varieties in Theorem 9.10

162
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of [34] using tame congruence theory, and in full generality in Corol-
lary 4.7 of [52] using combinatorial arguments. This result links many
different properties, as we will show in the next theorem.

Recall the type of meet continuous lattice words defined before
Corollary 2.25: if z,y, z are variables let yo = vy, 20 = 2, Yns1 =
yV (A z), and 2pp1 = 2V (x Ayn). Let y, =\, y» and let
2o =V, <w ?n- When it is necessary to indicate the variables involved
and their order we will write y,(z, vy, 2) for y, and z,(z,y, 2) for z,.

THEOREM 8.1. Let V be a variety. The following conditions are
equivalent.

(1) V is congruence meet semidistributive.
(2) There is a positive integer n such that if A € V and o, 3,7 €
Con(A), then

an(Boy)C B,

where B, = yn(a, B,7).

) [, Bl =a AB. foral o, € Con(A) and all A € V.

) No member of V has a nontrivial abelian congruence.

) No member of V has a nontrivial abelian tolerance.

) Cla, B;0) <= B A (aV (BAG) <6 for all A €V and all
a, 3,0 € Con(A).

(7) V satisfies the meet continuous congruence identity
cAyVz)=zAy,,

where y, = yo(z,y, 2).

(8) The meet continuous congruence variety of V is meet semidis-
tributive.

(9) M3 is not embeddable in Con(A) for any A € V.

(10) V satisfies a family of idempotent Maltsev conditions that,
taken together, fail in any nontrivial variety of modules. (Equiv-
alently, V satisfies a single idempotent Maltsev condition that
fails in any nontrivial variety of modules.)

PRrROOF. The equivalence of items (1), (2) and (3) is Corollary 4.7
of [52].

If (3) holds, and A € V has an abelian congruence v, then 0 =
[v, 7] = vA~y = 7. Hence 7 is trivial, and (4) holds. Conversely, assume
that (4) holds. It follows from Theorem 2.19 (8) that C(«, ;a0 A )
holds, so [a, 3] < a A 8 holds for any pair of congruences on any
algebra A. Moreover C(q, 3; [a, 3]) holds, according to the definition
of the commutator, and

Cla, f; [, 8]) = C(a A B,a A B [a, f])
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by Theorem 2.19 (1), so (a A 8)/[a, ] is an abelian congruence on
A/]a, 8] by Theorem 2.19 (10). Therefore, from (4) we derive (3).

Assume that (4) holds. Since V omits nontrivial abelian congru-
ences, it omits nontrivial strongly abelian congruences. Therefore, by
Theorem 3.12, V satisfies a nontrivial idempotent Maltsev condition.
In this situation, Theorem 3.23 guarantees that an abelian tolerance
generates an abelian congruence. Since )V omits nontrivial abelian
congruences, V' omits nontrivial abelian tolerances. This shows that
(4)=(5). The reverse implication is trivial.

To connect item (6) with the preceding conditions, assume that (3)
holds and that

(a) C(a, B;9) holds.

By Theorem 2.19 (8),
(b) C(a, B; 3) holds,

so by Theorem 2.19 (6) we derive from (a) and (b) that
(¢) C(a, 3; BN 9) holds.

Again by Theorem 2.19 (8) we get that
(d) C(BAI,B;8A0I) holds,

so by Theorem 2.19 (5) we get from (c) and (d) that
(e) C(aV (BAD),B;8A0) holds.

From this and the definition of the commutator we get that
(f) [(aV(BAD)),B] < B A6 holds.

Now from (f) and item (3) we derive that

BA(aV(BAS))=[(aV(BNG)),Bl<BAILI.

Conversely, S A (aV (8 A§)) < § implies C(a, 3;9) for any three
congruences on any algebra, as Theorem 2.19 (8) proves. This shows
that (3) implies (6).

On the other hand, to see that (6)==(4), takea = =~vyand § =0
in (6). The result is the assertion that v is abelian if and only if v = 0.

The equivalence of (1), (7) and (8) follows from Theorem 2.23 and
the fact that congruence lattices are meet continuous.

Item (8) implies item (9), since M3 is not meet semidistributive.

Assume that (9) holds. Then, since M3 satisfies Whitman’s con-
dition (W), it follows from Theorem 4.18 that V satisfies a nontrivial
idempotent Maltsev condition. In this situation, a result from [52]
explains how to construct from a nontrivial abelian congruence on an
algebra in V' a copy of M3 in the congruence lattice of some other al-
gebra in V. Namely, suppose that « is a nonzero abelian congruence
on some A € V, that A x, A is the subalgebra of A% whose universe
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is «, that 1,72 € Con(A X, A) are the coordinate projection ker-
nels, and that A is the congruence on A x, A generated by the pairs
((a,a), (b,b)) with (a,b) € a. Tt is a consequence of Theorem 3.5 of [52]
that ny,7m2, and A generate a sublattice of Con(A x, A) isomorphic
to Ms. Thus, if (9) holds, then (4) must hold.

The Pixley-Wille algorithm shows that the class of varieties satis-
fying a congruence condition like the one in item (2) can be defined by
a single idempotent Maltsev condition. Since (2) is equivalent to (4),
this Maltsev condition cannot be satisfied by any variety with nontriv-
ial abelian algebras, hence by any nontrivial variety of modules. Thus
(7) implies the stronger of the two statements in (10).

Finally, we show that the weaker of the two statements in (10)
implies (4). Assume instead that ) satisfies a family F of idempotent
Maltsev conditions that fail in every nontrivial variety of modules, but
that some A € V has a nontrivial abelian congruence o. We may
assume, without loss of generality, that V is an idempotent variety.
For if we replace V and A by their idempotent reducts, then we do not
affect the idempotent Maltsev conditions satisfied by V), nor that « is
an abelian congruence on A. Thus, we make this assumption. We may
(and do) further assume that A itself is abelian, since if it is not we
may simply replace it by one of its subalgebras that is supported by
nontrivial a-block.

At least one of the Maltsev conditions in JF is nontrivial, since these
conditions taken together fail in every nontrivial variety of modules.
Corollary 4.5 of [52] proves that an abelian algebra A in a variety sat-
isfying some nontrivial idempotent Maltsev condition is quasi-affine,
which by definition means that A is a subalgebra of a reduct of an
algebra that has the same universe and polynomial operations as some
module. Since A is both idempotent and quasi-affine, it is a subalgebra
of an algebra M* that is a reduct of some module M over some ring
R. There is no harm in renaming the zero element of M so that it
lies in A. If p is the module term z — y + 2, then p: M® — M is a
homomorphism, and therefore p: A3 — M* is also a homomorphism.
The image A’ := p(A3) contains A, since p(a,a,a) = a. Moreover, A’
is a quotient of A3 € V, hence A’ € V. This produces a possibly larger
subalgebra A < A’ < M*. Iterating this, A < A’ < A” < ..., and
taking a union yields an algebra B € V that is a subalgebra of M*
and is closed under p. Since 0 € A C B, the set B is closed under the
abelian group operations z+y = p(z,0,y), —z = p(0,x,0), and 0. Thus
B:= (B; p,0) is an additive subgroup of M that is also a subalgebra of
a reduct of M. This implies that B is term equivalent to a module over
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the subring of R consisting of all elements » € R such that rB C B.
Clearly B is nontrivial, since B contains A as a subalgebra. Moreover,
B satisfies the conditions in F , since its reduct B does. Therefore the
variety generated by B is (up to term equivalence) a nontrivial variety
of modules that satisfies the conditions in F, contrary to (10). This
contradicts our assumption that (4) fails to hold, so we are done. [

8.2. More on Congruence Identities

d that Con(A) has a sub-
If Jr is a separated

THEOREM 8.2. Assume that A € W,
lattice of congruences labeled as in Figure

what assumptions are you

-
making about V in this
theorem? that is has a
- hobby-mckenzie term?
v
g
FIGURE 8.1.

solvability obstruction in I[3, |, then there is a separated solvability
obstruction Is contained in I|a, 7| and a ~—sequence from Ig to Jp.

Proor. We will show first that if Jr is a separated solvability ob-
struction in /|3, @], then there is a separated solvability obstruction I,
contained in either I[3, «| or I|a, 7] and a ~—sequence of length 1 or
2 from I'g to Jp. If it happens that %, is contained in I[«, 7], then
we are done. If instead I}, is contained in I[3, a|, then we can repeat
the argument to find IZ, contained in either 1[5, o or I[a, 7] and a ~»—
sequence from Ig, to Ig,. The argument cannot be repeated indefinitely
since concatenating ~»—sequences forms longer ~»—sequences and there
is a bound on the length of ~»—sequences. Therefore the argument will
produce a separated solvability obstruction in I[a, 7] that initiates a
~»—sequence terminating at Jp.

Recall from the proof of Theorem 7.13, applied to the setting of
Corollary 7.14, that if p:=~y N (6 : T), then I[u,~], ~ I[d,0]r. Since
pw<(d:T)and 6 < (§:T), we have

YOGV E) <yN@:T)=p,

and therefore y A (0 V (v A p)) < p. By Theorem 2.19 (8) we get that
C(0,7; i) holds, or equivalently § < (u : ). If a £ (p : y), then for
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Ai=aA(u:v) (>3 > ) we have that I\, o] is a nontrivial subin-
terval of I[3,a]. According to the second paragraph of Lemma 7.12,
the interval I[\, ] is a solvability obstruction. That paragraph further
guarantees that, since a N Cg™(y) < A, we have I\, a], ~ I[i, 7],
Therefore, in the case where a £ (p : ) we have located a separated
solvability obstruction I[\, o], in I[3, a] and a ~»-sequence

I\, oo~ I[p,y]y ~ 1[0, 0]r = Jr

of length two.

Now consider the case where a@ < (u : ). Since v £ (i : y) and
v < 7 we have 7 £ (p : ), so k := 7N (u: ) satisfies a« < kK < 7
in this case. According to the second paragraph of Lemma 7.12, the
interval I[x, 7] is a solvability obstruction. Since v £ &, I[x, 7], is a
separated solvability obstruction. We prove that I[x, 7], ~ I[d, 7| by
verifying criteria (d)’ and (g) from Lemma 7.12. In our setting these
statements are

(d) yNCe™(T) S (YA (6:T)) V (Cg™(T) A (6: T)) and

(g) YyNE=yN(:T).
Item (d)’ follows from the observation that

TNCg™T)CynaCpu=~n(6:T),

since YN (0 : T') is the first joinand in the right hand side of (d)’. For
item (g), observe that

TNE=yNTN(p:7)=7N(p:y)=p=7Nn00:T).
This proves that I[k, 7], ~ 1[0, T]r. O

Let L be a lattice. A herringbone in L is the union of three de-
scending chains {a'} U {3%} U {y**'} in L where {a'} U {#*} and
{a'} U {+**1} are sublattices of L ordered as in Figure 8.2. In other

«
Pl

?2\‘71
]

‘044\‘,}/3
54/045\

6 5

56/a v

FIGURE 8.2. A herringbone
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words, a herringbone is a partial sublattice of L, ordered as in Fig-
ure 8.2, with

(ﬁ) a2z’+1 A ﬁ2z‘ — ﬁ2z’+2’ a2z’+2 V; ﬁ2z‘ — a%, and

() Q22 \ 2L = (243 G203y 4201 201
The length of the herringbone is oo if there are infinitely many distinct
a’s. Otherwise, the length of the herringbone is the supremum of the
superscripts k such that a® > a! > ... > af. (It is easy to see from (3)
and (7) that if some o = a1 then o* = o1 = a2 = ...) Our
first goal is to prove that if a variety ) satisfies a nontrivial congruence
identity, then there is a fixed bound on the length of any herringbone
that appears in the congruence lattice of a member of V.

Let x,y and z be lattice variables. Define lattice words by y° = v,
2=z " =yA(xVz"), and 2" = 2A (2 Vy"). The construction of
these words is dual to the words y,, and z,, which preceded the state-
ment of Theorem 8.1. As there, we will write y"(x,y, z) and 2"(z, y, z)
when it is necessary to indicate the order of the variables.

THEOREM 8.3. Let V be a variety. The following conditions are
equivalent.

(1) V satisfies a nontrivial congruence identity.

(2) There is a positive integer N such that no algebra in V has a
herringbone of length greater than N in its congruence lattice.

(3) V satisfies the congruence identity

ZM ~ ZMJrl

for some M.

Proor. If V satisfies a nontrivial congruence identity, then by The-
orems 7.15 and 5.25 the variety V has a Hobby-McKenzie term of arity
n for some n < w. We argue that no algebra in ) has a herringbone of
length greater than 2n — 3 in its congruence lattice. If this is not the
case, then some A € V has a herringbone {a’} U {3%} U {7?'} with
a’® > al > .. > a®3 > a?2 Figure 8.3 isolates five congruences
near the bottom of the herringbone that form a sublattice of Con(A)
isomorphic to N5. For the congruences in this figure, if a?"=3 < o®" 4,
then by Lemma 6.10 (2) we derive that

the ordering is
reversed here:
\beta™{2n-2} \le
\beta™{2n-4}

_/ ﬁQn—4 — ﬁQn—4 A a2n—4 <« ﬁQn—4 A a2n—3 — ﬁQn—Z

But this was proved to be impossible in Theorem 6.25 (1). Therefore
we cannot have o?"~3 < o®"~*. By Theorem 6.14 there is a solvabil-

ity obstruction I[ge, 4, v2,_4] contained in the interval I[a?"—3, o*"=4].

This obstruction is separated by Ss,_4 := v9,_4. We are now in a po-
sition to apply Theorem 8.2 to a copy of N5 that is slightly higher up
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OéQn_4
ﬁQn—4 a2n—3

a2n—2

ﬁQn—Z

FIGURE 8.3. A piece near the bottom of the herringbone

in this herringbone (Figure 8.4). The separated solvability obstruction

a2n75
a2n74 ,YanE)
&21173
v [2n-4

FIGURE 8.4. A piece higher up

I[{t2n—4, Von—4)s,,_, that is contained in I[a®*~3 a?"~4] plays thé role of

Jr of that theorem. The theorem guarantees the existencg/of a sepa-
rated solvability obstruction I[us, s, Von_ss,, 5 in I[a**° o**~5] and
a ~»—sequence

I[,LLZn—57 V2n—5]52n75 N s N I[MZn—éb VZn—4]Sgn74'

We can work our way up the herringbone, alternately using copies of
N; on the right and left and using Theorem 8.2 at each step, to derive
that for each i = 4,5,...,2n — 1, if I[a®"""! o®"~] contains a sepa-
rated solvability obstruction I[pa, i, Von_i]s,,_,, then I[a?"™¢ a?n=i1]
contains a separated solvability obstruction I[ua,—i—1,Von—i—1]s,_ i,
for which there exists a ~»—sequence

Ipon—i—1s Von—i—1] 89, ;4 ~ -~ I fon—i, Von—il sy, -

When we reach the top of the herringbone we will have located a ~»—
sequence

[[Mm Vo]so A NS [[Mh V1]51 A ~ [[M2n747 V2n74]52n_4
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of length at least 2n — 4. But we proved in Theorem 7.9 that there is
no ~»—sequence of this length. This contradiction proves that there is
no herringbone of length greater than 2n — 3 in Con(A).

Now we prove that (2) = (3). Start with three congruences
a, and ~, and define 5" := y"(a, 5,7) and ¥ = 2"(a, §,7) where
y"(z,y,z) and 2"(x,y, z) are the terms defined before the statement of
this theorem. Let o” := a VvV " if n is even, and o™ := a V" if n is
odd. Since 3° = 3> BA (aVA?) =B and 7 >~ it is easy to see
inductively that

Bt =BA(avy") = BA (avy™) = g2

and 4"t > ~4"*2 Thus the 3 and y-sequences are descending chains,
which forces the a-sequence to be a descending chain. We claim that

{a" |all n} U{5" | even n} U {y" | odd n}
is a herringbone. To see this, we must verify conditions (/) and (v)
from the definition of a herringbone:
(B) Q+L A B2 = B2F2 022y B2 = o2
(7) Q22 A AL = 203 G208\ 201 2
To show that a?*! A 3% = 3%+2 observe that
B2 — B (aV A2 = B A a2 < o2

and (as observed earlier) 3%%2 < %, Thus %12 < o®*! A 3%, Con-
versely,

Q2 A B2 = (aV A2 A B < (@ VAR A B = G2,
To show that o?*2 Vv 3% = o, observe that
Q22 G2 > g v 32 = o

while a?*2 < a? and % < aV 8% = a?, so o?*? Vv 3% < 2. This
establishes (), and () can be established the same way.

It follows that if N bounds the length of any herringbone in any
congruence lattice of a member of V), then however we choose our orig-
inal three congruences «, § and -, the sequences defined above must
satisfy oV = oVt = oV*2 = ... and therefore v = vM+2 holds for
each M > N. Since the «’s form a descending chain, we conclude that
M = 4M+1 holds for each M > N. Therefore 2™ ~ zM*1 holds in all
congruence lattices of members of V.

Item (1) follows from (3) and the fact that the identity 2™ ~ 2M+1 is
nontrivial. To see that it fails in some lattice, take any lattice contain-
ing a herringbone of length at least M + 1. By setting o := a™*!, 3 :=
B% and v := 1, it is easy to see that 2M(a, 3,7) # M (a, 3,v). O
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This argument shows that if V has a Hobby-McKenzie term of
arity n, then V satisfies the congruence identity z?"~3 ~ 2?"~2. These
exponents are not optimal, since if n = 3 then our proof shows that
V satisfies the congruence identity 2% ~ 2*. But it can be argued (by
considering all Hobby—Mckenzie terms of arity 3) that when n = 3 the
variety V is congruence modular, and consequently satisfies 2! &~ 22 as
a congruence identity:.

Recall from Section 2.2 that the SD,-configuration is the pair
where P(SDy) is the partial lattice presented by (G | R) where G =

{p,q,7,7,m} and R consists of the relations pV ¢ = j = pV r and
gNr=m <p.

LEMMA 8.4. P(SDy) is projective relative to any variety of lattices
satisfying an identity of the form 2™ ~ zM+1,

In fact, if 0: L — K is a surjective homomorphism in this variety
and ¢: P(SDy) — K is a partial lattice homomorphism, then for any
function f:{p,q,r,s} — L satisfying o o f = ¢ on the domain of f
there is a homomorphism of partial lattices g: P(SDy) — L such that
ocoP = and p(p) = f(p), B(a) < f(q), and P(r) < f(r).

PROOF. Define P := P(SDy), and suppose that ¢: P — K is
a homomorphism of partial lattices and that f: {p,q,r,s} — L is a
function satisfying oo f = ¢ on the domain of f. Let a = f(p),b = f(q)
and ¢ = f(r). Recursively define 0° := b,? := ¢, 0" := b A (aV "),
and "™ := ¢ A (a V"), so that b" = y™(a,b,c) and ¢ := 2"(a,b,c)
where y"(x,y, z) and 2"(x,y, z) are the terms defined for the proof of
Theorem 8.3. As we showed in the proof of Theorem 8.3 (1)=(2),
b=0">b'> .- andc=c"> ¢! > --.. From the identity 2™ ~ zM+!
we get that these chains terminate, in which case b = M+l = ph A
(aVvcM)y <avcM and similarly ¢ < a v b, Thus M < b, M < ¢
and a Vb = aV M. Define g: P — L by 5(p) = a Vv (b A M)
(= f(p), Bla) =" (< f(q)), B(r) = M (< f(r)), B(j) = aVd", and
?(m) = bM A M. Tt is clear that

P(1) =a V" =5(p) vEle) =2(p) VE(r)
and that
B(m) =b" A M =B(q) ANB(r) <B(p).
Therefore p: P — L is a homomorphism of partial lattices. To finish
the proof we must show that 0 o = . It suffices to prove that

ogop(z) =00 f(x) (= p(x)) when x € {p,q,r} is one of the generators
of P.
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By simultaneous induction, o(b™) = o(b) and o(c") = o(c) for all
n, where one of the induction steps is proved by
o) =a(b) A(o(a) Vo(c))
=0 (b) A (o(a) Va(c)
=o(b) A (o(a)Va(b)) =o(b).
Thus o o f(q) = o(b) = a(bM) = 0 0 B(q), and similarly o o f(r) =
o(c) = o(cM) o p(r). Since ¢ Ar < p and ¢ is a homomorphism
we have p(q) A ¢(r) < ¢(p). This yields the second equality in
of

(p) =o(a)
(a) V(o(b) Ao(c))

(a) V c

oo p(p).

The lemma is proved. 0]

o
o

Our first use of Lemma 8.4 will require the following consequence
of Theorem 8.3, which seems to be new even for locally finite varieties.

THEOREM 8.5. Assume that V satisfies a nontrivial congruence
identity. If I is an SDy-failure in Con(A) for some A € V, then
I s abelian.

Proor. We proved in Corollary 6.34 that if VV has a weak difference
term, then oo-solvable SD, -failures are abelian. Since the assumption
that V satisfies a nontrivial congruence identity implies that V has a
Hobby-McKenzie term, and therefore a weak difference term (Corol-
lary 6.3), to prove the present theorem it will suffice to show that all
SD,-failures are oo-solvable. To set up notation for this, assume that
A €V has congruences «, § and 7 satisfying aV3 = aVy and fAy < a.
Our goal is to prove that a < a VvV 3. Factoring by [ A « if necessary,
we also assume that g Ay = 0.

Our strategy will be to show that if it is not true that o <k oV 3,
then Con(A) contains an infinite ~»—sequence. This will suffice to
prove the theorem, since Theorem 7.9 provides a finite bound on the
length of ~»—sequences. Therefore, assume that « is not co—solvably
related to aV f = a V 7. Define new congruences as follows:

o 3°:= B Arad(a), and 7° := vy Arad(a).
o B i=BA (7" q) and yM =y A (B B).
Our first goal will be to prove that 3* 4 3 and +* « v for all k.
CrLAIM 8.6. 5° € 3 and 7° < 7.

We have assumed that « is not co-solvably related to o V 3, so
aV [ £ rad(a). Since a < rad(«), we conclude that 8 € rad(«).
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Since rad(«) is a radical congruence, Lemma 7.11 (3) guarantees that
(% := B3 Arad(a) <€ 8 and similarly 7° <« 7.

Cram 8.7. a < (8% : 3) and a < (4% : ) for all k.

From (8% := (3 A rad(a) we derive C(rad(«),3;3°) using Theo-
rem 2.19 (8). Hence o < rad(a) < (8° : 8). An identical argument
proves that a < (7% : ).

Now assume that o < (3 : 3) for some k. Since ¥¥*1 = yA (8% : 3)
we compute that

Py A (@ VAT <y A ((BY: B) VAT =9 A (B8 B) =AM,

so Yl = 7 (a V A*1). By Theorem 2.19 (8) we conclude that
C(a,7; ’yk 1) holds, or a < (7**1 : 5). This proof that a < (8% : 3)
implies o < (7¥*1 : 7) works for every k, and for 3 and v interchanged,
so the claim follows by induction.

CrAM 8.8. If 3% 4 3, then v**! 4 ~. Similarly, if v* < v, then
ﬁk+1 < ﬁ

If 3¢ < 3, then I[3* 3]s is a separated solvability obstruction,
so according to Lemma 7.11 (2) the pseudocomplement (3% : 3) is a
radical congruence. We proved in Claim 8.7 that a < (3% : ). If it is
also the case that v < (8% : 3), then

B<avpB=aVvy< (),

forcing C(3, 3; 3*), or equivalently 3% < 3. This is contrary to 3* < f3,
so it must be that v £ (8% : 3). Now Lemma 7.11 (3) guarantees that

Y= A (BT B) w.
The proof that v* « v implies 3**! < 3 is the same.

CLAIM 8.9. I[y*T1 ~], ~ I[B%, B]5 and I, Bl5 ~ I[V*, 7], for
all k.

The second paragraph of Lemma 7.12 describes a method to pro-
duce ~»-related intervals, which we employ now. Since I[3, 3]s is a
separated solvability obstruction and v £ (8% : 3), then for 4*! =
v A (BF . B) we have that I[y*™! 4], is also a separated solvability
obstruction. Moreover, as is shown in Lemma 7.12, to establish that
T[4, 4], ~ I[B*, B]p it is sufficient to verify that v Cg™(8) C A**1.
But v N Cg®(3) =~y N B =0, so this certainly holds.
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Under the assumption that « is not co—solvably related to aV 3 we
have produced an infinite ~»—sequence

...... ~ ][ﬁ‘l’ ﬁ]ﬁ ~> ][73,7]7 ~ I[ﬁQ,ﬁ]g ~ I[’Yla '7]«/ ~ ][ﬁoa ﬁ]ﬁ

This completes the proof of the theorem, as we explained in the second
paragraph of this proof. O

Let V be a variety satisfying a nontrivial congruence identity. The-
orem 8.5 shows that if A € V, then the SDy-failures in Con(A) are
abelian. Since V has a weak difference term, these abelian intervals
consist of permuting equivalence relations, hence these intervals are
modular. It turns out that this property characterizes the class of
varieties satisfying nontrivial congruence identities.

THEOREM 8.10. The following are equivalent for a variety V.

(1) V satisfies a nontrivial congruence identity.

(2) For every A € V, Con(A) has an SDy/Modular factorization
in the category of meet continuous lattices.

(3) For every A € V, Con(A) has an SDy/Modular factorization
in the category of ordinary lattices.

(4) For every A € V, each SDy-failure in Con(A) is modular.

(5) If L belongs to CON(V), then each SDy -failure in L is modu-
lar.

Proor. If (1) holds, then from Theorem 7.15 (1)==-(2), Theo-
rem 5.25 (2)==(3), and Corollary 6.3 it can be deduced that V has a
weak difference term. Therefore the natural homomorphism

v: Con(A) — Con(A)/~
provides a factorization of Con(A) of the form SD,/Modular in the
category of meet continuous lattices. We need to argue that the quo-
tient Con(A)/~ is not only meet semidistributive, but is also join
semidistributive.

SD, -failures in Con(A)/ X are each of the form I = I[o(p), ¢(j)]
for some homomorphism of partial lattices p: P — Con(A)/~ from
the partial lattice P := P(SDy) of the SDy-configuration. By the
projectivity of P, proved in Lemma 8.4, to each such homomorphism
there is a homomorphism p: P — Con(A) such that v o @ = ¢ where
v: Con(A) — Con(A)/~ is the natural map. The homomorphism
® identifies an SDy-failure I[@(p),$(j)] in Con(A), which by Theo-
rem 8.5 must be abelian. But then $(p) ~ (), so since ~ is contained
in ker(v) we derive that

o(p) =vop(p) =vop(j) = p(j)
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This shows that our original SDy-failure I[¢(p), ¢(j)] in Con(A)/~
is trivial. Since it was chosen arbitrarily, Con(A)/~ is join semidis-
tributive.

cations (2)==-(3)==(4) are straightforward.

As noted when proving the dual result (Theorem 6.17) the impl;
{ﬁ/—‘la, not an

We prove the contrapositive of (4)==(5). If there is an K €
CON(V) that has a nonmodular SD,-failure, then since ¥.consists of

the homomorphic images of lattices in the congruence prevarief Con(V)

there is an algebra A € V), a sublattice L < Con(A), and surjective
homomorphism ¢: L — K. The nonmodular SDy-failure I in K can
be lifted to an SDy-failure I in L using the projectivity of the SD.-
configuration. The fact that I is nonmodular means that it contains a
sublattice isomorphic to the pentagon, N5. The pentagon is a projec-
tive lattice, so it can be lifted to a pentagon in I, establishing that 7 is a
nonmodular SDy-failure in L, hence the interval in Con(A) generated
by I is also a nonmodular SDy-failure. This proves that (4)==(5).

The implication (5)==-(4) is trivial, so we complete the proof by
showing that (4)==(1). Assume that (4) holds. This fact can be
expressed by a quasi-identity valid in congruence lattices of V. We
have already discussed how to write down a quasi-identity for the dual
property that SD s-failures are modular in Remark 2.24, so it is easy to
write down the one we need now. Namely, set ¢ :=pV (¢ Ar), and for
each i set xf := (x; A s) Vt. A quasi-identity expressing the fact that
SD,-failures are modular is

B1)  ((pVa) =s) &((pVr)~s) = uley,zyx3) = v(r, 05, 13)

where u =~ v is the modular law. As explained in the paragraph after
Definition 2.4, the fact that the premises of (8.1) are meet-free implies
that (8.1) satisfies (W). By Theorem 2.22 this means that the class of
varieties for which item (4) is true is definable by a set of idempotent
Maltsev conditions. At least one of these must fail in the variety of
semilattices, since, as we now prove, the variety of semilattices does not
satisfy item (4). Let 2 = ({0, 1}; +) be the 2-element join semilattice,
and let B = 22. We claim that Con(B?) has a nonmodular SD,-failure.
To see this, let 6 be the kernel of the homomorphism +: B? — B. That
is, 0 = {{(a,b), (¢,d)) |a+b=c+d}. Let ;1 = {{(a,b),(c,d)) | a =c}
and ny = {{(a,b), (¢,d)) | b = d} be the coordinate projection kernels.
For any two pairs (p, q), (r,s) € B? it is the case that

) m (pp+q+r+3)0(p+qg+r+s,p+qg+r+s),

and similarly (p+q+r+s,p+q+r+s)0omn (r,s), so (p,q) is related
to (r,s) by 6 V n;. The pairs were arbitrary, so 6 V n; = 1; similarly


   
Callout
a, not an

   
Callout
Con(V)


176 8. CONGRUENCE MEET AND JOIN SEMIDISTRIBUTIVITY

6V ny = 1. This proves that 1[0V (n; Ana), 1] = I[6,1] is an SDy-failure.
But B?/6 is isomorphic to B, since + is a surjective homomorphism,
so 1[0,1] 2 Con(B) = Con(2?) = D,, which is a nonmodular lattice.
This proves that any set of idempotent Maltsev conditions defining
the class of varieties satisfying item (4) includes one that fails in the
variety of semilattices, hence from Theorem 7.15 any variety satisfying
(4) must satisfy (1). O

The next result is an analogue of the D;-version of Theorem 4.23.

THEOREM 8.11. Let V be a variety. The following conditions are
equivalent.

(1) V satisfies an idempotent Maltsev condition that fails in the
variety of semilattices.

(2) V satisfies a nontrivial congruence identity.

(3) Dy does not appear as a sublattice of Con(A) for any A € V.

(4) Dy & CON(V).

PRrOOF. We proved the equivalence of (1) and (2) in Theorem 7.15.

If item (3) holds, then V omits special Dy’s. According to Theo-
rems 5.28, this implies that V satisfies an idempotent Maltsev condition
that fails in the variety of semilattices, so (3)==(1).

Now suppose that item (2) holds and that item (3) fails to hold.
The failure of (3) implies that some A € V had a copy of Dy in its
congruence lattice. Choose a copy and label it as in Figure 8.5. Then

FIGURE R&.5.

aVp=aVy, and aV (8 A7) = a. Therefore, since item (2) holds,
Theorem 8.5 guarantees that @« < « V 3. But this is forbidden by
Theorem 4.16 (2). Thus (1), (2) and (3) are equivalent.

Both implications (4)==(2) and (4)==-(3) are trivial, so to com-
plete the proof we will show that items (2) and (3) jointly imply (4).
Assume that items (2) and (3) are true for V. From (2) and Theo-
rem 8.3 we obtain that there is some positive integer M such that the
identity 2™ ~ 2M*1 holds in CON(V). Let Z™ denote the variety
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of lattices axiomatized by zM ~ M+l It is proved in Theorem 2.4
(5)=(6) of [48] that D, is projective in any ZM that contains Ds.
Since D, is projective and subdirectly irreducible in Z*, the subclass
U C ZM of lattices that have no sublattice isomorphic to Dy is a
variety. By item (3), U contains the congruence lattices of members
of V, hence U contains the variety generated by these lattices. Since

CON(V) CU and Dy ¢ U, (4) holds. O

The statement of the next theorem, which characterizes the class of
varieties satisfying congruence identities in yet another way, should be
compared to the statement of Theorem 4.12, which characterizes the
class of varieties satisfying meet continuous congruence identities.

THEOREM 8.12. The following conditions on a variety V are equiv-
alent.

(1) V satisfies an idempotent Maltsev condition that fails in the
variety of semilattices.
(2) The quasi-identity

(8:2) (pVa)ms) & ((pVr)~s)& (PP~ s) = ((pV(gAr)) ~s).

holds in the congruence lattices of algebras in V.
(3) Quasi-identity (8.2) holds in CON(V).

(4) V satisfies a nontrivial congruence identity.

Quasi-identity (8.2) in item (2) is the dual of quasi-identity (4.4) of
Theorem 4.12 (2).

PROOF. We proved the equivalence of (1) and (4) in Theorem 7.15.
The implication (3)==-(2) is obvious. We have previously noted that
D, fails quasi-identity (4.4) of Theorem 4.12 (2), so of course Dy fails
the dual quasi-identity of the present theorem. So, if the congru-
ence lattices of algebras in V satisfy quasi-identity (8.2), then Dy is
not embeddable in the congruence lattice of any algebra in V. From
Theorem 8.11 it follows that V satisfies a nontrivial congruence iden-
tity. This shows that (2)==-(4). In summary, these observations show
that (3)==(2)==(4)<=>(1). The rest of the proof will be devoted to
showing that (4)==-(3). We argue by contradiction, so assume that V
satisfies a nontrivial congruence identity, but CON(V) fails to satisfy
quasi-identity (8.2).

Quasi-identity (8.2) is equivalent modulo the axioms of lattice the-
ory to the following quasi-identity:

(8:3) ((pVa) = 9)&((pVr) = 8)&(p® = s)&((gAr) <p) — (P~ s).
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This is because any assignment of variables in some lattice that fails
(8.3) also fails (8.2), while, if p — a,q — b, +— ¢, s — d is an assign-
ment that fails (8.2), then the reassignment p — o' :==aV (bAc),q+—
b,r — ¢, s +— d clearly satisfies the first, second and fourth premise of
(8.3) and fails the conclusion. To see that this reassignment also sat-
isfies the third premise of (8.3) we must verify that (a’)l?(a’,b,¢) = d.
The fact that the first two premises are satisfied implies that d is the
largest element of the sublattice generated by {a, b, c}. This shows that
(") (a’,b,c) < d. But since the lattice operations are monotone, and
a<a, wegetd=a(a,b,c) < (a)?(d,bc) Thus (")?(a',b,c) =d,
and the third premise is satisfied.

Let @ denote quasi-identity (8.3), and let (P(Q),p =~ s) be the Q-
configuration. Since we have assumed that some K € CON(V) fails
@, there is a lattice K € CON(V) and a homomorphism of partial
lattices ¢: P(Q) — K such that ¢(p) < ¢(s). For concreteness, let
a:= p(p),b:= ¢(q),c := ¢(r) and d := @(s). Since K € CON(V)
there is an algebra A € V, a sublattice L < Con(A) and a surjective
homomorphism ¢: L — K. Choose a function f: {p,q,r, s} — L such
that oo f = ¢ on the domain of f. Since ¢ is a homomorphism of partial
lattices and ¢ Ar < p,q,r, s in P(Q), the element ©(q) Ap(r) =bAcis
the smallest element of the sublattice generated by {a, b, ¢, d}. Thus, we
may assume that f is chosen so that f(q)Af(r) < f(p), f(q), f(r), f(s).

The function f is an assignment of the variables of @ in L. We
wish to modify this assignment to a better one. Since P(Q) may be
obtained (up to isomorphism) from P(SD,,) by adding more relations,
there is a (surjective) homomorphism ¢: P(SDy) — P(Q) that is the
identity on the generators. Applying Lemma 8.4 to the assignment
fov:{p,q,r, s} — L we obtain a homomorphism of partial lattices

Y: P(SDy) — L such that o o1 = ¢ ot (Figure 8.6). The second

P(SD,)
5
7 P(Q)
, e

ST e
L K

g

FIGURE 8.6.
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clause of Lemma 8.4 guarantees that

Olq) Ap(r) < (forp(q) A(fou(r))
(8.4) i;( )w( )(r) < f(p)
< 9(p),

so if 1 is taken to define an assignment of the variables of Q in L,
pr— o, g+ [B,r— 7,50, then

(i) av B =0 and aVy =90, (by the projectivity of P(SDy))

(ii)) Ay <« (by (8.4)), and

(iii) o(a) = a < d = o(d) (by the projectivity of P(SDy)).

This assignment is not necessarily a failure of ) in L, since the third
premise al? = § of Q may not be satisfied. But since the third premise
was satisfied by ¢: P(Q) — K we at least have

(iv) o(a®) = a? =d =5 (0).

The rest of the argument produces a contradiction from proper-
ties (1)—(iv). From items (i) and (ii) we derive that I[o, Vv ] is an
SD,-failure, hence is an abelian interval according to Theorem 8.5.
By this and item (i) we get o V B~ a~a V v, which is hypothe-
sis (1) of Lemma 6.27. Item (ii) above is the same as hypothesis (2) of
Lemma 6.27, and our current assumption that V satisfies a congruence
identity is strong enough to guarantee that V' has a weak difference
term. Since all the hypotheses of Lemma 6.27 currently hold, its con-
clusion also holds, which is the equality

BV (@A) AV (aAB) = (aAB)V(aAy).

Using this to move from the first line to the second in

al(a,8,7) =aV((BV(aAN)A GV (anpB))
=aV((@aAB)V(aAy))

we derive that al? = a. But from item (iii) we have o(a) < o(4),

while from item (iv) we have o(al?l) = o(§), which together conflict
with a? = a. This contradiction completes the proof. O

The following result defines the class of varieties satisfying a non-
trivial congruence identity by a 3-variable Maltsev condition.

THEOREM 8.13. Let V be a variety. The following conditions are
equivalent.

(1) V satisfies a nontrivial congruence identity.

(2) VEwnan(Boy) S (yV(anp))e(BV(any)).
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(3) There is a positive integer k and ternary terms do,. . ., dogi1,
€0,- - -, €arr1, P Such that V satisfies the following equations:
(1) dO(xv Y, Z) ~ p(xv Ys Z) ~ 6O(ZL‘v Y, Z);

(ii) di(z,y,y) = dip1(z,y,y) and e;(z, x,y) =~ e;41(x,x,y) for
even i;

(iil) di(z, z,y) = diy1(z, x,y), di(z,y, ) = diyq1 (2, y, ),
ei(x,y,y) = ei1(z,y,y) and e;(z,y,x) = e;y1(z,y,x) for
odd 1;

(iv) doks1(x,y, 2) = x and egpr1(x,y, 2) = 2.

PRroOOF. For locally finite varieties, this result is part of Theo-
rem 9.8 of [34]. The proof given there shows that items (2) and (3) are
equivalent for any variety, and that the idempotent Maltsev condition
in item (3) fails in the variety of semilattices. Therefore (3)=-(1),
according to Theorem 7.15.

What remains to show is that (1)=-(2). Let F = Fy(z,y,2) and
set o := Cg¥(x,2), := Cg¥(z,y), and v := Cg¥(y, ). Since (z, 2) is
a generic element of a N (5 o) it will suffice to prove that (z,z) €
(yV(aeAp)o(BV (xAv)). Since aVp =aVy=pFVy =4,
the intervals I[8 V (a A 7),d] and I[y V (a A (), ] are SDy-failures,
and therefore 3V (a Ay) 26~~~V (aAB) (Theorem 8.5). Since these
congruences are solvably related, they permute (Theorem 6.16). Since
(x,y) € BV (aANy)and (y,z) € vV (e A ), we get that

(z,2) € (BV(aA7))o(vV(aAB)=(V(aAB))o(BV(aAY)).
O
8.3. Congruence Join Semidistributivity

The main purpose of this section is to prove that a variety is con-
gruence join semidistributive if and only if it is both congruence meet
semidistributive and satisfies a nontrivial congruence identity. Thus,

consider pointing ongruence join semidistributive varieties are exactly those varieties
out the similarity of hose members have no congruences that are ‘abelian’ in any of the
this theorem and senses that have been introduced.

theorem 9.11 from THEOREM 8.14. Let V be a variety. The following conditions are
hobby-mckenzie. equivalent.

(1) V is congruence join semidistributive.

(2) If A€V and a, 3,7 € Con(A), then
an(Boy) CHV(aAY).

(3) There is a positive integer k and ternary terms dy, . . ., dy such
that V satisfies the following equations:


   
Callout
consider pointing out the similarity of this theorem and theorem 9.11 from hobby-mckenzie.


8.3. CONGRUENCE JOIN SEMIDISTRIBUTIVITY 181

(1) d(](l’, Y, Z)
(i) di(z,yy)
even i < k;

(il) di(z, z,y) = diy1(z, x,y), for odd i < k;
(iv) di(x,y, 2) = 2.

(4) V satisfies an idempotent Maltsev condition that fails in any
nontrivial variety of modules and in the variety of semilattices.

(5) No member of V has a nontrivial abelian or rectangular con-
gruence.

(6) V is congruence meet semidistributive and satisfies a nontrivial
congruence identity.

(7) There is a positive integer N such that if A € V and o, 3,7 €
Con(A), then

)

T
diy1(x,y,y) and di(z,y, z) = diy1(x,y, ) for

~

~
~
~

aVv(BA) = (aVBY)A(avyY).

(8) CON(V) is a join semidistributive variety of lattices.
(9) M3, Dy ¢ CON(V).
(10) M3 and Dy are not embeddable in Con(A) for any A € V.

PrOOF. We prove (1)—(6) cyclically, and then complete the proof
by showing that ((1) & (6)) =(7) =(8) =(9) =(10) =(6).

Assume that (1) holds and that A € V has congruences a, 3 and
7. Choose any (a,c) € a N (B o). There exists b € A such that
a=3b=,c Leta = Cg”a,c), = Cg*a,b) and v = Cg*(b,c).
Since the generating pairs are related by «, § and v respectively, we get
that o/ < a, / <  and 7 < 7. The congruence (3’ V o’ is generated
by (a,c) and (a,b), so it is the congruence on A generated by X x X
where X = {a,b,c}. Similarly 8’V +' is the congruence generated by
X xX,s0 (' Va =7V~ By (1), we get that this congruence is also
BV (a/ Av'). Since this congruence contains (a, ¢), we get that

(a,c) € BV (' NY) < BV (aN7),

where the inequality follows from the monotonicity of the lattice op-
erations. This argument shows that (a,c) € BV (a A7) for every
(a,c) ean(Bory),soan(Boy) CHV(xAvy) and (2) holds.

For (2)=(3),let p=an(Box), r =06V (a A7), and let r; be
the {o, A}-word obtained from r by replacing V with i-fold relational
product. Then the congruence inclusion of (2) has the form p C (J,.,, i
with the r;’s increasing. By the remark after Theorem 4.7, such a con-
gruence inclusion is associated to a Maltsev condition. The method
described in the proof of Theorem 4.7 for producing the Maltsev con-

dition yields the one in item (3).
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To prove that (3) =(4), we will show that the idempotent Maltsev
condition in (3) fails in every nontrivial variety of modules and in the
variety of semilattices. Assume that M is the variety of all modules
over the ring R, and that M satisfies the Maltsev condition in item
(3). Since each d; is a module term, it must be that d;(z,y,2) =
a;x + by + ¢;z for some a;,b;,¢; € R. Since d;(z,x,r) ~ x, we get
that a;z + bz + ¢;z =~ (a; + b; + ¢;)x =~ x holds in any M € M, hence
a;+b;+c¢; =1 in R. The first equation in (3)(ii) implies that a; = a;11
for even i, the second equation in (3)(ii) implies that b; = b;;1 for even
17, and with the equations of the type a; + b; + ¢; = 1 we derive that
¢; = ¢;+1 holds for all even i. The equation from (3)(iii) implies that
¢; = ¢;+1 holds for odd i, so ¢; = ¢;41 for all i. But the equation from
(3)(i) implies that ¢y = 0, while the equation from (3)(iv) implies that
¢ = 1. Altogether we derive that 0 = 1 in R, so M is a trivial variety
of modules.

Now suppose that S is the variety of semilattices, and that S satis-
fies the Maltsev condition in (3). Choose k£ minimal for the condition
in (3) to be satisfied in S. By equations (3)(i) and (3)(iv), it must
be that £ > 0. If £ > 0 is even, then by equation (3)(iii) we find
that dx_1(z, x,y) = dp(x,z,y) ~ y, which for semilattices implies that
dr—1(x,y,2) =~ z. Thus we can delete the term dj, and have a shorter
sequence of terms satisfying the conditions in (3). If £ > 0 is odd,
then by the equations in (3)(ii) that dx_; does not depend on its first
variable (since dy_i1(x,y,y) =~ di(x,y,y) ~ y), and does not depend
on its second variable (since dy_1(x,y,z) =~ di(x,y,z) ~ ). There-
fore dy_1(x,y,2) =~ dr_1(2,2,2) ~ z, and we can again shorten the
sequence. It follows that the equations in (3) cannot be satisfied by
semilattice terms. Thus (3)=(4).

It follows from Theorem 8.1 (10)==-(4) that if V satisfies an idem-
potent Maltsev condition that fails in every nontrivial variety of mod-
ules, then V omits abelian congruences. It follows from Theorem 5.25
that if V satisfies an idempotent Maltsev condition that fails in the
variety of semilattices, then V omits rectangular tolerances (hence V
omits rectangular congruences by Theorem 5.22). Thus (4)=(5).

If (5) holds, then V has no abelian congruence, so from (4)=—=(1) of
Theorem 8.1 we derive that V is congruence meet semidistributive. V
also has no rectangular congruence, or tolerance, so by Theorems 5.25
and 7.15 we have that )V satisfies a nontrivial congruence identity.
Hence (6) holds.

Now suppose that V is congruence meet semidistributive and sat-
isfies a nontrivial congruence identity. The latter supposition implies
that the SDy-failures in congruence lattices of members of V are abelian,

~

~
~
~
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according to Theorem 8.5. But the former supposition implies that
there are no abelian intervals in congruence lattices of members of V,
according to (1)==-(4) of Theorem 8.1. This shows that there are no
SD,-failures at all, which means of course that V is congruence join
semidistributive.

Now that the first six items of the theorem have been shown to be
equivalent, we turn to the seventh. Assume that (1) and (the equivalent
property) (6) hold. From (6) and Theorem 8.3 we know that there is
a positive integer M such that the identity

My, 2) = M (2, y, 2)

holds in all congruence lattices of members of V. Thus, if o, 5 and
are as in the statement of item (7), and 8% := y*(a, 3,7) and +* =
2F(a, B,7), then M = pM+L and 4™ = 4M*+1 This implies that
aVpM >avyMHtl = o v M and similarly that o V4™ > a VvV BM| so
aV M =av~M. Since (1) holds, we have

aV (YA =av g,

But BAy <M AAM <M < Fand BAy < M AN <M <50
BM A M = 3 A ~. Therefore

aV(BAy) =aVv Y,

and similarly

aV(BAy)=avyM.
This proves that aV (B A7) = (aV M) A (a VM) for the fixed value
of M provided by Theorem 8.3.

If item (7) holds, then CON(V) satisfies the weakened distributive
law 2V (y A 2) = (z Vy") A (z Vv 2V) for some N. We claim that
any lattice satisfying this law is join semidistributive. Indeed, if L is
a lattice, a,b,c € L, and b* := y¥(a,b,c) and c* := z¥(a, b, c), then it
may be shown by induction that if Vb = a V¢, then b¥ = b and ¥ = ¢
for all k. Thus, if d :=a Vb= aV ¢, the identity in (7) implies that

aV(bAc)=(aVb")A(avcY)=(aVb)A(aVe)=d.

Since a, b, c € L were chosen arbitrarily, L is join semidistributive.

Item (8) implies item (9) because M3 and Dy are not join semidis-
tributive.

Item (9) implies item (10) because sublattices of Con(A) belong
to CON(V).

Assume that item (10) holds. Since Mj is not embeddable in the
congruence lattice of any member of V), it follows from Theorem 8.1 that
Y is congruence meet semidistributive. Since Dy is not embeddable in
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the congruence lattice of any member of V), it follows from Theorem 8.11
that V satisfies a nontrivial congruence identity. Thus item (6) holds.
The proof is complete. 0

This theorem provides a positive solution to Problem 2.18 of [40]
from this theorem, which we extract as the following corollary.

COROLLARY 8.15. The class of congruence join semidistributive
varieties is definable by axMaltsev condition.

PROOF. By Theorem 8.M (1)<=(3). O

an idempotent
maltsev condition.
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CHAPTER 9

Residually Small Varieties

A variety is residually large if it has a proper class of subdirectly
irreducible members, otherwise it is residually small. Our primary
goal in this chapter is to prove that a residually small variety satisfies
a congruence identity if and only if it is congruence modular. (David
Hobby and Ralph McKenzie proved essentially the same result for lo-
cally finite varieties in Chapter 10 of [34].)  Our result nearly com-
pletes the classification of congruence varieties associated to residually
small varieties. In Section 9.2, we apply the result to show that almost
congruence distributive varieties cannot have a Taylor term.

9.1. Residual Smallness and Congruence Modularity

LEMMA 9.1. Let V be a variety that satisfies a nontrivial congruence
identity. If A € V has congruences o, 3 and vy that generate a sublattice
ismomgrphic to N5 in Con(A), as depicted in Figure 9.1, then

lisomorphic

FiGURE 9.1.

(1) C(a, B;6) holds, and
(2) C(B,a;9) fails in the following strong way: For some (3, 3;0)-
pair (a,b) (cf. Definition 3.13) there is a polynomial f(x,y)
and tuples ¢ o d such that
f(bv C) =5 f(bv d) )
but
f(a,c) %s f(a,d).

185
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PRrROOF. Item (1) follows from Theorem 2.19 (8), since
BA(aV(BA)))<J.
For (2), assume instead that

f(b7 C) =5 f(bv d) = f(a’ C) =5 f(av d)
holds for every (f3, 3;0)-pair (a, b). Then by transitivity this implication
holds whenever a >3 b. But since V has no algebra with a rectangular
tolerance, Theorem 5.23 (1)<=-(4) guarantees that the set of pairs
(a,b) satisfying a >4 b contains 5. Thus, if this implication holds
for every f and every choice of tuples ¢ o d whenever (a,b) € £,
then C(f3,a;9) holds. But C(5,«;d) does not hold, as we proved in
Theorem 4.16 (2). Therefore f, ¢ and d exist. d

As it happens, the properties described in conditions (1) and (2)
of Lemma 9.1 are all that are needed to establish the existence of a
proper class of subdirectly irreducibles in V. (We no longer need the

is this similar to ssumption that V satisfies a nontrivial congruence identity.)
any of the
configurations used
in chapter 10 of
Hobby-McKenzie?
If so, please
indicate which one.

THEOREM 9.2. Let V be a variety. Assume that A € V has con-
gruences 0 < a and a tolerance T such that
(1) C(a,T;6) holds, and
(2) For some (T,T;0)-pair (a,b) there is a polynomial f(x,y) and
tuples ¢ a d such that

v:= f(bc) =s f(b,d) =0,

but
.

u:= f(a,c) #s f(a,d)
Then V is residually large.

PRrROOF. Both (1) and (2) continue to hold if we factor by d, so there
is no loss in generality in assuming that 6 = 0. (Under this assumption
v = v.) We now explain how to construct a subdirectly irreducible
algebra in V of cardinality > & for any infinite cardinal .

Let B be the subalgebra of A* consisting of those x-tuples a where
(a;,aj) € T for all coordinates i < j < k. For any a € A let @ denote
the constant s-tuple satisfying (a); = a for all i. Clearly @ € B for all
a€ A Let N ={u,v}and let N' = {«/,v'}. Since (a,b) € T it follows
that (u,v) = (f(a,c), f(b,c)) € T and (v',v) € T, so N*U(N")* C B.
For an element z of N* denote by z' the element of (N')* obtained
from z by priming the entry in each coordinate. Furthermore, let

G={(z7)eB*|ze N*\ {u}},
and let ¢ = Cg®(@).
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CrAam 9.3. The pair (u,4') is not contained in 1.

As u # /, it is sufficient to prove that {u} is a singleton -class.
For this we must show that if (z,z’) € G and p is a unary polynomial
of B, then

p(z) =1 < p(z') =1u.
Since z € N* \ {u}, at least one coordinate of z is v. If z; = v, then
2zl =v" =w, so z and 7z’ agree in the i-th coordinate. This implies that
p(z) and p(z') agree in the i-th coordinate. We now argue that these
tuples also agree in the j-th coordinate for every other j < k. There is
nothing to prove for those coordinates where z; = v = v" = 2/, by the
above argument, so we consider only those j where z; = u and 2} = u'.

The polynomial p of B comes from a term g(z,y), where appropri-
ate parameters from B are substituted in place of y in every coordinate.
Denote by r and s the parameters occurring at the ¢-th and the j-th
coordinate, respectively. Then r T' s holds by the definition of B. We
have to prove that ¢g(u,s) = g(u',s), and we have either

(9-1) g9(u,8) = u=g(v,r)

in case p(z) = u), or

(i
(9:2) g(u';s) =u=g(v',r)
(in case p(z') = v). However C(c, T;0) holds and ¢ o d, so

(g(uas) :) g(f<a7§)7s):g(f(bvg)7r) (Z g(vvr>>

is equivalent to

(9(u';s) =) g(f(a,d),s) = g(f(b,d),r) (=g(',1)).
Since at least one of (9.1) or (9.2) holds, this implies that g(u,s) =
g(v,r) and g(v',s) = g(v',r) both hold. Moreover v = v’ implies that
g(v,r) = g(v',r), so in fact

9(u,s) = g(v,r) = g(v',1) = g(u',8).
Thus g(u,s) = g(u/,s) indeed holds, completing the argument that
p(z) =u <= p(z’) = u holds. This proves the claim.

Since (u,u’) ¢ 1 we may extend v to a congruence ¢, > v that
is maximal with respect to (u,u’) ¢ 1. Then B/vy is a subdirectly
irreducible algebra in V. We claim that |B/vg| > k.

In order to prove that B/vy is as large as this, we need only to
exhibit x elements of B that are pairwise incongruent modulo 1. We
introduce the following notation for certain elements of A*: fori < j <
k, and for arbitrary elements a,b,c € A let [a, b, c]*/ denote the tuple
whose k-th coordinate is a for 0 < k < 4, is b for ¢« < k < j, and is
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c for j < k < k. (Note that [a,b,c]*/ € B if a,b and ¢ are pairwise
T-related.) Similarly, if a,b,c € A", then let [a,b,c|* denote the
member of B™ whose f-th coordinate is [ay, by, c/]™ for 1 < £ < n. We
shall omit the superscripts ¢, 7 if we think it is clear from the context
what they are.

As (a,b) is a (T, T;0)-pair, there exists a T', T-matrix

Bt B M

CramM 9.4. For each 0 < i < j < k the tuples [q, p,p| and [q,q, p]
are not g-congruent in every coordinate.

Suppose that they are. Then in the algebra B we have that

f(la.p, P, [r;5,8]) Yo f([a.a,p), [r,s,5]),
that is,
la,a,a] o [a,b,al.
Therefore
[u, u,u] = f(la,a,al,lc,c,c]) o f([a,b,al,[c,c,c]) = [u,v,u],
and
[, v, u] = f(la,a,a],[d,d,d]) 1o f(la,b,a],[d,d,d]) = [«,,«].
But then
U= [u,u,u] Yo [u,v,u] Y [u', v U] o [u, 0 W] =d
By transitivity and the fact that ¢y > 1, this yields (u,u’) € o,
contradicting the choice of ¥y. So the claim is proved.

To finish the proof, let m be the length of the tuples p and q, and
define a mapping h: £ — (B/1y)™ in the following way. Let ¢ < k < &,
and

h(i) = [a, p, p]"" /45"
The value of h(i) does not depend on k because the last two blocks
of coordinates of the tuple [q,p,p] are both p. We claim that h is
injective. Indeed, suppose that ¢ < 7 < k. Then

h(i) = [a,p, p]" /05"
and

h(j) = [a.a.p]" /45",
and these tuples are different by Claim 9.4. Therefore h is indeed
injective, so k < |B/¢|™ = | B/, proving the theorem. O
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We obtain the main theorem of this chapter by combining Lemma 9.1
with Theorem 9.2.

&’HEOREM 9.5. A residually small variety satisfies a congruence
identity if and only if it is congruence modular.

REMARK 9.6. We describe a three-step plan for classifying all con-
gruence varieties associated to residually small varieties.

(1) Prove that if V is residually small and satisfies a nontrivial
congruence identity, then V is congruence modular.

(2) Prove that if V is residually small and congruence modular,
then V is congruence distributive or CON(V) = CON(M) for
some variety M of modules.

(3) Classify the congruence varieties of varieties of modules.

Theorem 9.5 accomplishes Step (1). Step (3) was accomplished by
Gébor Czédli and George Hutchinson in [36]. Partial results on Step (2)
were obtained by Alan Day and Emil W. Kiss in [12]. Namely, Day
and Kiss accomplished Step (2) under the further assumption that V
is either locally finite or locally solvable. Their ideas extend a lit-
tle further than these two cases, but fall short of fully accomplishing
Step (2). Therefore, we pose the problem of accomplishing Step (2) in
full generality.

PrROBLEM 9.7. Show that if V' is residually small and congruence
modular, then V is congruence distributive or CON(V) = CON(M)
for some variety M of modules.

If this is proved, then we will know that the congruence varieties
CON(V) of residually small varieties V are precisely

e the variety of all lattices — e.g. when V is the (residually
small) variety of sets,

e CON(M) where M is a variety of modules,

e the variety of distributive lattices — e.g. when V is the (resid-
ually small) variety of distributive lattices, and

e the variety of trivial lattices (e.g. when V is a trivial variety).

9.2. Almost Congruence Distributive Varieties

A variety is affine complete if every congruence preserving func-
tion on every member is a polynomial. In [43], Kalle Kaarli and Alden
Pixley announced that any affine complete variety is residually finite
and has the property that every finitely generated subvariety is con-
gruence distributive. At the time it was not known whether the entire
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variety had to be congruence distributive. Pixley then introduced the
following concept.

DEFINITION 9.8. A variety V is almost congruence distributive,
or ACD, if it is residually finite, every finitely generated subvariety is
congruence distributive, but V itself is not congruence distributive.

Pixley asked if there exists an ACD variety. A negative answer would,
of course, show that every affine complete variety is congruence dis-
tributive.

Kaarli and Ralph McKenzie proved in [42] that every affine com-
plete variety is congruence distributive, but it remains open whether
there is an ACD variety. This is still an interesting question, since we
know very little about how local properties of a variety, like the struc-
ture of the subdirectly irreducible algebras, imply global properties,
such as the satisfaction of a Maltsev condition.

In this section we prove that an ACD variety satisfies no nontrivial
idempotent Maltsev condition. This implies that if an ACD variety
exists, then some member has a nontrivial strongly abelian congruence,
but for some reason such congruences do not show up in any subdirectly
irreducible algebra or even in any subvariety generated by a finite set
of subdirectly irreducible algebras.

THEOREM 9.9. Let V be a variety satisfying a nontrivial idempotent
Maltsev condition.

(1) If every subdirectly irreducible algebra inV generates a subvari-
ety satisfying a nontrivial congruence identity, then ) satisfies
a nontrivial congruence identity.

(2) If every subdirectly irreducible algebra in V generates a con-
gruence join semidistributive subvariety, then V is congruence
join semidistributive.

w assume also that V is residually small.

(1)’ If every subdirectly irreducible algebra in V generates a sub-
variety satisfying a nontrivial congruence identity, then V' is
congruence modular.

(2)" If every subdirectly irreducible algebra in V generates a con-
gruence join semidistributive subvariety, then V is congruence
distributive.
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ProoF. If each subdirectly irreducible algebra in V generates a
subvariety satisfying a nontrivial congruence identity, then by The-
orem 7.15 each subdirectly irreducible algebra in V has a Hobby-—
McKenzie term. By Theorem 5.25 the rectangular tolerances on sub-
directly irreducible members of V are trivial. Corollary 5.20 guaran-
tees that no algebra in V has a rectangular tolerance. Reusing The-
orems 5.25 and 7.15, we get that ) satisfies a nontrivial congruence
identity. This proves (1).

For (2), if every subdirectly irreducible in V generates a congruence
join semidistributive subvariety, then no subdirectly irreducible algebra
has a nontrivial rectangular or abelian tolerance. By part (1), this
implies that V satisfies a nontrivial congruence identity, hence ) has a
weak difference term according to Corollary 6.3. This shows that the
hypotheses of Corollary 6.9 are met, so from the fact that no subdirectly
irreducible algebra has an abelian tolerance we may derive that no
algebra in V has an abelian tolerance. By Theorem 8.14 (5)=-(1) it
follows that V is congruence join semidistributive.

Items (1)” and (2)’ follow from items (1) and (2) using Theorem 9.5.

O

COROLLARY 9.10. An ACD wvariety satisfies no nontrivial idempo-
tent Maltsev condition.

Proor. This follows from Theorem 9.9 (2)" and the definition of
an ACD variety. O

Theorem 9.9 suggests the following problem.

PROBLEM 9.11. Suppose that V satisfies a nontrivial idempotent
Maltsev condition, and every subdirectly irreducible member of V' gen-
erates a congruence modular subvariety. Must V be congruence mod-
ular? (We are interested in the case where V is residually large.)

The answer to Problem 9.11 is affirmative if V is locally finite.
Indeed, it follows from tame congruence theory that the following con-
ditions are equivalent for a locally finite variety:

(1) V is congruence modular.

(2) The minimal sets of the finite algebras are of type 2,3 or 4
and have empty tails.

(3) The minimal sets of the finite subdirectly irreducible algebras
are of type 2,3 or 4 and have empty tails.

(4) Each finite subdirectly irreducible algebra generates a congru-
ence modular subvariety.
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However, the modular law is special in this regard, because of its link
with the empty tails condition. We expect that for identities weaker
than modularity the problem analogous to Problem 9.11 will have a
negative answer.

Another problem is suggested by the proof of Theorem 9.9.

PROBLEM 9.12. Suppose that V has a Taylor term. If some al-
gebra in V has a nontrivial abelian tolerance, must some subdirectly
irreducible algebra in V have a nontrivial abelian tolerance?
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