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Foreword

In this dissertation, we investigate polynomial functions on finite Mal'cev
algebras. Mal’cev algebras are a special class of universal algebras that contains
many well known classes of algebras such as groups and rings.

In general it is a difficult task to describe which functions on a given universal
algebra are polynomials. We know a list of properties that are satisfied by poly-
nomial functions: each polynomial function preserves all congruence relations;
furthermore, if a polynomial function is added to an algebra as an additional
fundamental operation, then the commutator operation of the new expanded al-
gebra is the same as the commutator operation of the original algebra. In [22],
the following natural problem is proposed: given such a list of properties, charac-
terize those algebras in which every function that satisfies all of these properties
is a polynomial function. One instance is the characterization of affine complete
algebras. An algebra is called affine complete if every congruence preserving
function is a polynomial function (cf. [24]). We will investigate this concept for
algebras that have a group reduct; we call such algebras expanded groups. Of
course, they are a special class of Mal’cev algebras.

However, it is hard to determine when a single algebra is affine complete.
In [30], finite affine complete abelian groups are described. Except for the sub-
varieties of this variety, there is no other variety of groups for which the affine
complete finite members have been determined. Thus, an interesting question is
whether the property of affine completeness is a decidable property. We say that
the property of an algebra is a decidable property if there is an algorithm that
takes a given algebra on the input and gives back the answer whether the algebra
has the property. In [4], it was proved that there is an algorithm that decides
whether a given finite nilpotent group is affine complete. Here, we generalize this
result for a subclass of Mal’cev algebras.

The second approach in our investigation of polynomials arises from the fol-
lowing observation. Composing fundamental operations of a finite Mal’cev al-
gebra in two different ways one can obtain the same polynomial function. The
problem is to determine whether two such different compositions of fundamental
operations induce the same polynomial function. This problem is usually referred
to as the polynomial equivalence problem. In [15, 12] it is proved that on finite
nilpotent groups and finite nilpotent rings, it can be checked in polynomial time
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whether two given terms induce the same function. This dissertation provides a
decidability result for a larger class of algebras.

The third problem we consider is: How many distinct sets of polynomial
functions that are closed for composition and contain constant functions and
projections can be obtained depending on a set of fundamental operations of
a finite Mal’cev algebra. This set of functions is called a polynomial Mal’cev
clone and therefore the problem is to count nonequivalent polynomial Mal’cev
clones on a finite set. In [21] it was proved that for a finite set A with |A| > 4
infinitely many constantive clones (clones that contain all constant operations)
on A contain a Mal’cev operation. In the case that the Mal'cev operation is the
Mal’cev operation of some abelian group and p is a prime, there are precisely two
constantive clones on Z, that contain the ternary function (x,y,2) — z —y + 2.
Furthermore, E. Aichinger and P. Mayr have shown in [6] that there are precisely
17 different clones that contain the binary operation of the cyclic group Z,,,
where p and ¢ are two different prime numbers. In [10] it was shown that in the
case of Z,2 and Z, x Z,, p a prime number, there are countably many clones that
contain the Mal’cev operation and all the constant operations. It is not known
whether there exists a finite set A such that there are uncountably many Mal’cev
clones on A.

This dissertation is divided in three chapters. The first chapter is introduc-
tory. There, we define all fundamental notions and recall some fundamental prop-
erties about universal algebras, especially Mal’cev algebras, expanded groups,
rings, nearrings, modules and lattices. We also introduce binary commutators,
list some preliminaries from tame congruence theory and prove some properties
of one special class of lattices. Most of the results concerning that class of lattices
are original.

In the second chapter we develop our main technical tool which we use
throughout the dissertation. Namely, we further develop the concept of higher
commutators which was introduced by A. Bulatov in [9]. The paper [9] defines
higher commutators as a generalization of usual binary commutators and ex-
hibits some fundamental properties. Chapter 2 of this dissertation is a thorough
study of the higher commutator operation and its connections to the polynomial
functions of Mal’cev algebras. The techniques to prove the properties of higher
commutators, and the actual proofs are the author’s original contribution as well
as the applications of higher commutators presented in this dissertation, which
suggest that higher commutators could be a useful tool for further research in
universal algebra. Thus we can say that the properties of higher commutators
that allow effective manipulation of expressions containing higher commutators
are one of the main contributions of this dissertation.

The main results of the dissertation are formulated and proved in Chapter
3. This chapter is divided in three sections: about affine completeness, about
polynomial equivalence problem and about the number of Mal’cev clones on a fi-
nite set. We present a characterization of affine complete expanded groups whose
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congruence lattice has a special property (Theorem §3.1.10). This result is a
part of the paper [8], which has appeared in Algebra Universalis. For a finite
nilpotent algebra of finite type that is a product of algebras of prime power or-
der and generates a congruence modular variety (this class of algebras is studied
by K. Kearnes in [25]), we are able to show that the property of affine com-
pleteness is decidable (Theorem §3.1.18). Moreover, the polynomial equivalence
problem has polynomial complexity in the length of the input polynomials (The-
orem §3.2.3). A paper containing these two results together with the results on
higher commutators from Chapter 2 is submitted and is under review. These
results have been published in the form of a preprint in the Preprint series of the
Departments of Mathematics at the Johannes Kepler University in Linz, Austria
(Number 564, August 2008) under the title Some Applications of Higher Com-
mutators in Mal’cev Algebras. As the final contribution of this dissertation, we
prove that the polynomial functions of a finite Mal’cev algebra whose congru-
ence lattice is of height at most 2 can be described by a finite set of relations
(Theorem §3.3.22). This result can be found in [7] and will be published in Acta
Mathematica Hungarica.

At the end I want to thank to my advisors Dozent Dr. Erhard Aichinger from
Institute for Algebra at JKU Linz, Austria, for the fruitful collaboration in the
research, and Professor Dragan Masulovi¢ from Department of Mathematics and
Informatics, University of Novi Sad, Serbia, for useful suggestions and help in
the preparation of the papers and the dissertation. Furthermore, I want to thank
Professor Sinisa Crvenkovi¢, Professor Rozéalia Madarasz-Szilagyi and dr Petar
Markovi¢ as well as the Department of Mathematics and Informatics, University
of Novi Sad, Serbia. I would also like to thank WUS Austria, Austrian Exchange
Service (OAD), Professor Giinter Pilz and JKU Linz in Austria, for the financial
support for altogether 11 months long research stays during which the most of
the investigation was realized and most of the results were obtained.

I would also thank my family for the inexhaustible support.

Novi Sad, 2009
Nebojsa Mudrinski






CHAPTER 1

Introduction

In this chapter we recall some fundamental notions and their fundamental
properties that we use throughout the dissertation. We suppose that the reader
is familiar with elementary universal algebraic notions such as (universal) al-
gebra, homomorphism, isomorphism, subalgebra, direct and subdirect product,
isomorphism theorems and varieties. For these notions we refer to [13, 29].

1. Elementary Notions

Given an algebra A and k € N, a function f from A* to A is called a k-ary
polynomial function of A if there are a natural number [, elements aq,...,a; € A,
and a (k + [)-ary term t in the language of A such that

flry, ... op) =t%oy, . 2, an, ... )

for all x1,...,x; € A. Here, we shall call polynomial functions shortly polynomi-
als. By Pol,A we denote the set of all k-ary polynomials of A and Pol A :=
Ujso PolkA. We will usually denote a tuple (vector) (wzo,...,zx) by x and
its 4th component by x; or x*. For arbitrary tuples x,y € A* and a con-
gruence a of an algebra A we write x =, y if x¥ =, y® for every i €
{0,...,k —1}. Also, for f : A¥m+" — A and tuples x = (zg,...,25_1) € A*,
VY= (Yo, ,Ym-1) € A" and z = (29,...,2,1) € A", we write f(x,y,z) instead
of f(-CEOa w5 Th—15Y05 - -5 Ym—15 205 - - - 7Zn—l)-

We say that algebras A and B, not necessarily with the same fundamental
operations, are polynomially equivalent if they have the same set of polynomial
functions.

DEFINITION 1.1. A ternary operation m on a set A is said to be a Mal’cev
operation if the equations
m(z, x,y) =y =my,z,z)
are valid for all x,y € A. An algebra A is called a Mal’cev algebra if A has a
Mal’cev term operation.

One of the most important classes of Mal’cev algebras are expanded groups.

DEFINITION 1.2. We call an algebra V an expanded group if it has the oper-
ation symbols + (binary), — (unary) and 0 (nullary) and its reduct (V, 4+, —,0)
is a group.
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When we speak about the Mal’cev term of V| we mean the operation m(z,y, z) :=
x—y+z, despite of the fact that other ternary term functions satisfying m(x, z,y) =
m(y,x,r) = y may exist. The following structure can be seen as an expanded
group and will be mentioned several times in the sequel.

DEFINITION 1.3. Let (M,+,—,0) be an Abelian group and let R be a ring
with identity. We call an algebra M = (M, +,—,0,{f, : M — M |r € R}) an
R-module M if

(1) frlz+y) = frl2) + fr(y)
(2) fros(x) = fo(@) + fol2)
(3) fr(fs(2)) = frs(@)
(4) filz) ==
forall z,y € M and r, s € R. We shortly denote R-modules M by (M, +, —,0, R).

Let m,n € N. For a field D, let M,,(D) be the ring of (n x n)-matrices over
D. For every A € M, (D) and every (n x m)-matrix X with entries from D we
define f4(X) := AX. Then we have the M,,(D)-module of all (n x m)-matrices
with entries from D. We denote it by D">™).

We need one generalization of modules obtained using near-rings instead of
rings. Here we give the definition, and more about this structure can be found
in [31].

DEFINITION 1.4. Let R = (R, +, ) be an algebra with two binary operations
such that (R,+) is a (not necessary abelian) group, (R,-) is a monoid and

(x4y) - z=x-24+y-z
for all x,y,z € R. Then, we say that R is a near-ring.

One of the first examples of near-rings is the following structure that we shall
use several times in the sequel. Let V be an expanded group with a group reduct
(V,+,—,0). By Fy(V) we denote the set of all unary polynomials p of V such
that p(0) = 0. If we define

(p+q)(z) == p(x) + q(z),

for all x € V and for all p,q € Pol; V, and by o we denote the usual composition
of functions, then (Py(V),+,0) is a near-ring.

DEFINITION 1.5. Let R = (R, +,0) be a near-ring and (M, +) a group. The
structure M = (M, +,—,0,{f, : M — M |r € R}) is a near-ring module if
(1) fros(x) = fr(fs(x));
(2) fr—i—s(x) = fr(J:) + fs(x)
forallz € M and r, s € R. When it is clear from the context, a near-ring module

M over R will be referred to as an R-module and denoted by (M, +,—,0, R),
just like in the case of ring modules.
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Let V be an expanded group with a group reduct (V,+,—,0). Using the
previous example we can construct a near-ring module M = (V, 4+, —, 0, Py(V)),
where f,(v) :=p(v) for all p € Py(V) and all v € V.

DEFINITION 1.6. A partially ordered set (P, <) consists of a nonempty set P
and binary relation < that satisfies:
(1) z < x (reflexivity);
(2) (x <y)A(y <z) = (v =y) (antisymmetry);
(3) (x <y)A(y < z2) = a <z (transitivity)
for all x,y,z € P. When the relation < is clear from the context we call P
partially ordered set. We shall shortly call a partially ordered set poset.

Let (P, <) be a partially ordered set. Let Q C P. If there exists an element
z € P such that
(1) (Vx € Q)(z < x) and

2) (vy € P)(((Vx cQu<a) = (y< z>)

then one can easily show that z is unique. We call such an element infimum of
@ and write inf ). Dually, we define supremum of @), in abbreviation, sup Q).

DEFINITION 1.7. An algebra (L, A, V) is called a lattice if L is a nonempty
set, and A and V are binary operations on L that satisfy the following conditions:

(L1) zxAy=yAx; xVy=yVaz (commutative law)

(L2) (xAy)ANz=xzA(yAz2); (xVy)Vz=azV(yVz) (associative law)

(L3) x Az =z; x Vx =z (idempotent law)

(L4) 2 A (xVy) =2; 2V (x Ay) = x (absorption law)
for all x,y,z € L.

We define a lattice ordered set as a partially ordered set L such that for every
two elements a,b € L there exist inf{a, b} and sup{a,b}. The following theorem

describes how we switch from lattice to lattice ordered set and vice versa. The
proof can be found in [16].

THEOREM 1.8. (i) Let the poset (L, <) be a lattice ordered set. Set
a A b= inf{a, b},
a Vb= sup{a,b}

for all a,b € L. Then the algebra L* = (L, A\, V) is a lattice.
(ii) Let the algebra (L, N\, V) be a lattice. Set

a <bifand only if a A b = a.

for all a,b € L. Then LP = (L, <) is a lattice ordered set.
(iii) Let the poset (L, <) be a lattice ordered set. Then (L*)P = L.
(iv) Let the algebra (L,A,V) be a lattice. Then (LP)* = L.
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We shall choose the more appropriate concept according to the context and
situation.

In a lattice L = (L, A,V) we write a < b if a < b and a < x < b implies
x=aorz=>forall x € L. If L has a smallest element 0 and a largest element
1, then every a € L such that 0 < a is called an atom and every b € L such that
b < 1 is called a coatom. We denote the finite lattices such that every atom is a
coatom by M;, where i denotes the number of atoms (coatoms).

DEFINITION 1.9. Let L = (L, A, V) be a lattice. We say that L is

(1) modular if z < z implies z V (y A z) = (x Vy) Az for all z,y,z € L,
(2) distributive if z A (yV z) = (x Ay) V (z A 2) for all z,y,z € L.

DEFINITION 1.10. Let L = (L, A, V) be a lattice. We say that L is a complete
lattice if there exist inf X and sup X for every X C L. Usually, we denote inf X
by A X and sup X by \/ X.

DEFINITION 1.11. Let L = (L, A, V) be a complete lattice. An element a € L
is called compact if for all X C L the following holds: if a < \/ X, then a < \/Y
for some finite Y C X. L is called algebraic if every element of L is the join of a
set of compact elements of L.

LEMMA 1.12. (cf. [29, Lemma 4.49(iii)]) Let L be an algebraic lattice. If
x,y € L such that x < y, then there exists a,b € L satisfying x < a < b < y.

In a lattice L by I[a,b] we denote the set {x € L|a < x < b} and call it an
interval or quotient. The sublattice of L whose universe is I[a, b] will be denoted
by I[a,b]. When an interval I[a, b] contains only a and b we call it a prime interval
or prime quotient.

DEFINITION 1.13. Let L = (L, A, V) be a lattice and let a,b,c,d € L.

(1) The interval I|a,b] transposes up to I[c,d] if a =bAcand d =bVec. We
write I]a,b] /" I[c,d].
(lw) The interval I[a, b] weakly transposes up to I[c,d] if a =b A c and b < d.
We write I]a,b] /., I[c,d].
(2) The interval I]a,b] transposes down to I[c,d] if c=aAdand b=aVd.
We write I[a,b] \, I[c,d].
(2w) The interval I[a, b] weakly transposes down to I[c,d] if ¢ < a and b = aVd.
We write I]a,b] \, ,I|[c,d].
We say that intervals I[a, b] and I[c,d] transpose if either (1) or (2) is true, and
that I[a, b] and I[c, d] weakly transpose if either (1w) or (2w) is true. The intervals
I[a,b] and I[c, d] are projective (weakly projective) if there exists a finite sequence

I[a,b] = I[co, do], I[c1,dn], ..., I[cn,d,] = I]c,d]

in L such that I[c;,d;] and I[c;y1,d;11] transpose (weakly transpose) for all i €
{0,...,n —1}. We write I[a,b] e~ I[c,d] (I[a,b] e~ I[c,d]).
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Note that « is the smallest equivalence relation that contains . The
following lemma makes a connection between these two concepts of projectivity.

LEMMA 1.14. (cf. [16, p. 171, Lemma 1]) Let L be a lattice and let a,b,c,d €
L such that a < b and ¢ < d. Then the following conditions are equivalent:
(1) I[a,b] e~y I[c,d]
(2) There is an n € N and there are quotients

Ta,b] = I{eo, dol, Tchy db], Tler, dal, T[ch, L] .. ., Tlew, du] = T[c, d

in L such that I[c;,d;] and I[c,, d}] transpose, and I[c;, d}] is a subinterval

79 Y (R ad)

of I[ciy1,dis1] for alli € {0,...,n—1}.

DEFINITION 1.15 (G.Grétzer, E. T. Schmidt). Let us call a lattice L weakly
modular if for every two weakly projective intervals I[a,b] and I[c,d] of L there
exists a proper subinterval I[c/, d’] of I[c,d] such that I[¢, d'| e~ I[a,b].

PROPOSITION 1.16. (cf. [16, p.176. Corollary 9]) Every modular lattice is
weakly modular.

DEFINITION 1.17. Let L = (L, A, V) be a complete lattice. An element a € L
is called strictly meet irreducible if a < A{x € L|a < x}. We define a™ := \{z €
Lla < x}. An element b € L is called strictly join irreducible if \/[{zx € L |z <
b} < b. We define b~ := \/{z € L|x < b}.

Clearly, we have a < a™ and b~ < b for every strictly meet irreducible element
a and every strictly join irreducible element b in a lattice L.

PropoSITION 1.18. (cf. [29, Theorem 2.19]) In an algebraic lattice, every
element is the meet of a set of strictly meet irreducible elements.

We shall work mostly with finite lattices. In finite lattices strictly meet irre-
ducible elements and meet irreducible elements are the same. We call an element
a of a lattice L meet irreducible if a # 1 and

a=bAcimpliesa=bora=c

for all b, c € L. Dually, we define join irreducible elements and they are precisely
strictly join irreducible elements in finite lattices.

DEFINITION 1.19. Let Ly = (L1, A1, V1) and Ly = (Lg, Ag, Vo) be two lattices.
A bijective mapping f : L1 — Lo is called an isomorphism if
flxnry) = f(x) A2 f(y)
flzVviy) = f(z) V2 f(y)
for all z,y € L.

DEFINITION 1.20. Let L be a lattice. We say that L satisfies the descending
chain condition if, given any sequence xy > x9 > --- > x, > ... of elements of
L, there exists a k € N such that o = x40 = ... ...
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2. Congruences and Ideals

DEFINITION 2.1. Let A be an algebra. A binary relation # on A such that
(R) z =¢ z (reflexivity)

(S) = =y y = y =p = (symmetry)
(T) 2 =gy Ny =9 2 => = =¢ 2z (transitivity) for all z,y,z € A and
(C) if f is n-ary operation of A and x1 =g y1, ..., Ty =g Ypn then f(z1,...,2,) =g

fa, .. yn) forall zq, ... 20, y1, ..., yn € A (compatibility)

is called a congruence of A. By Con A we denote the set of all congruences of A.

All nontrivial algebras have at least two congruences: by 0o we denote the
equality relation (the smallest element in Con A) and by 15 we denote the full
relation on the domain (the largest element in Con A)). We omit the indices when
the algebra is clear from the context. We say that an algebra A is simple if 0,1
are the only congruences of A.

As it is mentioned in [19, p.25] to check whether an equivalence relation is a
congruence of a given algebra A it is enough to check whether is it compatible
with unary polynomials of A.

Let A be an algebra and k € Ny. A function f : A¥ — A preserves a
congruence « of A if for every a,b € A* such that a =, b we have f(a) =, f(b).
The function f is congruence preserving if it preserves all congruences of A. Let
us note that every constant function is a congruence preserving function.

In an algebra A for x,y € A* we denote the congruence generated by
{(xD, y@)|i € {0,...,k — 1}} by Oa(X,y). A congruence that is generated
by a single pair in A? is called a principal congruence of A (see [13, Defini-
tion 5.6]). In Mal’cev algebras, we have a useful characterization of congruences
generated by a pair of vectors:

PROPOSITION 2.2. Let k > 1 and let A be a Mal’cev algebra. If a,b € AF,
then

©a(a,b) = {(p(a),p(b))|p € Pol,A}.

Proof: Let m be a Mal'cev term of A and 6 := {(p(a),p(b))|p € Pol,A}.
We have to prove Oa(a,b) = . First, we show that # is a congruence of A.
Clearly, (a®,b®) € @ for all i € {0,...,k — 1}, because the projections ; are
k-ary polynomials. All constant functions can be seen as k-ary polynomials and
therefore 6 is a reflexive relation. To show symmetry, suppose that (p(a),p(b)) €
6, where p € Pol,A. We define ¢ € Pol;A such that ¢(x) := m(p(a), p(x), p(b)).
Then (g(a),q(b)) € 6. Hence, (p(b),p(a)) € 6. Now we show the transitivity.
Let (p(a), p(b)), (¢(a),q(b)) € 0 where p,q € Pol A such that p(b) = g(a). We
define r € Pol, A such that r(x) := m(p(x),q(a),q(x)). Then (r(a),r(b)) € 6
and hence (p(a),q(b)) € 6. Composition of a unary and a k-ary polynomial is a
k-ary polynomial and thus € is a congruence of A. Hence, O (a,b) C 6. Now,
let p € Con A be such that (a® b®) € p for every i € {0,...,k — 1}. Then
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by compatibility we have (p(a),p(b)) € p for all p € PolyA. Hence § C p and
therefore # C O (a,b). O

Let A be an algebra. For every «, € Con A, we define aV 3 to be the smallest
congruence of A that contains o U . By [13, Theorem 5.5, (Con A, N, V) is an
algebraic lattice. Mal’cev algebras are congruence permutable by [13, Theorem
12.2]. Hence, in Mal’cev algebras we have ooV 3 = v o 3 for every «, § € Con A.
We say that an algebra A is congruence modular if the lattice Con A is modular.
The following characterization we use in Lemma §3.1.17.

PROPOSITION 2.3. (Gumm) Let V be a variety. Then V is modular if and
only if there exist terms p and qq, . . ., q, for some n € N such that in every A € V
the following is true:

(1) qo(,y, 2) = ;

(2) ¢i(z,y,2) = fori <n;

(3) qz(iﬁ Y, y) = i1 (2, y,y) fori even;
(4) ¢(z,2,y) = g1 (z, 2, y) fori odd;
(2) Gn (x,y y) =p(z,9,9);

(6) p(z,z,y) =y
for every x,y,z € A.

Proof: See [14, Theorem 6.4]. O

DEFINITION 2.4. Let V be an expanded group. A subset I of V is an ideal
of V if I is a normal subgroup of V, and for all £ € N, for all k-ary fundamental
operations f of V, and for all v € V¥ and i € I*, we have

f(v+1i)— f(v) el
The set of all ideals of V is denoted by Id V.

Clearly, Id'V has at least two elements: 0 and V', in every expanded group
V. If Id V has exactly two elements, we say that V is a simple expanded group.
Modules and rings are called simple if they are simple as expanded groups.

We say that a ring R is primitive if there is a simple R-module M such that
RM ={f,(m)|re Rym &€ M} # {Om}.

PROPOSITION 2.5. FEvery finite primitive ring is simple and has an identity
element.

Proof: The statement can be obtained directly from [36, Theorem 19, p.64]. O
A useful fact linking ideals with polynomial functions is given in the following
proposition.

PROPOSITION 2.6. Let 'V be an expanded group. A subset I of V' is an ideal
of V if and only if for all a,b € I and for all p € PolyV with p(0) = 0 we have
a+bel andpla) € 1.
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Proof: See [31, Theorem 7.123]. O

In an expanded group V, we define I + J :={i+j|i € I,5 € J} for every
I,J €1dV. One can easily show that I+ is the smallest ideal of V that contains
both I and J. Furthermore, (Id V,N,+) is an algebraic lattice isomorphic to
(ConV,N, V) and the isomorphism 7y : Id V. — ConV is given by

wl):={(z,y) [z -y e}

for every I € Id V. Thus, for I € Id'V and for a,b € V such that a =, ) b we
shall write a =; b.

3. Binary Commutators

In this section we recall the definition of the binary commutator and its im-
portant properties in universal algebras (cf. [19, 29]). We also give a proof of
Gumm’s result (Proposition 3.11) as a model for several proofs of our results in
Chapters 2 and 3.

In [3, Proposition 2.1, Proposition 2.3] a proof is stated that the centralizing
relation defined in [29] is the same as the following centralizing relation:

DEFINITION 3.1. Let «, 8,1 be congruences of an algebra A. We say that «
centralizes 3 modulo n, written

C(a, B;m),

if for all n > 1 and every p € Pol,;1A, a,b € A such that a =, b and ¢,d € A"
such that ¢ =5 d we have

p(a,c) =, p(a,d) implies p(b, c) =, p(b,d).

It follows immediately from the definition that for congruences «, 3, {n;|i €
I} of an algebra A, we have: if C(«, 3;n;) for each i € I, then

Cla, B; \ m).
el

This justifies the following definition.

DEFINITION 3.2. Let A be an algebra. For congruences o and 3 of A we
define their commutator, denoted [«, 3], to be the smallest congruence n of A
for which « centralizes 8 modulo n. The centralizer of 8 modulo «, denoted
(v = B)a, is the largest congruence 7 such that + centralizes § modulo a. We
omit the subscript when the algebra is clear from the context.

ExAMPLE 3.3. Let M = (M, +, —,0, R) be an R-module and let us calculate
[1,1]. One can easily show, using inductive arguments, that for every n € N and
every polynomial p € Pol,M there exist « € M and rq,...,r,_1 € R such that

p(zoy -y Tn1) = fro(wo) + -+ 4 fr,_ (1) +
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for all xg,..., 2,y € M. If for k >0, a € M, u,v € M* and p € Pol, . 1M
we have p(a,u) = p(a,v), then p(b,u) = p(b,v) for every b € M. This yields
C(1,1;0) and therefore [1,1] = 0.

Let a, B,m € ConA. The following properties can be shown directly from the
definition of centralizers and commutators:

(BC1) [a, B] < a A f3;
(BC2) for all v,d € Con A such that o <, < §, we have
[, 8] < [, 9];
Furthermore, in [3, Proposition 2.4, Proposition 2.5] it has been proved that if
A generates a congruence permutable variety, then, we have:

(BC4) [a, 8] = [3, af;
BC5H) [a, 8] < nif and only if C(a, 3;n);

(BC5)
(BC6) If n < av, B, then in A/n, we have [a/n, B/n] = ([a, B8]V n)/n;
(BC7) If I is a nonempty set, and {p;|i € I} € ConA, then: \/,. (o, pi] =

[, Vi pi] and similarly Ve flps, 5] = Ve pi: 8],
One can see that (BC4), (BC5), (BC6) and (BCT7) are corollaries of results
(HC4), (HC5), (HC6) and (HCT7) shown in Chapter 2.

LEMMA 3.4. Let k € N, let A be an algebra with a Mal’cev term m, let
a,B € ConA and let p € PolbA. If [a,3] = 0 and a,b,c € AF such that

a=,b=sc, then we have
m(p(a), p(b),p(c)) = p(m(a), bW, M), m(@® b® *)).
Proof: The statement can be obtained directly from [3, Proposition 2.6]. O

LEMMA 3.5. Let A be an algebra with a Mal’cev term m, let o, 3 € Con A
and let 0,a,b € A. If o, 8] =0 and a =, b =5 0, then we have

m(m(a,b,0),0,b) =
Proof: Using Lemma 3.4 we obtain
m(m(a,b,0),0,b) = m(m(a,b,8),m(b,b,8),m(b,0,0))
= m(m(a,b,b),m(b,b,8),m(6,0,0)) =m(a,d,0) =
O

LEMMA 3.6. Let k € N, let A be an algebra with a Mal’cev term m, let 6
be an arbitrary element of A, and let a,b € A*. Take any p € Pol,A and let
a€ ConA. Ifploja =0, a=,b and [o,1] = 0, then p(a) = p(b).

Proof: The statement can be obtained from [3, Proposition 2.8.(1)] for § = 1. O

LEMMA 3.7. Let A be an algebra with a Mal’cev term m, let a, 3 € Con A
and let 6,a,b € A. If [, 3] =0 and a =, b =3 0, then we have

m(a,b,0) = m(a,0,m(0,b,0)).
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Proof: Using Lemma 3.4 we obtain
m(a,b,0) = m(m(a,0,0),m(6,0,b),m(6,0,0))
=m(m(a,0d,0),m(0,0,0),m(0,b,0)) =m(a,0,m(0,b,0)).

We say that f: A¥ — A, k > 1, is a commutator preserving function of A if
f is congruence preserving function of A and for every two congruences «, 3 of
A we have [a, f]a = [, B]a+f, where A 4 f denotes the algebra obtained from
A by adding the function f as a fundamental operation.

LEMMA 3.8. (cf.[6, Lemma 2.6.]) Let k € N, let A be an algebra with a
Mal’cev term m, and f a mapping A¥ — A. If we define

pla, B,m,m) = {(a,b,c,d) € A*|a =, b,b =5 c,m(a,b,c) =, d},
for every a, 3,n € Con A, then the following are equivalent:

(1) f is a commutator preserving function of A
(2) f preserves all congruences of A and relations from the set

{p(r,3,m,m) |, 8,n € Con A, C(ax, B;m) }-

LEMMA 3.9. (cf.[6, Lemma 2.4.]) Let A be an algebra with a Mal’cev term
m, and o, 3,m € Con A. Then the following are equivalent:

(1) Every f € Pol A preserves p(«, 3,1, m).
(2) « centralizes 3 modulo 7.

The rest of this section is devoted to some special classes of algebras whose
congruence lattices satisfy additional properties with respect to the binary com-
mutator operation.

DEFINITION 3.10. (cf.[2, p. 106.]) An algebra A is called T'C-neutral (neutral
with the respect to the term condition commutator) if (o, 3] = a A B for all
a, 3 € ConA.

We say that an algebra A is abelian if [1,1] = 0. Abelian algebras are char-
acterized by the following theorem.

PROPOSITION 3.11 (Gumm). Suppose that a variety V has permuting con-
gruences. For A €V the following are equivalent.

(1) A is Abelian.

(2) A is polynomially equivalent to a module over a ring.

Proof: Let m be a Mal'cev term for V. Since (2)=(1) is already proved in
Example 3.3 it remains to prove (1)=(2). Suppose that A is Abelian. Our task
is to construct a module polynomially equivalent to A.
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We choose an arbitrary element of A, write it as 0, and hold it fixed throughout
the argument. Then we put

x4y =mh(z,0,y)
—2 :=m*™(0,,0).
In order to establish that we have defined a commutative group (A, +, —,0),

we use several times the facts that m® commutes with itself, by Lemma 3.4, and
obeys Mal’cev conditions. Let x,y,z € A. Then we have:

r+0 = A(a: 0,0) = x;
z+y = m*m™0,0,z),m*(0,0,0), m*(y,0,0))
m®(m*(0,0,y),m*(0,0,0),m*(z,0,0)) =y + ;
T+ (—z) = A(mA(x 0,0),mA(x,x, O),mA(O,x,O))
= A( A(a: x,O),mA(O,:c,x),mA(O,O,O)) =
(z+y)+2z = m*m*(z,0,y),m*(0,0,0), m*(0,0, 2))
= mA(m*(z,0,0),m*(0,0,0),m*(y,0,2)) =z + (y + 2)

The ring we need is easily defined. We put
R :={r € Pol;A |r(0) = 0}.
For r,;s € R, we define
(r+s)(z) :=r(x) + s(x) for all z € A.

Now, (R,+) is an Abelian group. Clearly, R is closed under usual composition
of functions denoted by o and o is right distributive with respect to +. Again,
by Lemma 3.4 we have that every r € R commutes with m”. Hence, r(z + y) =
r(mA(z,0,y)) = mA(r(z),r(0),r(y)) = r(z) +r(y) for every z,y € A and r € R.
One can easily show that o is left distributive with respect to +. We obtain that
R = (R,+,0,—,0,id4) is a ring with identity, where the unary polynomial o is
the constant with value 0. Thus, we have an R-module M = (A, 4+, —,0,R). It
is easy to see that Pol M C Pol A because the fundamental operations of M are
polynomial operations of A. Let us show that PolA C PolM. Let f € Pol A.
Then g(x) := f(x) — f(0,...,0) defines a polynomial operation of A. Now,
g(0,...,0) = 0 and by Lemma 3.4, g commutes with m”. Therefore

g(fﬂo + Yoy -+ Tp-1 + yn—l) = g(x07 s 7xn—1) + g(yOa s 7yn—1)7
for all z;,y; € A. An obvious inductive argument then gives that
9(wo, .-y Tn-1) = 1o(T0) + -+ 101 (Tn1)

where
ith

ri(z) = g¢(0,...,0, %,0,...,0)
and r; € R. This completes the proof. O
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PROPOSITION 3.12. Suppose that Con A has a sublattice isomorphic to My
consisting of permuting congruences. Then A is abelian.

Proof: See [29, Lemma 4.153, p.254]. O

DEFINITION 3.13. (cf. [14]) Let A be an algebra. We say that A is k-step
nilpotent or nilpotent of class k if

We say that A is nilpotent if it is k-step nilpotent for a k € N.
Clearly, a 1-step nilpotent algebra is abelian.

LEMMA 3.14. (cf.[14, Corollary 7.4]) Let A be a nilpotent Mal’cev algebra
with Mal’cev term m, and let b,c € A. Then the function x — m(z,b,c) is a
bijection.

LEMMA 3.15. (cf.[25, Theorem 2.7]) A congruence modular variety generated
by a nilpotent algebra is congruence permutable.

In [22], the condition (SC1) has been isolated as an important condition in
describing polynomials in a certain class of algebras.

DEFINITION 3.16. A finite algebra A in congruence modular variety satisfies
the condition (SC1) if (u : u™) < p' for every strictly meet irreducible congruence
wof A.

DEFINITION 3.17. (cf. [3, Definition 1.1]) A Mal'cev algebra A is called a
central-by-simple-nonabelian algebra if A has a congruence v # 15 such that
A/~ is simple, [1,1] =1 and [v,1] = 0.

4. Commutator Ideals in Expanded Groups

DEFINITION 4.1. (cf. [34]) Let V be an expanded group, and let A, B be
ideals of V. We define the commutator ideal [A, Bly, as the ideal of V that is
generated by

{p(a,b)|a € A,b e B,p € Poly(V),p(z,0) = p(0,z) =0 for all x € V'}.

LEMMA 4.2. Let V be an expanded group, let A, B be ideals of V, k € N, ¢ €
Poly41V such that c(z,0) = ¢(0,y) =0 for allz € V,y € V¥ and a € A,b € B*.
Then, c(a,b) € [A, B].

Proof: We proceed by induction on k. The case k& = 1 is obvious from the
definition. Now we assume k > 2. Defining
p(z,y) == c(z,by,. .., bg_1,y) — c(x, by, ..., br_1,0),

we see that p(a,by) € [A, B]. By the induction hypothesis also ¢(a, by, ..., bx_1,0)
is in [A, B]. So p(a,by)+c(a, by, ..., bx_1,0), which is ¢(a, by, . .., by), is contained
in [A, B]. O
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Analogously, we can prove that p(a,b) lies in [A, By, if a € AF, b € B*,
p € Poly;(V), and p(0,y) = p(x,0) = 0 for all x,y € V*.

PROPOSITION 4.3. Let 'V be an expanded group, and let A, B be ideals of V.

Let o :== v(A) and B = ~(B) be the congruences corresponding to A and B,
respectively. Then, [a, 5] = v([A, B)).

Proof: See [6, Lemma 2.9]. O

DEFINITION 4.4. Let V be an expanded group. For two ideals A, B of V, we
write Cy (A : B) for the largest ideal of V that satisfies [B, C]y, < A; this ideal
is called the centralizer of B modulo A.

The following proposition is the consequence of Propositions 2.2 and 6.1 in
[5], but here, we give a direct proof.

PROPOSITION 4.5. Let V be an expanded group, and let A, B,C, D be ideals
of V such that A < B and C < D. We assume that the intervals I[A, B] and
I[C, D] are projective. Then, Cyv (A: B) = Cy (C : D).

Proof: We consider I[A, B] /' I|C, D] without lost of generality. We show that
for each ideal X of V, we have [X, D]y, < C if and only if [X,B];, < A. To
prove the “if”-direction of this statement, we compute [X, D]y, = [X, BV Cly,
which, by the distributivity of the commutator with respect to joins, is equal
to [X,B]y V [X,C]y and hence [X,D]y, < AV C = C. In order to prove
“only if”, we observe that [X, Bly, < [X, D]y, and hence [X, B]y, < C. Thus,
X,Bly <CANB=A. O

DEFINITION 4.6. (cf.[5]) An expanded group V satisfies the condition (SC1)
if for every strictly meet irreducible ideal M of V we have (M : M) < M.

5. Tame Congruence Theory in Mal’cev Algebras

In this section we introduce the fundamental notions of tame congruence
theory (cf. [19]). In this sense Mal'cev algebras have a simple local structure
that is completely determined by binary commutators.

DEFINITION 5.1. Let A be an algebra, let 6 € Con A, let ) # U C A and let
h:A™ — A. We define:

(1) Oy :==60Nn (U xU);

(2) hly = hlpn == {(zo, ..., Tp_1, h(x0, . .., T0 1)) (X0, .y Tpq) € U™}

(3) (Pol A)|y is the set of all h|y such that h € Pol, A for some n € N and
h(U™) CU;

(4) Aly == (U, (Pol A)|y), called the algebra induced on U by A (or an
induced algebra of A).

DEFINITION 5.2. Let A be a finite algebra and let o < /3 be two congruences of
A. We define Ua (a, ) to be the set of all sets of the form f(A) where f € Pol; A
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and f(5) € a. We define Ma(c,3) to be the set of all minimal members of
Ua(a, B); ie., U € Ma(a,3) if and only if U € Ua(e, ) and there does not
exist a V' € Ua(a, B) with V C U, V # U. The members of Ma(«, 3) are called
(o, B)-minimal sets of A.

DEFINITION 5.3. A finite algebra C will be called minimal relative to its
congruence quotient (0,0), or simply (, #)-minimal, if C' € Mc(0,0).

A finite algebra C is called minimal if C is (O¢, 1¢)-minimal, or equivalently,
|C| > 1 and every nonconstant f € Pol;C is a permutation of C'.

THEOREM 5.4 (P.P.Pélfy). Every minimal algebra of at least three elements,
that has a polynomial operation which depends on more than one wvariable, is
polynomially equivalent to a vector space over a finite field.

Proof: See [19, Theorem 4.7]. O

LeEMMA 5.5 (D. Hobby, R. McKenzie). Fvery algebra on the two element
domain {0, 1} is polynomially equivalent to one of the following, no two of which
are polynomially equivalent: Ey = ({0,1}), E; = ({0,1})), E; = ({0,1},+4),
E; = ({07 1}? v, /\’/ )7 Es = ({07 1}7 Vv, /\)7 Es = ({07 1}7 \/); Eq = ({07 1}7 /\)'

Proof: See [19, Lemma 4.8]. O

The algebras E; and Eg are isomorphic, and every algebra isomorphic to one
of them is called a two-element semilattice. An algebra is a two-element lattice
or Boolean algebra if it is isomorphic to Ey (or to Es, respectively).

DEFINITION 5.6. Let M be a minimal algebra.

(1) M is of type 1 or unary type, if PolM = Pol(M,1I) for a subgroup IT of
the group of all permutations on set M.

(2) M is of type 2 or affine type, if M is polynomially equivalent to a vector
space.

(3) M is of type 3 or Boolean type, if M is polynomially equivalent to a
two-element Boolean algebra.

(4) M is of type 4 or lattice type, if M is polynomially equivalent to a two-
element lattice.

(5) M is of type 5 or semilattice type, if M is polynomially equivalent to a
two-element semilattice.

Now as a consequence of Theorem 5.4 and Lemma 5.5 we obtain the full
classification of minimal algebras in the following corollary.

COROLLARY 5.7. If a finite algebra is minimal, then it is of one of types 1-5.

DEFINITION 5.8. Let C be an algebra and 4,6 € Con C such that C is (4, 6)-
minimal. By a (d,6)-trace in C we mean any set N C C of the form x/6 such
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that /6 # z/§. The body and the tail of C (with respect to (9, 6)) are defined
in this way:
body = | J{=/0|=/6 # x/3},
tail = C'\body.
DEFINITION 5.9. Let A be an algebra and «, § € Con A such that a < 3. By
an (a, B)-trace of A we mean any set N C A such that for some U € Ma(«, 3),
N CU and N is an {(a|y, B|v)-trace of the (a|y, B|y)-minimal algebra Aly (i.e.,

N =z/6NU for some x € U such that x/FNU < z/a). The body and the tail
of A (with respect to (a|v, 8|v)) are defined in this way:

body = | J{z/8NU|2/8NU ¢ x/a},
tail = C'\body.
DEFINITION 5.10. Let C be an algebra and 0,6 € ConC such that C is

minimal relative to (0,6). Let i € {1,2,3,4,5}. We say that C has type i relative
to (9, 0) if for each (4, 0)-trace N, (C|y)/(d|n) is minimal algebra of type i.

THEOREM 5.11 (D. Hobby, R. McKenzie). In every finite algebra A that is
minimal with respect to its congruence quotient {a, 3), all {(«, 3)-traces induce
minimal algebras of the same type.

Proof: See [19, Theorem 4.23, Definition 4.21]. O

DEFINITION 5.12. Let A be an algebra, a, 3,7, A € Con A such that a < 3
and let U € Ma (v, 3). We define the type of («, 3), written typ(«, 3), to be the
type of Ay relative to (a|y, Blv). By typ{v, A} we denote the set {typ(«, ) |y <
a < <~} By typ{A} we denote the set typ{04,14}. By typ{V} we denote
the set J{typ{A}| A € V}.

THEOREM 5.13 (D. Hobby, R. McKenzie). Let V be a locally finite variety.
If V is congruence permutable then typ{V} € {2,3}.

Proof: See [19, Theorem 9.14(1)]. O
COROLLARY 5.14. Let A be a finite Mal’cev algebra. Then typ{A} € {2,3}.

Proof: Since A is finite, V(A) is a locally finite variety by [13, Theorem 10.16].
By Theorem 5.13 we have typ{V(A)} € {2,3}. Clearly, typ{A} € {2,3}. O

THEOREM 5.15 (D. Hobby, R. McKenzie). Let A be a finite Mal’cev algebra
and let o, 5 € Con A be such that « < 3. Then, («,3) has type 2 if and only if
it 15 abelian.

Proof: This is a consequence of Corollary 5.14 and [19, Theorem 5.7(3)]. O

In case of a type 2 quotient o < (3 in an algebra A, we define subtyp(c, (3) to be
the cardinality of the scalar field for the appropriate vector space. If typ(a, 3) =
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3 then subtype(a, ) = (. Furthermore, by exttyp(a, 3), we denote the pair
(typ(e, B), subtyp(e, §)).

In the case of type 2 for congruences o and (8 of a given algebra A, o < 3,
we define subtyp(c, 3) to be the cardinality of the scalar field for the appropri-
ate vector space. If typ(a,5) = 3 then subtype(a,3) = 0. Furthermore, by
exttyp(c, 3), we denote the pair (typ(«, 3), subtyp(a, 3)).

Let A be an algebra from a congruence permutable veriety. We say that a
function f : A¥ — A is A-typ-admissible if f is a congruence preserving function
and for every «, 8 € Con A such that a < 3 we have typas (o, 3) = typa (e, 3).
We say that a function f : A¥ — A is A-exttyp-admissible if f is a congru-
ence preserving function and for every «a, 3 € Con A such that a < § we have

exttypa+f(a, B) = exttypa (a, 5).

6. Lattices With Special Properties

This section is devoted to one special class of complete lattices that we need
in the first section of Chapter 3. We first demonstrate some advanced properties
of homogeneous series in modular lattices which we then use to introduce and
characterize (APMI) lattices. The section ends with a collection of results that

are not needed for the rest of the thesis, but contribute to deeper understanding
of (APMI) lattices.

6.1. Homogeneous series in modular lattices. In this subsection, we
will investigate certain elements in modular lattices. In [5], homogeneous elements
of a bounded lattice played an important role.

DEFINITION 6.1. Let L be a bounded lattice. We call an element p of L
homogeneous if
(1) p>0,
(2) for all o, 3,7, € L with o < 8 < pand v < 6 < p, the intervals I]«, []
and I[y, ] are projective intervals of L, and
(3) there are no a, 3,7,0 € L such that « < f < u <~ <4, and I]o, 5] and
I[v,d] are projective.

It is not hard to show that this definition is equivalent to the definition of
homogeneous elements of finite lattices given in [5, Definition 7.1]. We recall that
an element p of L is called distributive if pV (a A B) = (uV a) A (pV 3) for all
a, 3 € L. For a lattice L, let D(L) denote the set of distributive elements of L.
In a modular lattice, D(L) is closed under joins and meets, and therefore, it is
the universe of a sublattice of L (this follows from [16, p. 187, Theorem 6, and p.
188, Theorem 9]). From [16, p. 176, Corollary 9] and [16, p. 186, Theorem 5, and
p. 187, Theorem 6] we obtain that in a modular lattice L, we have aV (6 A7) =
(aVB)A(aVy)and a A (BVy) = (aAB)V (aAy)if at least one of a, 3,7 lies
in D(L).



6. LATTICES WITH SPECIAL PROPERTIES 23

THEOREM 6.2 (G.Grétzer, E. T. Schmidt). In a weakly modular lattice L, an
element a € L is distributive if and only if

(aVz)N(xVy AN(yVa)=(aNz)V(zAy)V (yAa)
for all x,y € L.
Proof: See [16, p. 187, Theorem 6]. O

COROLLARY 6.3. In every modular lattice every distributive element is dually
distributive.

Proof: Every modular lattice is weakly modular by Proposition 1.16. One can
easily see that the necessary and sufficient condition for distributivity in Theorem
6.2 is selfdual. O

LEMMA 6.4. (cf. [8, Lemma 7.3]) Let L be an algebraic modular lattice. Then
every homogeneous element of L is distributive.

DEFINITION 6.5. Let L be an algebraic modular lattice with |L| > 1, and let
n € N. A sequence (ap, aq, ..., q,) is a homogeneous series for L if

(1) for each ¢ € {1,...,n}, a; is a homogeneous element of the lattice
I[ai_l, 1], and
(2) a9 =0 and a,, = 1.

PROPOSITION 6.6. (cf. [8, Proposition 7.5]) Let L be an algebraic modular
lattice with |L| > 1, let n € N, and let (o, ..., ay,) be a homogeneous series of
L. Then for alli € {0,...,n}, a; is a distributive element of L.

ProOPOSITION 6.7. (cf. [8, Proposition 7.8]) Let L be an algebraic modular
lattice with |L| > 1. We assume that L has a homogeneous series (v, ..., 0p).
Let m € N, and let By, ..., Bn € D(L) be such that By < 1 < -+ < Bpm. Then

the following are equivalent:

(1) The sequence (Bo, - - ., Bm) is a homogeneous series of L.
(2) The sequence (o, ..., 0m) is a mazimal chain in the lattice D(L).

6.2. Modular lattices with adjacent projective meet irreducible el-
ements.

DEFINITION 6.8. Let L be a complete lattice. We say that L has adjacent
projective meet irreducibles if for all strictly meet irreducible elements «, 5 of L

such that I, at] e~ I3, 7], we have o = 7.

As an abbreviation, we say that L satisfies the property (APMI) if it has
adjacent projective meet irreducibles. As an example, we consider the following
lattice L = M, 3, which satisfies (APMI).
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M 3 satisfies (APMI)
We note that the dual of this lattice does not satisfy (APMI).

The following proposition provide us with a class of (APMI) lattices.

PROPOSITION 6.9. (cf. [8, Proposition 8.2]) Let V be an expanded group with
(SC1). Then the congruence lattice of V satisfies the property (APMI).

We will now see that several facts that were established in [22] for the con-
gruence lattice of an algebra with (SC1) hold for all algebraic modular lattices
with (APMI).

PROPOSITION 6.10. (cf. [8, Proposition 8.3|) Let L be an algebraic modular
lattice with (APMI), and let a, B be strictly join irreducible elements of L. We
assume I[a~, a] e~ I[37, 0] and o < 3. Then a = 3.

PROPOSITION 6.11. (cf. [8, Proposition 8.4]) Let L be an algebraic modular
lattice with (APMI), and let o, B, be strictly join irreducible elements of L such
that Ila~, a] «~ I[37, 5], and f < . Then we have a < 7.

For a lattice L, we abbreviate the set of strictly join irreducible elements of
L by J(L). For o, 8 € J(L), we define a relation ~ by

an~ e Ia o] e~ I[67, 0]
On J(L)/~, we define a relation < by
< ={(a/~, B/~)|a,p € J(L) and a < 3}.

Hence, we have a/~ < [/~ if there are o, 3’ € J(L) such that o/ ~ «, 3’ ~ 3,
and o < 3.

PROPOSITION 6.12. (cf. [8, Proposition 8.5]) Let L be an algebraic modular
lattice with (APMI). Then < is a partial order on J(L)/~.

Following [16], we call a lattice L atomic if it has a 0, and for every a € L\ {0}
there is a v € L such that 0 < v < a.

PROPOSITION 6.13. (cf. [8, Proposition 8.6]) Let L be an atomic algebraic
modular lattice with (APMI), and let o € J(L) be such that o/~ is a minimal
element of (J(L)/~,<). Then every o’ € a/~ is an atom of L.

The next Proposition yields that in a modular lattice of finite height with
(APMI), the partially ordered set (J(L)/~, <) contains a minimal element.
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PROPOSITION 6.14. (cf. [8, Proposition 8.7]) Let L be a modular lattice with
(APMI) of finite height n, and let oy, ..., ap, € J(L) be such that
apf~ < agfe < e < gy [
Then m < n.

PROPOSITION 6.15. (cf. [8, Proposition 8.8]) Let L be an algebraic modular
lattice with (APMI) that satisfies the descending chain condition. We assume
that o € J(L) is such that oo/~ is a minimal element of (J(L)/~,<). Let u be
the element of L defined by

= \/{B15€a/~}.
Then p is a homogeneous element of L.

For an element p of a complete lattice L, we define

(1) ::u/\/\{aGL|a—<,u}.

PROPOSITION 6.16. (cf. [8, Proposition 8.9]) Let L be a modular lattice of
finite height that satisfies (APMI). Then L has a homogeneous element. Further-
more, for every homogeneous p € L, 1[0, p] is a simple complemented modular
lattice, and ®(u) = 0.

We note that the structure of simple complemented modular lattices with
finite height is well known by [29, Theorem 4.87].
For an element p of a complete lattice L, we define

w ::\/{&€L|a/\u20}.

PROPOSITION 6.17. (cf. [8, Proposition 8.10]) Let L be a modular lattice
of finite height with (APMI), and let u be a homogeneous element of L. Then
wAp* =0, and for all a« € L, we have a« > p or oo < VvV p*.

6.3. The Class of (APMI) Lattices. In this subsection we analyze the
class of (APMI) lattices in universal algebraic and first order logic sense. Since
the class is new we would like to know whether (APMI) property can be described
using identities or first order predicate formulas.

PROPOSITION 6.18. (a) The (APMI) property is not representable with
a set of identities on the language of bounded lattices A, V,0, 1.
(b) The class of (APMI) lattices is not closed for subdirect products.

Proof:

(a) It is not hard to see that the lattice L; obtained as the direct product
of the diamond M3 = ({0,a,b,c,1}, A, V) and the two element lattice
{0,1} = ({0,1}, A, V) is an (APMI) lattice. The lattice

L, = ({(070>’ (a70)7 <b7 0)7 (07 0)7 (170)7 (a7 1)7 (17 1)}7 N, \/)
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is a sublattice of L. The element (b,0) is (strictly) meet irreducible
and I[(b,0),(1,0)] is projective to I[(a,1),(1,1)], where (a,1) is also
(strictly) meet irreducible. Thus Ly does not satisfy the (APMI) prop-
erty. Then we conclude that the class of (APMI) lattices is not closed for
substructures and thus does not form a variety. By Theorem of Birkhoff
(see [29]) this is not an equational class.

(b) Since my(Ly) = M3 and ma(Ly) = {0,1} we conclude that Lo is a sub-
direct product of M3 x {0,1}. It is easy to verify that M3 and {0,1}
are (APMI) lattices and thus we obtain that a subdirect product of two
(APMI) lattices is not necessarily an (APMI) lattice. [

In order to investigate the behavior of this class under other class operators
such as the direct product, we first prove the following lemma.

LEMMA 6.19. Let I # 0 and let {L;|i € I} be a family of bounded lattices.
An element j € [],o; Li is a meet irreducible if pu(j) is meet irreducible element
of L; for precisely one j € I and pu(i) =1 fori# j.

Proof: If i # 1 is meet irreducible in ], ; L; then there is a j € I such that
p(j) # 1y,. If there exists an i,7 # j with this property then for k € {i,j} we

define:
pe(t) = { W?’ E;Z

It is clear that yo = p; Ap;. Contradiction. Let pu(j) be a meet irreducible element
of L; for precisely one j € I and (i) =1 for i # j. Since 1y, is meet irreducible
in every Ly, if (i) = (i) A B(i) for every i € I and o, f € [[,.; Li, we conclude
that y=aorp=05. U

Now, we can prove the following.

PROPOSITION 6.20. The class of (APMI) lattices is closed for arbitrary direct
products.

Proof: If € [[,c; Li, where L; satisfies the (APMI) property for every ¢ € I
and p* is the unique cover of y then p is meet irreducible. By Lemma 6.19 for
precisely one j € I, u(j) # 1p, and for this j, u(j) is meet irreducible in L;.
Now, 7 (7) is the unique cover of u(j), since ut is the unique cover of p.

Let o, 3 € [[,c; Li, o, B # 1 where L; satisfies the (APMI) property for every
1 € I, let o™ be the unique cover of @ and 3+ the unique cover of 3 such that
I[a, @] is projective to I[3, 51]. We proved above that there exist j, k € I such
that ot (i) = 1g,, for every i € I,i # j and ot (j) is the unique cover of a(j)
in L; and also, 57 (i) = 1y, for every i € I,i # k and 57 (k) is unique cover of
B(k) in L. Since o, § # 1 and I[a(i), o™ (i)] is projective to I[5(i), 5 (i)] in Ly,
for every i € I, while I, ] is projective to I[3, 3], we conclude that j = k.
Now, I[a(j),at(j)] is projective to I[3(j), 57 (7)] in L; and L; has the (APMI)
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property, thus a(j) = #7(j). That implies o™ = g+, while a* (i) = 1p, = 57(4),
foreveryi e I,i# 5. O

PROPOSITION 6.21. Class of (APMI) lattices is elementary class on the lan-
guage of bounded lattices.

Proof: Let us introduce the following notation.
(1) <(zr,y)=x<yn-z=yANM)(z<zAz<y=z=aVz=y))

(2) HUC(z,y) = (z <yA(Vz)(z <zA-(x=2)=y < 2)
(3) / (2,9, 28) = (< (A < () Ay Az =2) Ay 2 = 1)
4) \\ (zy, 2z, ) = (R (z, YA < (z, ) ANz At=2)AN(zVE=1y))
(5) T(z,y,2,t) =/ (2,5, 2,)V \ (2,9, 2,1)

Let

Oo(z,y, 2,t) = (Vo) (Vy) (V2)(VE) (HUC (x, 2) & HUC (y, 1) &T (x, z,y,t) = 2z = 1)
and
Op(x,y, 2,t) = (Vo) (Vy)(Vz) (Vi) (HUC(x, 2) NHUC(y, t)A

(Fur) ... Gug)(Fvr) ... Cue) (= (wg, v1) A A =< (g, v)A
T(x,z,uy,v) /\--~/\T(uk,vk,y,t)) =z :t>,

for every k > 1.

We will prove that the set of formulas {®@q, ..., Py, ... } together with formulas
which define bounded lattices is the set of formulas which determine the class of
(APMI) lattices.

Let L be a bounded lattice such that L = @ for every k > 0 and let py, g € L
be such that they have unique covers p, ug € L, such that py < pf, po < pg
and I[ur, i ] e~ I[pz, p3].

(1) I )f:[ul,uf] /" g, pig ] or Ilpa, g ] N Ipa, 3] then pf = gy, since
L = &,.
(2) If I{pg, uf](/ U N\)FI g, pg], for some k& > 0 then pf = ug, since
L | &.
In both cases the (APMI) property is satisfied.
Now, suppose that a bounded lattice L is an (APMI) lattice. Let & > 0. If

L HUC(z,2) NHUC(y,t)A
(Fuq) ... (Fug)(3Bvr) ... (Foe) (< (wg,01) A== A < (g, v)A
T(z,z,uy,v1) A ANT(ug, vg, y, t))

for some z,y, z,t then I[z, z] «~ I[y,t] which implies z = ¢t by (APMI), since z
is the unique cover of x and ¢ is the unique cover of y. Thus,

L HUC(z,2) NHUC(y,t)A
(Fuq) ... Gug)(3Fvr) ... (Fog) (< (ur,v1) A+ A < (g, vi)A
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T(Ia z,ul,vl) ARERRA T(Uk7vk,y>t)) =z =1
So, L = ®. Similarly, L = ®g. O

7. Polynomials and Clones

In this dissertation, we investigate polynomial functions on Mal’cev algebras.
In this section we provide precise definitions of various types of affine complete-
ness, clones and a few related notions.

Let £ € N. An algebra A is k-affine complete if every k-ary congruence
preserving function is a polynomial function. An algebra A is affine complete if
it is k-affine complete for every k, k > 1. Among a number of classes of affine
complete algebras, we will use affine complete M, (D)-modules to obtain the
results in Chapter 3.

THEOREM 7.1. Let k,m,n € N, let D be a finite field, let M, (D) be the
ring of n x n-matrices over D, and let D™ denote the M,,(D)-module of all

n x m-matrices with entries from D. Then, D™ s k-affine complete if and
only ifm>2or (k=m=n=1 and |D| =2).

Proof: See [8, Theorem 6.1(1)]. O

PROPOSITION 7.2. Let A be a finite TC-neutral Mal’cev algebra and let k > 2.
Then every homomorphic image of A is k-affine complete.

Proof: The statement can be obtained from [2, Proposition 2.1] and [2, Proposi-
tion 5.2]. O

On several occcasions we use the following two generalizations of affine com-
pleteness, that are introduced in [22]. An algebra A is k-polynomially rich if
every k-ary A-typ-admissible function is a polynomial of A. We say that A is
polynomially rich if it is k-polynomially rich for every & € N. Moreover, A is
k-weakly polynomially rich if every k-ary A-exttyp-admissible function is a poly-
nomial of A. We say that A is weakly polynomially rich if it is k-polynomially
rich for every k € N.

PROPOSITION 7.3. Let A be a finite Mal’cev algebra such that A and all
subdirectly irreducible members of H(A) satisfy the condition (SC1). Then, A is
weakly polynomially rich.

Proof: See [22, Theorem 24, Theorem 31]. O

The polynomial equivalence problem, also called identity checking problem
with constants, for a Mal’cev algebra A is the problem of deciding whether the
identity s ~ t is satisfied by A for given polynomial terms s and ¢ of A. Here, a
polynomial term is a term that is built up from variables and the elements of A
using the operation symbols of A.
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A clone on a set A is a collection of finitary functions on A that contains all
projections and is closed under all compositions. We investigate those clones that
contain all constant functions; such clones have been called constantive in [21].
We shall also call such clones polynomial clones. If F' be a set of polynomials of
an algebra A, we denote the clone generated by F' by Clo(F).

Using the language of clone theory, the question of classifying algebras modulo
polynomial equivalence can be rephrased as the question of describing all polyno-
mial clones on a finite set; so the above results mean that there are 7 constantive
clones on a two element set, and for |A| > 3, there are 2™ clones containing all
constant functions on A. A fundamental result in clone theory states that every
clone on A can be described by a set of finitary relations on A [32, Satz 1.2.1, p.
53]. In this dissertation we exhibit a class of clones such that each clone can be
described by a single relation.

In [21] it was proved that for a finite set A with |A| > 4 infinitely many
constantive clones on A contain a Mal’cev operation. Now given a finite set and
a Mal’cev operation on this set, one may ask in how many constantive clones
this operation is contained. For a prime p, there are precisely two constantive
clones on the cyclic group Z, with p elements that contain the ternary function
(z,y,2) — x -y~ - 2. On the cyclic group Z,,, where p and ¢ are two different
prime numbers, there are exactly 17 different constantive clones that contain the
binary group multiplication [6], and in general, on every finite group of squarefree
order, the number of constantive clones that contain the group multiplication is
finite [27]. In [10] it was shown that in the case of Z,2 and Z, X Z,, p a prime
number, there are countably many clones that contain the group multiplication
and all the constant operations. It is not known whether there exists a finite set
A such that there are uncountably many Mal’cev clones on A.

For k > 0, we denote the set of all k-ary polynomials on an algebra A by
Poli A, and we let Pol A := U;>oPol; A be the set of all polynomials on A. For
k > 1, we write Inv¥(A, Pol A) for the set of all at most k-ary relations on the set A
that are invariant under all polynomial functions of A, and we let Inv(A, Pol A) :=
Ur>1Inv¥(A, Pol A) be the set of all finitary relations that are invariant under
PolA. If R is a set of relations on A, we denote the set of all the operations on
A that preserve all relations from the set R by Comp(A, R). As a consequence of
(32, Satz 1.2.1, p. 53], if A is finite we have

Pol A = Comp (A, Inv(A, Pol A)).

This tells that polynomials of A are completely determined by the infinite set
Inv(A, Pol A) of relations on A. For many Mal’cev algebras, though, we can
actually give a finite subset R of Inv(A, Pol A) that describes polynomials. In
fact, it is not known whether the following conjecture is true.

Conjecture. For every finite Mal’cev algebra A there is a finite set R of
relations on A such that Pol A = Comp(A, R).
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By [32, p. 50] we know that for every finite set R of relations on a set A,
there is a single finitary relation p on A such that Comp(A, R) = Comp(A, {p}).
Hence the claim of the the conjecture is that for every finite Mal'cev algebra,
the polynomials can be described by one single relation. If this conjecture holds,
then it has two rather immediate consequences:

(1) On a finite set A, there are at most countably many constantive clones
that contain a Mal’cev operation. Hence, there is a countable list of finite
Mal’cev algebras such that every finite Mal'cev algebra is polynomially
equivalent to an isomorphic copy of one of the algebras in the list.

(2) There is no infinitely descending chain of constantive Mal’cev clones on
a finite base set.

We devote Section 3 of Chapter 3 to these questions. Actually, to test whether
an n-ary function is contained in Comp(A4, Inv(A, Pol A)) it is sufficient to check
whether f preserves all the relations of arity at most |A]", as stated in the fol-
lowing lemma.

LEMMA 7.4. (cf. [32, Folgerung 1.1.18, p.49]) Let A be a finite algebra, n € N,
and f: A* — A. Then f € Pol, A if and only if f € Comp(A, Invi4l" (4, Pol A)).

LEMMA 7.5. Let A be a Mal’cev algebra with a Mal’cev term m. If f €
Comp(A, Inv*(A, Pol A)) then f is a commutator preserving function of A.

Proof: We have {p(a, 3,n7,m)|a, 3,1 € ConA,C(a,3;n)} C Inv*(A,PolA), by
Lemma 3.9. Clearly, Con A C Inv4(A, Pol A) and thus f is a commutator pre-
serving function by Lemma 3.8. O



CHAPTER 2

Higher Commutators

Many properties of a universal algebra can be seen from its congruence lattice
and the binary commutator operation on this lattice. The binary commutator
operation for arbitrary universal algebras was introduced in [35] and studied
further in [3, 14, 17, 29]. However, even in a congruence permutable variety,
an algebra need not be determined up to polynomial equivalence by its unary
polynomial functions, its congruences, and the commutator operation on these
congruences. In [9], A. Bulatov generalized the binary commutator operation by
introducing n-ary commutator operations for all n € N and thereby provided a
finer tool to distinguish between polynomially inequivalent algebras.

In this thesis we use n-ary commutator operations to obtain the main the-
orems of this thesis given in Chapter 3 (Theorem §3.2.3, Theorem §3.1.18 and
Theorem §3.3.22). However, the main part of this chapter is devoted to proving
several properties of Bulatov’s higher commutator operations in congruence per-
mutable varieties. While these properties seem quite natural, our proofs require
a rather technical tool that we develop here, namely the difference operator on
polynomial functions. The higher commutator operations are particularly inter-
esting for expanded groups. In Corollary 4.11, we give a description of the higher
commutator operations for expanded groups that resembles the description of the
binary commutator operation stated in Definition 4.1.

1. Higher Commutators

In this section, we define the higher centralizers and the higher commutators
and list their properties, which we will prove in this chapter.

DEFINITION 1.1 (cf.[9]). Let A be an algebra, let n € N, and let aq, ..., ap, 3,0

be congruences of A. Then we say that a, ..., «a, centralize S modulo ¢ if for all
polynomials f(xi,...,X,,y) and vectors a;, by, ..., a,, b,, c,d from A satisfying:
(1) a; =,, b; foralli € {1,2,...,n},
(2) c =5 d, and

(3) f(x1,..,Xn,€) =5 f(X1,...,Xn,d) forall (xq,...,%x,) € {a;,b}x---x
{an’bn}\{(bl’--wbn)}
we have
f(by,....b,,c) =5 f(by,...,b,,d).
We abbreviate this property by C(ay, ..., an, 3;9).
31
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It follows immediately from the definition that for congruences oy, ..., ay,, 3,
{6; |7 € I}, we have: if C(a,...,an, 3;0;) for each i € I, then

C(ab' < 70571757/\61)
iel

This justifies the following definition.

DEFINITION 1.2 (cf.[9]). Let A be an algebra, let n > 2, and let o, ..., a,
be congruences of A. The smallest congruence § such that C'(ay, ..., a,_1,ap;0)
holds is called the (n-ary) commutator of oy, . .., a,,. We abbreviate it by [a, . . ., ).

Notice that for n = 1 in Definition 1.1 we obtain the definition of the (binary)
centralizing relation that is used in [14]. For n = 2, Definition 1.2 yields the
binary term-condition commutator ([29, Definition 4.150]).

PrOPOSITION 1.3. (cf. [9, Proposition 1]) Let k > 1 and let oy, ..., a; be
congruences of an algebra A. Then:

(HC1) [ag, ..., < /\ogigk a;;
(HC2) for all Py, ..., 0k € Con A such that oy < o, ..., < Bk, we have

g, -y ai] < [Bos - -+ s Bl
(HC3) [ao, .. on] < [ai,..., .

Proof: (HC1) First, we prove C(ay,...,a; a;) for every i € {0,...,k}. Let j €
{0,...,k}, f(xo0,...,Xx) be a polynomial and vectors ag, by, ...,a5_1,bg_1,c,d
from A satisfying:

(1) a; =,, b; forall i € {0,1,...,k—1},

(2) ¢ =,, d, and

(3) f(x0,.-.,Xg-1,€) =q, f(Xo,...,Xg_1,d) forall (xo,...,X,_1) € {ag, b} x

e X {ak_l, bk_l}\{(bo, Ce 7bk:—1)}~

Using (1) for ¢ := j and (3) for (zo,...,25-1) == (bo,...,bj_1,a;,bj11,..., by_1)
we obtain:

f(bo,...,br_1,¢) =4, f(bo,...,bj_1,a;,bji1,...,by1,c)
Eaj f(b(],. .. 7bj_1,aj,bj+17. .. ,bk_hd) Eaj f(bo, RN ,bk_l,d).

Therefore, we have C(ay, ..., ax;a;), by definition. Hence, [ao,..., o] < aj.
Now, we easily obtain [a, ..., ar] < Ajcicr -
(HC2) We shall show that C(ag, ..., [Bo, ..., 58]). Let f(xo,...,xx) be

a polynomial and vectors ag, by, ...,a_1,br_1,¢,d from A and j € {0,... k}
satisfying:

(1) a; =4, b; foralli € {0,1,...,k — 1},

(2) ¢ =,, d, and

(3) f(%0;---Xk=1,€) =(go,..0, [(X0,.-.,Xp_1,d) for all (xq,...,%,-1) €

{ao, b()} X X {ak_l, bk_l}\{<b0, R ,bk_1>}.
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Then by assumptions we have
(1) a; =4, b; for all i € {0,1,...,k— 1} and
(2’) c =5, d.
We know that C(fy, ..., Bk; [Bo, - - ., Fk]) and then (17), (2’) and (3) yield

f(bo,...,bk_l,c) E[ﬁo 7777 5k] f(bg,...,bk_l,d).
(HC3) Let us show that C(ap,...,a; o1, ..., a]). Let f(xo,...,x%) be a
polynomial and vectors ag, by, ...,ax_1,br_1,c,d from A satisfying:
(1) a; =4, b; foralli € {0,1,...,k— 1},
(2) ¢ =4, d, and
(3) f(x0,.-,Xk-1,€) =ay,n] f(Xos...,xp—1,d) for all (xq,...,%5-1) €

{ao, bo} X e X {ak_l, bk_l}\{<b0, Ce 7bk—1)}-
Now, we define a polynomial g of A by

g(x1,...,x%) = f(bo,X1,...,Xg).

Then, using (3), we obtain

(3) g(xX15- -, Xk-1,€) Zjay,ap] 9(X1,.. . X1, d) for all (xi,...,x,-1) €
{al,bl} X oo X {ak_l,bk_l}\{(bl, - ;bk—l)}'

We know that C(ay,...,ax;[aq, ..., a]) and therefore (1) for i # 0, (2) and
(37) yield

g(b1,....,br_1,€) Zjay,.an) 9(b1, ..., b1, d)

or equivalently, f(bo,...,br_1,¢) =ja,,...as] f(bo,. .., br_1,d). O

Let £ > 1 and let «, ..., ax,n be congruences of an algebra A that generates
a congruence permutable variety. Then, we have:

(HC4) [a, ..., ar] = [ox(), - - -, riy] for every permutation 7 of the set {0, ..., k};
(HC5) [ao, ..., ax] <nif and only if C(ay, ..., ax;n);
(HC6) If n < a, . . ., g, then in A/n, we have

[ao/n, ..y ai/n] = ([awy ..., ax] V) /m;
(HCT) If I is a nonempty set, j € {0,...,k}, and {p;|i € I} C Con A, then:

vie I[QQ, Ce ,O[j_l, Pis Oéj+1, Ce ,Oék] = [OZQ, Ce ,O[j_l, vie[ Pis (]1j+1, e ,Oék];

(HC8) [av, [a1, ..., ax]] < [ag, aq, ..., ], and more generally

(g, .y i, [y, )] <ao, ... o) foralli e {1,...,k}.

The proofs of properties (HC4)-(HC8) are given in Section 4. Actually,
for K = 1, as a special case we obtain several properties of the binary com-
mutator operation on Mal'cev algebras that have been listed in [29, Exercises
4.156(1),(11),(13)] and [6, Proposition 2.3].

We notice that the higher commutator operations of an algebra are not de-
termined by its binary commutator operation. As examples, we consider the
expansions of the cyclic group (Z4,+) that were studied in [10]. For n > 2
let A, be the algebra (Z4,+, f,), where f, is the n-ary operation defined by
folx1, ... xy) == 2w -+ - x,. A, has exactly three congruences; we denote them
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by 0, a, and 1. Then from Lemma 2.4 of [6], one can easily infer that for
n > 2, A, satisfies [1,1] = a and [1,a] = 0. Furthermore, in Ay we have
[1,1,1] = 0, but in Az, we have [1,1,1] = a. The property [1,1,1]a, = 0
can be proved by observing that all ternary polynomial functions of A, are
of the form (z,y,2) — ap + a1z + asy + azz + 2a4xy + 2asxz + 2agyz with
ao,...,a6 € Zy. Now one can use Corollary 4.11 to show that [1,1,1]a, = 0.
The property [1,1,1]a, = « is easier to show: Since [1,1,1]a, < [1,1]a, by
(HC3), we have [1,1,1]a, # 1. Now we show [1,1,1]a, # 0. Seeking a con-
tradiction, we assume C(1,1,1;0). Since f3(g,1,0) = f3(ap,a,3) for all
(g, 1) € {(0,0),(0,3),(3,0)}, C(1,1,1;0) yields f3(3,3,0) = f3(3,3,3), a con-
tradiction. Thus [1,1,1]a, = a.

Similarly, if £ > 2 and n > 2, one obtains [1,[1,1]]a, =0, [1,...,1]a, = «a if

N——
k

k<nand[1l,...,1]a, =0if & > n.
k

2. The Difference Operator

The main tool for proving the properties of higher commutators will be the
difference operator D defined in this section.

DEFINITION 2.1. Let A be an algebra. Then for each k € Ny, i € {0,1,...,k},
and y € A, we define a mapping Ez(f) : Pol;.1 A — Pol, A by:
Eg)(p) (LU(] vy Li—15, Lig 1y - - - 73716) = p('r()a ey L1, Y, Vg1, - - - ,I'k)
for all p e P0|k+1A and oy .oy Lim1, Lit1y---, LTk € A.

EXAMPLE 2.2. Let
p(l“o, 931>$2) = $0$%352

be a polynomial of the ring Zg. Then Eél)(p) (20, T2) = T2

DEFINITION 2.3. Let A be a Mal’cev algebra with Mal’cev term m, let § € A,
and let (a;);en, be a sequence of elements of A. Then for each k € N, we define

a mapping Dgf()ao % Pol, A — Pol, A, by the following equations:

Dy, (F)(x0) = m(f(x0), f(ac),0)
for every f € PoliA, x¢y € A and

7777 ag

k k
Dé,()ao 77777 ak*l) E‘(rk) (p) (zoﬂ c e 7$k_1)
— k k
0,(ao,--, ak)(p>(x07 s al‘k) : m D(&()aO 77777 ar_1) Egk) (p) (l’o, ce ,ZEk_1>

for every k € N, p € Pol; 1 A and xg, ...,z € A.
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Note that the definition of D depends on the Mal'cev term m, which will
a

always be clear from the context. Also, we use m [ b | instead of m(a,b,c) if
c

this improves readability.
EXAMPLE 2.4. Let p be a ternary polynomial of an expanded group (V,+, —, 0, F').
For # = 0 and aq, a1, as € V we obtain:

3
D((J:()ao,aLag) (p) (an Zy, .172) =

= O (B0 ) 0) = D) (E20) ) 0) =
=02, (B E2) ) (a0) - DL, (EW(EL () ) 0
N CHACHC ISR Délzo(Engg?(p»)( ) -
~ (D EL w0 - EEL ) )

(<E<I><E<Z><p>>><xo> (ED(ED (1)) (a0 )
+<<Egﬁ><Eg?<p>>><xo> ~(EDED( )
- ((E;?(E;i><p>>><xo> - <E;?<Egi><p>>><ao>)

= (p(wo, x1, x2) — p(ao, x1,22)) — (p(x0, ar, x2) — plao, ar, v2))
+(p(x0, a1, az) — p(ao, ar, az)) — (p(xo, 21, az) — plao, ¥1, az))
= p(2o, 1, 72) — p(ao, 1, 2) + p(ao, ar, T2) — p(zo, ar, T2)
+p(w0, ay, az) — plao, a1, az) + plag, x1, az) — p(wo, 1, az)
LEMMA 2.5. Let A be a Mal’cev algebra with a Mal’cev termm, 0 € A, k € N,
and let a be a congruence of A. Let q € PolyA such that q(A*) C 0/a. Then for
every (zo, ..., Tx_1) € A*, we have: Dé’f()e ..... o) (@) (@o, ..., zk-1) € 0/a

Proof: We show the statement by induction on k. For £ = 1 and zy € A, we
have g(xg) € 0/a and ¢(f) € 0/, and thus Dga(q)(xo) = m(q(xo),q(0),0) =,
m(0,0,0) =60 € 0/a. NOW let £ > 2 and 9(:0,.. , 21 € A. Since ¢(A*) C 0/a,
we clearly have E%~D(g)(A*1) C 6/ and E} # J(¢)(A¥1) C @/a. Thus, by

the induction hypothesis, both a := D(( 7.‘)‘79)(E§,;IZ })( )) (o, ..., xr—2) and b =

Df om0y (Es (@) (@0, w12) lic in f/a. Hence we have m(a,b,0) € 0/a.

This completes the proof. O



36 2. HHIGHER COMMUTATORS

DEFINITION 2.6. Let A be an algebra with a Mal'cev term m and let £ € N.

Then we define a mapping Fg,, : Pol;A — Pol, A by:
F@,u(p)(x(b ce 7xk—1) = m(p(x(b ey Tp—2, xk—l)up(xm ey Th—2, u)7 8)

for all p € Pol A and xg,...,zr_1,0,u € A.

EXAMPLE 2.7. Let p be a ternary polynomial of an expanded group (V,+, —, 0, F').
For § =0 and v € V we obtain:

Fou(p)(wo, 71, 12) = p(w0, 21, 22) — p(0, 21, ).

We need the following technical lemma.

LEMMA 2.8. Let A be an algebra with a Mal'cev term m and k € N. Then
for all g € Poly 1A and xq, ..., xp_2,0,t,u,v € A, we have:

B (ED (Fow(@)) (o, anm) = BN D (Fau(E V(@) (o, 2i0).
Proof: Let q € Pol;1A. We calculate the left hand side:

Egk_l)(quk)(Fe,u(Q)))(m, o) = EP(Fou(q))(zo, . 2pa,t) =

= FO,U(Q)(QZ(N ey T—2, t7 U) = m(Q(fﬁo, ey T—2, t7 U)7 Q(SU(), ceey T—2, t? U), 9)
Now, we compute the right hand side:

Eq(fcfl)(Fo,u(Egk_l)(Q)))(%, ey X)) = Fo,u(Egk_l)(Q))(%, ey T2, V)
= m(E" Y (q) (o, ., a2, 0), BTV (@) (20, ., ma, ), 0) =

=m(q(zg,...,Tp—2,t,0),q(x0,...,Tp_2,t,u),0).
O

DEFINITION 2.9. Let A be an algebra, let £ € N, let p : A¥ — A, let
(ag,...,ar_1) € A¥, and let § € A. Then p is absorbing at (ag,...,ar_1) with
value 0 if for all (zo,...,zx_1) € A* we have: if there is an i € {0,1,..., k — 1}
such that x; = a;, then p(xg,...,xx_1) = 6. Note that p(ag,...,ar_1) = 0.

ExAMPLE 2.10. In a ring R, for a,b,c,d € R, the function f(z,y,z) :=
(x —a)(y — b)(z — ¢) + d is absorbing at (a, b, ¢) with value d.

LEMMA 2.11. Let A be a Mal’cev algebra with a Mal’cev term m, let k > 1,
(ag,...,ar_1) € A* and 0 € A. If q € Pol, A, then D) 1)(q) is absorbing

0,(ao,...,ak—
at (ag, ..., a,_1) with value 6.
Proof: We prove the statement by induction on k. Using Definition 2.3, we see
that Dgio<Q)(6L0) = m(q(ap),q(ap),0) = 6. For the induction step, let k > 2,
(zo,...,71_1) € A* such that there is an i € {0,1,...,k — 1} with z; = a;, and
let ¢ € Pol,A. We want to prove

k
(2.1) Dy o (@) (@0, T4) = 6.
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If 1 = ak_1, then we obtain (2.1) directly from Definition 2.3. If there
— 2} such that x; = a; then we reason as follows: Since

exists an ¢ € {0,.
EFD(g), EF(q) € Poly_, A, we have
(EE=D() (o, . .., 2p2) = -0

(k=1)
D@,(ao ..... ak—2)
by the induction hypothesis. Now, by Definition 2.3 we obtain (2.1)
EXAMPLE 2.12. Let p be a ternary polynomial of an expanded group (V, +
—p<$0, aq, l’g)

(E¥=D(q)) (o, ..., Tp2)

(k—1)
D 60,(a0,...,ap—2)\ "Ar—1

,—, 0, F).

We already calculated in Example 2.4
= p(wo, T1, T2) — p(ao, 1, T2) +p(ao, a1, 2)
- p(x(b x1, a’2)

p<a/07 ay, (IQ) +p(a07 €1, a2)

(P)(ico, L1, $2)
(p) (0, a1, T2)

(3)

0,(ao,a1,a2)
+p<x07 ay, CLQ) -

and hence, D( )ao ar.a2) (D) (@0, T1, T2)

3
- D((),()ao,al,ag)<p)(x07$17 a2) = 0.
DEFINITION 2.13. Let A be an algebra and let 8 € A. For each n € N and

_ n®
- DO,(ao,al,aQ)

n — 1}, we define a function S%) : A" — A" by
S%)(xo, ces Tn1) = Yoy -y Yn1)

I1cqo,...,
Tp_1 € A, where y; =z, if jel, andy; :=0if j & [

for all g, ..., z,_
In the previous definition, all entries whose indices are not listed in I are

replaced with 6.
DEFINITION 2.14. Let A be an algebra and let 6 € A. For each n € N and
: Pol,A — Pol, A by

,n — 1}, we define a function H" I 9

I c{o,..
(Hy (0) (o, @um) = p(STy (@0, . 20-1))
for all (zg,..., 2z, 1) € A™
EXAMPLE 2.15. For ag, a1,as € A we have S (0.2}, o(@0, a1, az) = (ap,0,az) and

H{((]?Q}’g(p)(&()?abaQ) - <a0a97a2)'
PROPOSITION 2.16. Let A be an algebra, let 0 € A, let « € Con A and let
k> 1. [fp € Poly A such that p(A¥) C /a then HM( J(AF) C 0/ for every

1c{0,....k—1}.
p(SH)(AF)) C p(AF). O

Proof: Obviously, we have H' 0( J(AF) =
In a Mal’cev algebra A with a Mal’cev term m and 6 € A we define a binary

polynomial +4 and a unary polynomial —y such that
a+e¢b:=m(a,0,b)

and
—g (a) :==m(0,a,0)
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for all a,b € A. We abbreviate ((a1 +¢ as) +¢ -+ 4+ an_1) +9 a, by o, a;. By
(—1)* - a, we mean —g (a) if k is odd, and a if k is even.
LEMMA 2.17. Let A be a Mal’cev algebra with a Mal’cev term m, let 6 € A,
k€N, a € ConA and p € PolyA such that [, a] = 0 and p(A*) C 0/a. Then:
(1) (0,49, —0,0) is an abelian group and m(a,b,0) = a9 (—¢ (b)) for all
a,bef/a
(2) there exists a bijective mapping ¢y : {1,...,28} — P{0,...,k —1})
such that pr(1) ={0,...,k — 1} and

k
..... —92 ) O 1 o ().

Proof: (1) Since a +¢9 b € 0/a and —y(a) € 0/« for all a,b € 0/a, we know
that (0/«,+¢, —g,0) is an abelian group by Lemma §1.3.4 and the calculations
in the proof of Proposition §1.3.11. By Lemma §1.3.7 we obtain m(a,b,0) =
m(a,8,m(0,0,0)) =a+g (—¢ (b)) for all a,b € 6/a.

(2) We proceed by induction on k. For k = 1 we define (1) := {0} and
©1(2) := 0. Then, by Definition 2.3 and (1), for zg € A, we have

Dgg(p)(xo) = m(p(zo),p(0),0) = p(zo)+o(— = GZ ) @l g )() (p) (o).

For k > 1 we define o, : {1,...,2*} — P({0,...,k—1}) by vi(i) := op_1(i)U{k—
1} and @, (28 +1—1i) := 51 (i) fori € {1,...,2* 1} Now, let (zq,...,75_1) € A",
Using item (1) we compute

k
(2.2) Dé,()e ,,,,, 9) (p) (w0 -+ s TR—1) =

k— _ k— k-
Dé,(e,l.?.,e) <E(zi_})(l7)> (0, Tr—2) +o (—o (Dé,(ei?qg) <E§ 1)(10)> (2o, ... ,xk_Q))).

Since ES Y (p)(A¥1) C 6/ and ES ™V (p)(A¥1) C 6/, we may use the induc-
tion hypothesis and obtain that the last expresson is equal to

2k1

k-1 _
QZ k I=ler—1(8)] . <H;k,1gi),0(Eﬂ(0]2—i)(p))> (Toy .-, Tp_2)

2k 1
1 k—1 k—1
_6 (GZ k: 1-|er—1(9)| . <H;k7122)79(Eé )(p))> (270, c. ,l‘k_Q))).

The last expression is equal to

ok—1

(RO (B )) (S0 b 1)
1=1
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o (02 Jeleroa (D) (Egk‘l)(P)> (Sé’zjziw(xo,...,xk_z)))

2k 1
92 k 1—[pr—1(9)] .p(S;ij)(i)ﬁ(a:o, oy T—2), Tp—1)

2k1

+o (GZ AR p(Ss(a’iji)ﬂ(xO’""xk_2)’€)>

ok—1

i k
_ 92 k lew (@) (S;k)(z‘)ﬂ(xo’ ey X))

2k
v (9 ST (O (s (g ’zk_l)))

1= Qk—1+1

k
92 kle@l g0 (p) (o, Tea).

In an algebra A we say that a function f : A" — A depends on its ith
argument if there are a,b € A and (z1,...,x,) € A" such that

P(T1y ey i1, G i1y e ) FD(T1, o i1, by T, X))
The number of arguments on which p depends is called the essential arity of p.

For n € N and 6 € A we call a polynomial p € Pol,A a 6#-polynomial if for each
i€ {l,...,n} at least one of the following two conditions holds:

(1) p does not depend on its ith argument,

(2) p(x1, ..., @i 1,0, 241, ...,2,) = p(0,...,0) for all (zq,...,x,) € A™.

Let A be a Mal’cev algebra with a Mal’cev term m and let # € A. Then,
for every k > 0, P(A, k,m,0) := (PolxA, m,0) is an algebra of type (3,0) with
Mal’cev operation m and a constant polynomial 8 € Pol,A. For a nonempty set
P of polynomials of A, we denote the subuniverse of P(A, k, m,#) generated by
P by SgPAkmd)(p),

PROPOSITION 2.18. Let A be a Mal’cev algebra with a Mal'cev term m, let
€ A,neN, aecConA and p € Pol,A. If [a,a] = 0 and p(A™) C 0/«
then p € Sg¥ A”me)(P), where P := {f € Pol,A| f is a 0-polynomial and the
essential arity of f is at most the essential arity of p}.

Proof: Let k € N be the essential arity of the polynomial p. Then there exists a
polynomial ¢ € Pol, A such that the essential arity of ¢ is k and p(zo, ..., x,_1) =
q(Tigy -y, ) forall (zg, ..., z,-1) € A™. To simplify the notation let us denote
the arguments of ¢ by xq,...,xr_1. We prove the statement of the proposition
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by induction on k. For k£ = 1 the statement is obvious because every unary
polynomial function is a #-polynomial function of essential arity at most 1. Now
let £ > 2. Since [o,a] = 0 and q(Ak) C 0/a, Lemma 2.17 yields a bijective

mapping ¢ : {1,...,2*} — P({0,...,k — 1}) such that

k ; k
23 g=D, ., e(eZ P 1Y o))
To prove (2.3), we observe that ¢g(1) = {0,...,k — 1} and

(_1)k_|<ﬁk(1)| ' H()(pk;)(l) Q(Q)(an s xk:—l) — Q(x()a s )xk—l>‘
(k)

Therefore ¢ € SgP+m0 (D} 06000} U {H;i( (@) |2 < i < 2F}). Now, by
k

Lemma 2.11, we know that D((;,()e 77777 9)(q) is a k-ary 6-polynomial. Obviously, its
essential arity is at most k. Furthermore, for every i € {2,3,...,2¥" '} the
polynomials H (k) ( ) depend on at most k — 1 arguments and, by Proposition

2.16, H* )( o4 )(Ak) C 0/a. Hence by the induction hypothesis H* )() (q) €

SgPAk— 1"“9)(P) for i € {2,3,...,2871} where P is the set of - polynomlals of
essential arities at most k — 1. Therefore,

g € SPHEmODY, ()} UP),

.....

This completes the induction step.O

LEMMA 2.19. Let A be a Mal’cev algebra with a Mal’cev term m and let k > 1.
Let g € Poly 1A, (ag,...,ar_1) € A*, §,u € A. Let f € Poly 1A be defined by

P 1) = Dy (B (Fou(a))) (oo, o)

for all xq,...,xx € A. Then f is absorbing at (ag,. .., ar_1,u) with value 6.

Proof: Let (zq,...,7x) € A¥*L such that 2; = a; for an i € {0,1,...,k — 1} or
xr = u. We first consider the case xp = u. By the definitions of the operators
E and F we know that EX (Fg.(¢))(Wo, . .-, ye_1) = 0 for all (yo, ..., ye_1) € AF.
Then, f(xo,...,xx) = 6 because the operator D, acting on a constant function,
produces the constant function with value #. In the case that there is an ¢ with
a; = x;, the assertion follows from Lemma 2.11. O

ExAMPLE 2.20. In this example we start with a ternary polynomial p of
an expanded group (V,+,—,0, F). Since we have already computed Fg,(p) in
Example 2.7, we have

D)oy (EZ (Fou(p)) (20, 21) =

= D), (EW(ED (Fou(0)))) (x0) — DSy (ED(ER (Fou(p)))) (0)
= (EW(ED (Fou(p))) (20) — (EL(ER (Fou()))) (a0)
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—((E( ) (Foulp) (20) — (ED(EC)(F p>>>><ao>)
(

) —
(p(x 1’1,1‘2) P\ Zo, T1,U )) (p(a’()?xlvx?) p(CLO:Ilau))
—((p(x0, a1, m9) — p(20, a1, u)) = (plao, ar, w2) — p(ag, a1, )))
p($07$1>$2) P(!EOJL ) p(ao,xh ) p(a0,$1,$2)
p(

+p(a0,a1,:c2) Plaop, a1, U ) p(xl);al; ) p<x0aalax2)-

Clearly, D), . (E&”(Fo,u(p))) (20,71) = Dy 0y (B2 (Foa(p))) (a0, 1)

- D ao a1) (E§:22)(F0,u(p))) (g, a1) = 0.

LEMMA 2.21. Let A be a Mal’cev algebra with a Mal’cev term m, let 0 € A
and let n € ConA. Ifk > 1, (ag,...,ax_1), (bo,...,br_1) € A%, u,v € A and
q € Polx 1A such that

T+

Q(a07 sy O 1, U) =n Q<050> sy Og—1, U)
for every (g, . ..,ax_1) € {ag,bo} X -+ X {ap_1,bp_1}, then
D““ao ,,,,, e EP Fou(@)) o, i) = 0

Proof: We prove the statement by induction on k. For £ = 1, we have
Djir, (EL(Fou(a)) (bo) =

= m<m(q<b07 U)? Q(bOa U), 9)7 m(Q(CLOa U)a Q(&(]? ’LL), 0)7 0) ET] 97
using the assumptions on ¢q. For k > 2 let ¢ € Pol;,2A such that

q(ag, ..., ap,u) =, qlag, ..., o, 0)
for every (ayp, ..., ax) € {ag,bo} X+ x{ag, br}. Now we divide all possible choices
of (ao,...,ax) in two groups: {(ao,...,ax) € {ao,bo} X -+ X {ag, bp} | = ag}
and {(ao, ..., ax) € {ag,bo} x -+ x {ag, b} | i = by }. Hence we have

E® (g)(an, - ., a1, w) =, EP (@) (0o, - .., ag_1,0)
and

Ez(,],:)(Q)(Oém e 1, W) =, El(,:)(q)(ozg, ey Qp_1, )
for every (ag,...,ap_1) € {ag,bo} X + -+ x {ag_1,br_1}. By the induction hypoth-
esis we obtain

D o) (EV (FouER (@) (bos -, bir) =, 6,
and then by Lemma 2.8 we have
(2.4) D, (EREFDFou@) (bos -, brr) =, 6,

6,(ao,...,ax—1)
and in the same way we have

(2.5) Dy (B EE D (Foa(0)) (o) = 0
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Now, using equations (2.4) and (2.5) and the definition of the operator D for
p= El(,kJrl)(F@’u(q)), we obtain:

DYDY EWD (Fou(@)) (bo ., Br) =

ag,...,a
k k k
Di o 1) (Eny (ESTV(Fou())) ) (bo, - by1)
k k k =
m Dé ()ao ..... ak—1) E‘(lk)(ng +1)(F97u(p>)) (b07 R bk—l) -n 0.

ExAMPLE 2.22. Let V = (V,+,—,0, F) be an expanded group and choose
ag, ay,u, by, by,v € V, 8 = 0. The relation n is the equality relation on V. Now,
let p be a polynomial of V such that p(ag,ar,u) = p(ag,a1,v), plag, by, u) =
p(ao, b1,v), p(bo, a1, u) = p(bo, a1,v), p(bo, by, u) = p(bo,b1,v). In Example 2.20,

we have already calculated Dgf()awl) (Eg)(FQu(p))) (20, 21), and thus

Dé?()ao,m) (ngz)(FO,u(p)D (b, b1) = 0.

LEMMA 2.23. Let A be a Mal’cev algebra with a Mal’cev term m, letnn € Con A
and let k > 1. If (ag,...,ax—1), (bo,...,bg_1) are vectors in A, u,v € A and
q € Polg 1A such that

Q(Oém vy Of—1, U) =n q<Q{0, ceey 1, U)
for every (o, ...,ar_1) € {ag,bo} x -+ X {ar_1,bp_1}\{(bo, ..., bk_1)}, then for
0 = q(b,...,bk_1,u) we have
Dy ooy (ES (Fou (@) (Bo - brt) =y (b, - brs, 0).

Proof: By induction on k. For k = 1, by the assumption ¢(ag,u) =, q(ag, v), we
have "
D(I(bo,u),ao (Egl)(FQ(bo,u),u(Q)) (bo) =

= m(m<Q(b0> U)a Q(bO: u)a Q(b07 u))? m(Q(GO: U)a Q(a(]a u)a Q(boa u))a Q(b0> u))
= m(Q(b07 U)a m(Q<a05 U), Q(a0> U), Q(bOa U)) ) Q(bm u)) =y Q(b()? U)'
For the induction step we let k& > 2. We will now compute

D+ ooy (B Pt tana@) ) (Bos -, be). According to Definition

q(bo,--,bx,u), (a0,

2.3 we have to compute D(IE;O,m,bk,u),(CLO .... ar1) (Eg?(Eg,kH)(Fq(bo,m,bk,u)’u(q))) (boy ., bg—1)

q
and D) 1y ann ) (B BT Fotn,ciana(@))) (o by, We assume
that

g, ..., ou,u) =, g, - . ., o, v),
for every (ag,...,ar) € {ag,bo} x -+ X {aw, b }\{(bo,...,br)}. Using Defi-
nition 2.1 we obtain Egz)(q)(ao,...,ak_l,u) =, Egz)(q)(ao, oo, qp_q,v) for all
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(g, ... 1) € {ag,bo} x -+ x {ag_1,br_1}. Thus, by Lemma 2.8 and Lemma

2.21, for 6 = q(bo, . .., bk, u) and EEZ‘;’( ), we have
k
(26) DYy bty B ES Fotryan (@) (bos - bic)

k
- Dg(l))o,.-.,bk,u),(a() ,,,,, ak—l) (E’E)k)(F (b bk u) (E(k)( )))) (b07 R 7bk‘—1)

=n Q(bo, c. ,bk,u).
From the assumptions we know that
k k
EN (q)(ap, -, a1,1) =, EP (g) (s ., a1, v)

for all (ag,...,ax_1) € {ag,bo} X -+ x {ag_1,b_1}\{(bo,-..,bx_1)}. By Lemma
2.8 and the induction hypothesis for Eglz)(q) and 0 = Eé’:)(q)(bo, ooy br_1,u) we
obtain

(k) (k)
(2'7) DQ(bo bgsu),(a0,,aKk—1) (Ebk (El()k+1)<FQ(b07---7bk,u),u(q))> (b07 SR bk—1>
_pn® (k) (k)
- DEI()Z)(Q)(bO,uqbkfl7U«)7(a0 ..... an_1) <Ev (FE(k)(q)( ,bk,l,u),u(Ebk (Q)))) (bOJ s 7bk—1)
=, EV(q) (b, - -, by—1,0)
= q(bo, ..., bk, 0).
Now using Definition 2.3 and the congruences (2.6) and (2.7), we compute
k+1
Dl e o) (ESHY (@) (o be)
q(bo, - .., b, v)
E bo, . bk, )
b07 . bk7 )
q b07 . bk7

EXAMPLE 2.24. Let V = (V,+,—,0, F') be an expanded group and choose
ag, ay,u, by, by,v € V, § = 0. The relation n is the equality relation on V. Now
let p be a polynomial of V such that p(ag,ar,u) = p(ag,a1,v), plag, by, u) =

plag, b1, v), p(by,ar,u) = p(by,ar,v) and p(by, by,u) = 0. In Example 2.20, we

(a0,a1) (EQ(FO,M@))) (29, 71), and thus obtain
Dé?()aoﬂll) <E7() )(Fo,u(p))> (607 bl) - p(bo, bl, 1}).

Remark: Definitions 2.1, 2.3, 2.6 and Lemmas 2.11, 2.19 and 2.23 can be
formulated and proved analogously for arbitrary vectors, not just elements of the
algebra. As an illustration we give the analogon of Lemma 2.19:

have already calculated D(Q)
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Let A be a Mal’cev algebra with a Mal’cev term m, let k > 1,
and let ng,...,n;y € N. Let ¢ € Pol, 4.4, A, let a;, € A™ for
each i € {0,1,...,k — 1}, let u € A™ and let § € A. Let
f € Polyys..in, A be defined by

f(x0,-..,%z) := DY ao, A1) (E,(i)(Fe,u((I)))(Xo, . Y
forallxg € A™ ... x, € A™. Then f is absorbing at (ag, ..., a5_1,u)
with value 6.

3. Some Properties of the Centralizing Relation

In Bulatov’s definition of the n-ary commutator operation [e e ... o] poly-
nomials of arbitrary arity are used. We will now show that in Mal’cev algebras,
n-ary polynomials are enough. For the binary case, this has been proved in [3,
Proposition 2.3].

DEFINITION 3.1. Let A be an algebra, ng,...,n, € N, £k > 0 and let

ap, . . ., a, N be arbitrary congruences of A. Then we say that C(ny, ..., ng; ag, . ..
holds if for all polynomials p € Pol,, 4.4, A and vectors ag, by € A™, ... a1, bi_
A™=1 u, v € A™ that satisfy

(1) a; =, by, for alli € {0,1,...,k — 1},

(2) u=,, v,

(3) p(x0,.-.,Xk—1,1) =, p(Xq,...,X_1,V), forall (xo,...,x,-1) € {ag, bo}x

- x {ag_1,br_1}\{(bo, ..., br-1)},
we have
p(bo, ..., bg_1,u) =, p(bg,...,bg_1,V).

LEMMA 3.2. Let A be a Mal’cev algebra with a Mal'cev term m, let k > 0,

let ng, ..., ng,ng,...,n, € N and let ag, aq, ..., ax,n be arbitrary congruences of
A. Then
(a) if C(ng,...,ng; a0, ..., ax;n) and
ny < no, ..., < ng, then C(ng, ..., N o, ..., a;N);
0 = 10, y o > Tk, 0 s oy X0, y O3 1)y
(b) ZfC(lanlw-';nk3040>-~704k;77) and
no > 1, then C(ng,ny, ..., Ng; 0o, -+, Q3 7).

Proof: (a) follows from the fact that every (nf+- - - +nj},)-ary polynomial function
can be seen as a (ng + - - - + ng)-ary polynomial function in a natural way.

In order to prove (b), we assume that C'(1,n4,...,nk; ag, ..., ax;n) holds and
we show by induction that C'(ng, n1, ..., nk; ao, . .., ;1) holds for all ng > 1. Let
P € Pol(ng41)4n+-tn, A. Furthermore, take any a,c € A, b,d € A™, e; . f; € A",
ie{l,...,k—1}, and u,v € A™ such that

(1) a=,, ¢,

(2) b=q,d,
(3) € =g, fi, forallie{1,...,k—1},

, Qg5 1))

1€
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(4)u=, v
(5) p(xo,...,Xp-1,0) =, p(Xo,...,Xp_1,v), forall (xo,...,x5-1) € {(a,b), (¢,d)} X
{er, fi} x - x{ep_1,fi1} and (%o, ..., x4-1) # {((c,d), f1,... . fr_1)}.
We want to show that
p((c,d), 1, ... £y, 1) = p((c,d), f1, .. £, v).

Now we define the polynomial i € Pol(;y41)4n,+...4n, A such that

h(xq, ..., Xg) ==
(k)
Dp((c,d),fl,...,fk_l,u),((a,b),el,...,ek_l) (ES{I?(Fp((cvd)vfl7---7fk—17u)7u<p))) (X(]’ Tt 7Xk_1)‘
We have
(3.1)
h((av b)vxlv vy XE—1, ll) = p((ca d)a f17 s afk—b 11) = h((av b)7X17 ey XE—1, V>7
for all (x1,...,x,_1) € {e1,f1} X -+ x {€x_1,fr_1}. This can be obtained from

the analogon of Lemma 2.19 for vectors, by setting 8 = p((¢,d), f1,...,fx_1,u),
a; =e;, by =1, fori e {1,...,k —1}, ap = (a,b) and by = (¢,d). In the same
way we obtain

(32) h((a,d),xl, ce ,Xk_l,ll) = p((C7 d),fl, e ,fk_l,U)
= h((a,d),x1,...,Xk1,V),

and
(3.3)
h((c,d),x1,...,xp—1,u) = p((c,d), f1,... . fr_1,u) = h((c,d),x1, ..., Xp_1,V),

for all (x1,...,x51) € {e, fi} x -+ x {ep_1, T 1 \{(f1,...,f_1)}. Now, we
define a polynomial g € Pol,ypn,+..in, A by
q(y, X1, -, xg) ;= h((a,y), X1, ..., Xg).
Obviously, by (3.1) and (3.2) we have
(¥, X1, .., X1, 1) =p ¢(y, X1, ..., Xp—1, V)

for all (y,x1,...,xx_1) € {b,d} x{e;,f1} x -+ x {ex_1,fx_1} and
(v,x1,...,X,_1) # (d,f1,...,fr_1). From the induction hypothesis we obtain

Q(d, fl, e ,fkfl, u) En q(d, fl, RN ,fkfl,V),
or in other words
(3.4) h((a,d), £y, ... fr_1,0) =, h((a, d),f,....f_1,v).

If we introduce
s(xz, X1, ..., X)) = h((z,d),x1,...,Xg),
where s € Poly 1 ..40, A then (3.2), (3.3) and (3.4) yield

s(x, Xy, X1, 1) = (T, X1, .., X1, V),
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for all (z,x1,...,%,_1) € {a,c} x {e,f1} x -+ x {er_1, 61 }\{(c,f1, ..., f1)}.
Using the assumption C'(1,ng, ..., ng; g, - - ., ax; 1) we conclude
s(e,fi, ... fio,u) =, s(e,fy, . i, V),

or in other words

h((c,d), fi,... . fi_1,u) =, h((c,d), i, ... i1, V).
We know from the analogon of Lemma 2.19 for vectors, where a; = e;, b; = f;,
1<i<k—1,a0=(a,b), by =(c,d) and 0 = p((c,d), fi,...,fr_1,u), that

h((c,d),f1,... . f_1,u) = p((e,d), f1, ... 1, 1)
and, for the same parameters, from Lemma 2.23 that

h((e,d), f1,... f_1,v) =, p((c,d), f1,... fr_1,v).
This completes the induction step. O

LEMMA 3.3. Let A be a Mal’cev algebra with a Mal’cev term m, o, . .., ax,n €
ConA, k>0, ng,...,nx € N, and let ™ be a permutation of {0,... k}. Then if

C(ng,...,nk; o, ..., M), we have
O(”n(O), <o N (k) A (0)s -« + ) (k) 77)

Proof: Since every permutation of {0, ..., k} is generated by the transpositions,

it suffices to consider the following two cases:
(i) m = (¢ j), where i,j # k. Without loss of generality we can assume that

m=(01). Choose p € Poly, 4ng+ny-tn, A, ag,bg € A", a3, by € A" a;, b, € A™,
i€{2,...,k—1}, and u,v € A™ so that

(1) ap =, bo,

(2) aj an b]_,

(3) a; =4, b; fori € {2,...,k—1},

(4) u=,, v,

(5) p(x0, ..., Xkp_1,0) =, p(Xo, ..., X_1,V) forall (xp,...,x,-1) € {ag, bo}x

o x{ag-1, b1 f\{(bo,...,br1)}.
Next, consider the polynomial ¢ € Pol,, ..., A defined as follows:
Q(XD7 X1,X9, ooy Xi—1, t) = p(Xb X0, X2y ooy Xp—1, t)
Now, we have
q<X07 sy X—1, 11) = Q(X(]? sy X1, V)

for all (xg,...,x,_1) € {a;,b1} x {ag,bo} x {as, by} x -+ x {a,_1,br_1} and
(X0, .-, Xg_1) # (b1,bg,bs, ... bg_1). From the assumption C(nq, ..., ng; ag, ..., ax;n)

we conclude that
Q(bla b07 b27 e 7bk—1a 11) En Q(bla b07 b2a s 7bk—17 V)

and hence, we have p(by, ..., by_1,u) =, p(bg,...,bs_1,Vv).
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(ii) # = (i j), where i@ = k or j = k. Without loss of generality we can
assume that 7 = (0 k). Let p € Pol,,, 10,4+ 4,140 A, A0, by € A™ ay =,, by,
a;, b, € A" a; =, b;,iec{l,...,k—1}, and u,v € A™ such that u =,, v and

p<X07 s X1, 11) = p(X07 s 7Xk—17v)

for all (xq,...,xx-1) € {ag,bo} x -+ x {ag_1,br_1}\{(bo,...,br_1)}. Next, we
define the polynomial ¢ € Pol,,...1n, A as follows:

p(t,X1,...,Xk_1,1)
q(X0,X1,. .., Xg_1,t) :==m p(t,X1,. .., Xk_1,X0)
p(b07xla cee ,Xk—l,Xo)

Then we calculate

(3.5)  q(u,x1,...,Xk-1,a9) = p(bg, X1, ..., Xk_1,u) = q(u,xy,...,Xk_1,bo),

(3.6) q(v,X1,...,Xg_1,bo) = p(bo, X1, ..., Xp_1, 1),
and by the assumption
(3.7) plag, X1, ..., Xx1,V) =, plag, Xu, . . ., Xp—1, 1)

for all (x1,...,x5_1) € {a;, b1} x -+ x {ag_1,br_1}. Finally, if (xq,...,x,_1) #
(by,...,bk_1) then we have

(3.8) p(bo, X1, ..., Xp-1,V) =, p(bo, X1, ..., X1, 1),
by the assumption. Thus, using (3.7), (3.8) and (3.6) we obtain

p(a()axlv"'axkflau)
q(v,x1,..., Xp-1,20) =m | plao,X1,.. ., Xp1,V) =n
p(bo, X1, .., Xk_1,V)
p(bo,X1,...,Xk—1,V) =, p(bo, X1, ..., Xp_1,u) = q(V,X1,...,Xp_1, bog)

for all (xq,...,xx_1) € {a;,by1} x -+ x {ap_1,br_1}\{(by,...,bgr_1)}. Together
with (3.5) we have
q(X0,X1, - .., Xp_1,20) =y ¢(X0,X1,...,Xp_1, Do),

for all (Xo, Ce ,Xk_1> € {u, V} X {al, bl} X X {ak_l, bk_l}\{<V, bl, e abk—l)}
and we can conclude

(3.9) q(v,b1,...,bg_1,a9) =, q(v,b1,...,br_1,bp),
by the assumption C(ng,...,nk; ao,...,a;n). Finally, using (3.6), (3.9) and
(3.7) we obtain
p(bg, b1, ..., br_1,u) = ¢q(v,by,...,by_1,bo) =, ¢(v,by,...,by_1,89) =
p(ag, by, ..., b1,

u)
=m p(ao,bl,...,bk_l,v) En p(bg,bl,...,bk_l,V).
p(b07b1, Ce ,bk_l,V)

This proves the statement. O
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PROPOSITION 3.4. Let A be a Mal’cev algebra with a Mal'cev term m, let
ag, ..., and n be congruences of A and k > 0. Then C(ay,...,ax;n) if and
only if C(1,..., 1,0, ...,00;7).

Proof: 1f C(«, ..., ag;n) then clearly from Definition 1.1 we have
C(ng,...,ng; o, ..., 0u;n) for all ng, ..., ng € N, thus for ng =--- =n, =1 we
obtain C(1,...,1;aq,...,ax;n). To prove the opposite direction suppose that
C(1,...,1;a0,...,ax;n). Let ng,...,ng > 1. Then by Lemma 3.3 for 7 = (0 k)
we obtain C(1,...,1;ax,aq,...,a5-1,0;n) and by Lemma 3.2 (2), we obtain
C(ng, 1,..., Lag, 00, ..., ap_1,00;m). When we apply Lemma 3.3 one more time
for m = (0 k) we obtain

CQ,..., 1L, ng a0, .., ax;m).

We can repeat the same procedure for each of the places from k£ — 1 to 0 and
obtain C'(ng, ...,nk; ao, ..., n). Thus we have C(aq, ..., qr;n). O

4. Properties and Characterizations of Higher Commutators

Let n € N, n > 2. The aim of this section is to give a necessary and sufficient
condition for [1,...,1] # 0 in Mal’cev algebras (Proposition 4.15) and to prove
———

that a polynomial Mal’cev clone on a finite set is finitely generated whenever
there exists an n € N such that [1,...,1] = 0 (Proposition 4.17). Both results
——

will be essential for proving Theoremg §3.1.18, §3.2.3 and §3.3.22.

PROPOSITION 4.1 (HC4). Let A be a Mal’cev algebra with a Mal’cev term m,
ag, ..., congruences of A, k >0 and m a permutation of {0,...,k}. Then

[, -+ 0] = [Qr(0)s - - - 5 Qi)

Proof: From Definition 1.2 we know that C(ay,...,a;[ao, ..., ax]) holds and
thus C'(1,...,1;a0,...,4; [, ..., a]) holds by Proposition 3.4. Now, from
Lemma 3.3 we obtain C'(1,. .., 1; &z, - - -, Qr(k); [0, - - -, o)) and therefore C'( o),
s Oy [0, - - - ag]), again by Proposition 3.4. Now, by Definition 1.2 we have
[r0), - - Q)] < [0, ..., q). In order to prove the other inequality we start
with az), ..., @rk) and the permutation 7~ !, and reason in the same way. O

LEMMA 4.2 (HC5). Let A be a Mal'cev algebra with a Mal’cev term m. Let
ag, ..., ax and n be arbitrary congruences of A (k > 0). Then [ag, ..., o) <7 if
and only if Cag, ...,k n).

Proof: 1f C(ay,...,ar;n) then by Definition 1.2, we have [ag,...,ax] < 7.
Now, suppose that [ag,...,a] < n for ag,...,ar € Con A. We will show that
C(1,...,1;aq,...,ak;n) by Definition 3.1. Choose p € Poly1 A and ay, ..., ax_1,
u, by, ..., bg_1,v € A so that:

(1) a; =q; bz fOI'iE{O,...,kZ-l},
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(2) u=,4, v
(3) p(xo, ..., xh—1,u) =, p(zo, ..., Tk_1,v), for all (xg,...,zx-1) € {ag,bo} x
oo X {ag—1,bp—1}\{(bo, - - ., br—1) }.
We want to show that p(b,...,bk—1,u) =, p(bo, ..., bk_1,v). We start by intro-
ducing a polynomial s € Polg, 1A by
s(xoy ..., Tx) ==

k k
D}(’)(I)Jo,..‘,bkfl,u),(ao ..... akfl) (E-gfk)(Fp(bOV"’bk*l7“)7u(p))) (xo’ t )ij—l)

where (g, ..., 7;) € A¥*L. Then we observe the following:
$(T0s- - 1, 8) = P(Boy -, b1, 4) = 5(20s -, Th_1, ),

for all (zg,...,zx_1) € {ao,bo} x -+ x {ag_1,b6_1}\{(bo,---,bx_1)}, by Lemma
2.19 and thus

3(370, vy Tl—1, U) =lag,...,o) 5(350, vy Th—1, 0)7
for all (zg,...,x5_1) € {ag,bo} x -+ x {ag_1,bk-1}\{(bo, ..., bx—1)}. Now, we can
conclude

S(bo, N ,bkfl, u) E[ao .... ay S(bo, ey bkfl, U),
and by the assumption we have

S(bo, AN ,bk_l,u) =p S(bo, ce ,bk_l,l}).

The left side of the last congruence is equal to p(bo,...,bx_1,u) by Lemma 2.19
and the right side is congruent modulo 7 to p(b,...,bx_1,v) by Lemma 2.23.
Now, by Proposition 3.4 we obtain C(«y,...,q;n). O

Recall that for an algebra A and a, 3 € Con A such that « > 3, a/3 denotes
the congruence of the factor algebra A /3 which corresponds to « in A.

COROLLARY 4.3 (HC6). Let A be a Mal’cev algebra with a Mal’cev term m
and choose aq, ..., a,,n € Con A such thatn < aq,...,qa,. Then

[al/nv"‘7a7L/n] :([0417---7%]\/77)/77-

Proof: We will show that ([a, ..., a,]Vn)/n is the smallest congruence 6/n with
the property

Clan/n, ..., an/n:0/n).
Directly using Definition 1.2 we can check that for every n € ConA, n <
ai, ..., 0, 0, we have

(4.1) Clag,...,an;0) < Claa/n, ..., an/n;0/7).

Since [aq,...,q,] < [ag,...,a,] V1 we have C(ay, ..., an;ag,...,a,] V 1) by
Lemma 4.2, and thus C(ay/n, ..., an/n; (Joa, - .., an) V) /n) using (4.1) for 6 =
[, ..., o] V1. Let us assume now

C’(al/n, s 7an/7]; 0/77)7
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for a € Con A such that n < #. Then by (4.1) we have C(ay,...,a,;0) and
thus [aq,...,a,] < 0 by Lemma 4.2, whence [aq,...,a,] V7 < 0. Using the
Correspondence Theorem we have ([ay,...,a,]V7)/n <60/n. O

LEMMA 4.4. Let A be a Mal’cev algebra with a Mal’cev term m, let py, ..., pp,
aq, ..., ax andn be arbitrary congruences of A and k,n > 1. If C(p;, o1, ..., ;1)

for everyi € {1,...,n}, then C(\V i, pis Qs .. ax;m).

Proof: We know that \/,_,_. pi = p1o---0p,, since A is congruence permutable.
We will prove the statement by induction. For n = 1 the statement is obvious.
Let n > 2. We put 6, = py0---0p,_ and 6, = p,,. Now \/;_,,, pi = 0106,. We
will prove that C(1,...,1;0,060, oy, ..., ax;n) by Definition 3.1. Let p € Poly, 1 A
and choose ag, ..., a5_1,u,bo,...,bp_1,v € A so that ay =p,00, bo, a; =, b; for
ie{l,....k—1}, u=,, vand

p(xo, . .., Th_1,u) =, (2o, ..., Tp_1,v),
for all (xg,...,xx_1) € {ag,bo} x -+ X {ag_1,bp_1}\{(bo, ..., bk_1)}. We have to
show p(bo, . .., bk—1,u) =, p(bo, - . ., by—1,v). From the assumption ay =¢,00, by We

know that there exists a ¢ € A such that ay =, ¢ and ¢ =4, by. We introduce a
polynomial s € Pol,, 1A as follows:
S(.To, R ,.’]‘Jk) =

k k
D}(’)(I)Jo,..,,bkfl,u),(ao ..... akfl) (E-(Tk)(Fp(bOV"’bk*l7“)7u(p))) <x0’ e ’J;k_l)

and observe that by Lemma 2.19:

s(xoy .., p_1,u) = p(bo, ..., bg_1,u) = s(xg, ..., T 1,0),
for all (xg, z1,...,25_1) € {ag,c} x {ay,b1} x -+ x {ax_1,bp_1} and
(2o, 1, ..., xr_1) # (¢, b1,...,bx_1) whence

s(xo, ..., Tp—1,u) =y S(zo, ..., Tp—1, V),
for all (zg,z1,...,25-1) € {ag,c} x {ay,b1} x -+ x {ag_1,br_1} and

(o, 1, ..., k1) # (¢,b1,...,bp_1). Using the induction hypothesis we know
that C'(61, a4, ..., ax;n) and therefore we obtain

(4.2) s(e, by, .o b1, u) = s(e, by, .o, bgoq,0).
Also, by Lemma 2.19 we have
s(xoy .., xp—1,u) = p(bo, ..., bg_1,u) = s(xg, ..., Tk 1,0),

for all (zg,z1,...,25-1) € {¢,bo} x {a1,b1} x -+ x {ax_1,bp_1} and
(LU(), Tiy... ,xk_l) ¢ {(C, bl, ey bk—l)u (b(], bl, e ;bk—l)}; and thus

(4.3) s(xo, ..., xp_1,u) =, $(Xg, ..., Tp—1,0),

for all (C(](),Il, . ,l’k_l) S {C, bo} X {al,bl} X e X {ak_l,bk_l} and
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(2o, 1,y xk—1) & {(¢, b1, .. bg—1), (bo, b1y ..., bg—1)}. From (4.2) and (4.3) we
have

8(3307 S 7$k—1au) =n S('TOa SR 7$k—17v)7
for all (zg,z1,...,25-1) € {¢,bo} x {a1,b1} x -+ x {ax_1,bp_1} and
(xo, 1, .. xK_1) # (bo,b1,...,bk_1). Using assumption C(0, aq,...,ag;n) we
obtain

S(bo, N ,bk_l,u) =p S(bo, ce ,bk_l,v).
The left side of the last congruence is equal to p(bo,...,bx_1,u) by Lemma 2.19
and the right side is congruent modulo 7 to p(bo,...,bx_1,v) by Lemma 2.23.
Now, by Proposition 3.4, we have C(0; 0 3, a1, ..., ax;n). O

PROPOSITION 4.5. Let A be a Mal’cev algebra with a Mal’cev term m, and

let p1,..., pn, 01, ..., be congruences of A, k,n > 1. Then:
\/ [piualv“'7ak]:[v pi>a17"'7ak]'
1<i<n 1<i<n

Proof: Since p; <\, ., pi we know from (HC2) that
[pjaalv"'7ak] S [ \/ piaala"'aak’L
1<i<n
for every j € {1,...,n}. Thus,
\/ (i, a1, .. ak] < \/ Piy 1y« - Q]
1<i<n 1<i<n

Let us show the other inequality. By Definition 1.2 we know that

C(p]7 A1y ..oy O [pj7 ag, ... ,Oék]),
for every j € {1,...,n}, and thus using the inequality
[/%’70417'--70414] S \/ [pivala"'vak]
1<i<n

and Lemma 4.2 we have
C(pj) aq, ..., O, \/ [qu Qp,. .. ,Oék]),

1<i<n
for every j € {1,...,n}. By Lemma 4.4 we obtain
C( \/ Pis X1,y ooy O \/ [pi,Oél, .. .,Oék]).
1<i<n 1<i<n
Finally, by Definition 1.2 we have

[\/ Pir 1y oy Q] < \/ [pi, a1, .oy gl

1<i<n 1<i<n
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COROLLARY 4.6. Let A be a Mal’cev algebra with a Mal’cev term m, and let

Py Prs QOs .oy OG1,Qjy1, - .., O be congruences of A, j,k,n > 1. Then:
\/ [Oéo,...,Oéj,l,pi,()éj+1,...,ak} = [Oéo,...,Oéj,l, \/ pi,O[jJrl,...,Oék].
1<i<n 1<i<n

Proof: We obtain the statement directly from Proposition 4.1 and Proposition
4.5. 0

As a consequence we immediately obtain the following lemma which claims
that distributivity holds for higher commutators in Mal’cev algebras.

LEMMA 4.7 (HC7). Let A be a Mal'cev algebra with a Mal’cev term m. Let
gk > 1, let I #0 be aset and {ao,...,05-1,541,...,06yU{p; |1 € I} C ConA.
Then

\/[Oéo, e ,Oéj,hpi, Oéj+1, . ,Oék} = [Oéo, e ,Oéj,l, \/pz, Oéj+1, e ,Oék].
iel el
Proof: Obviously, p; < \/,¢; pi, for every i € I and thus we have
[O-/O) sy OG5 P Oy - 7ak‘] < [Oé[), sy QG \/pla C7EE P 7ak]a
el

for every i € I, by (HC2). Then

\/[0407 e 1, P Qs ] S ags @y \/Pi> gt oo Q)
iel i€l
To show the other inequality we put n = \/,.;[a, ..., ;_1, pi, @j41,. .., o). Let
us show that
(44) C<a07"'7aj—17\/pi7aj+17'"7Oék;lr])'
iel

We use Proposition 3.4 to show (4.4). Thus, take (ag,...,ar_1), (bo,...,bp_1) €
A* u,v € A and p € Pol, A such that

(1) a; =g, b, forevery i € {0,...,5—1,7+1,...,k—1},

u

p(xo, ..., Tp—1,u) =, p(xo, ..., Tp_1,0), for all (xg, ..., zx-1) € {ao, bo} x
cee X {ak_l, bk—l}\{(b07 e bk—l)}'

We have to show p(bo, ..., bx_1,u) =, p(bo,...,bk—1,v). It is well known that
the join of an arbitrary set of congruences is the union of joins of its finite sub-
sets. Condition (4) actually consists of 2¥ — 1 formulas, one for each choice
of (zo,...,xx_1). If we number all 2¥ — 1 choices of the vector (xq, ..., 75 1)
with 1,...,2F — 1, then for the /—th choice there is a finite subset J;, of I such
that the congruence (4) is true for vieJe [0, - .-y Qj_1, Piy i1, - - ., ] instead of
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n. Also there exists a finite set Jy, Jo C I such that q; EWZEJO o bj. We take
J = Uogeg2k—1 Jy. The set J is a finite subset of 1. By Corollary 4.6 we know

\/[Oé(), ey Q1 P, O, . e 7Oék] = [Oé(), ceey QG \/piyaj+17 ‘e ,Oék]
ieJ ieJ

and since J, C J for all £ > 1 we obtain
(45) \/ [O[(), e 7aj—17 Pi, Oéj+1, e 70%] S [Oéo, . ,Oéj_l, \/ Pi, Oéj+1, ey O[k],
i€y ieJ
for all £ > 1. Now, we have
(1) a; =4, b;, forevery i € {0,...,5— 1,7+ 1,...,k— 1},

a; EWZ_GJM bj, (we know \/ieJ0 pi € Vies i)

p(zo, .. Tp_1,u) =g p(xo, ..., T5_1,0), for all (xg,...,z5_1) € {ag,bo} X

. 'X{ak_l, bk—l}\{(bm Cee bk—l)} where § = [Oé(], cey O, \/iEJ Pir Ojt1, - -

because of inequality (4.5).

Thus, we obtain

p(bm s 7bk—17u) =9 p(b07 ey bk—lav)7

because C(ao, ..., a1, ey Pis Qjg1s - - s [0, - -1, ey Pis Qg - - ).
Since
[Oéo, e ,Oéj,l, \/ Pis OéjJrl, e ,Oék] = \/[Cto, . ,Oéj,l,pi, CYj+1, e ,Oék] S mn,
ieJ icJ
we have

Db+ bi1s0) =y p(bos - b1, 0).

This proves C(1,...,1; a0, ..., -1, ;e Pis @js1, - - ., a3 ), and hence concludes
the proof of (4.4). O

COROLLARY 4.8. Let A be a Mal’cev algebra, let o be a congruence of A and
letneN. If[1,...,[1,1]] <« then A/a is nilpotent of class at most n.
——

Proof: We prove
(4.6) [1/a,....[1/a,1/a]] < ([1,...,[1,1]] Va)/a for all k € N
hk,_/ T

by induction on k. For k = 1 the statement is a consequence of (HC6). Let
k > 1. By the induction hypothesis we have

[1/a,[1/a, ... [L/a,1/a]]] < [La, ([1,....[1,1]] V a)/a].
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We now compute the righthand side of the last inequality. Applying (HC6), we
obtain
/0, (1, [L 1]V a)/a] = (L[1,...,[1,1]] v a] V a) /o
—— ——
k—1 k-1
Using the distributivity of higher commutators (HCT7), the last expression is equal
to
(1, [1,...,[L,1]] V[, o Va)/a.

——
k—1

Since [1, a] < «, this is equal to

([1,....[1, 1] Va)/e.

k
This completes the induction step. From (4.6), we obtain [1/a, ..., [1/a,1/a]]a/a
~——_— ——

n
0a/o and hence A /a is nilpotent of class at most n. O

LEMMA 4.9. Let A be a Mal’cev algebra with a Mal’cev term m, ag, ...,
congruences of A and n > 0. Then [, ..., q,] is generated as a congruence by
the set

(47) R:{(C(bo,...,bn),C(ao,...,an)) |bo,...,bn,a0...,an€A, Vi : a; =q,; bi,

¢ € Pol, 1A and c is absorbing at (ag,...,an,)}.
Proof: To prove the statement we will first show R C [ag,...,a,]. Let n > 0,
bo, .-, bn,ag,...,a, € Asuch that b; =,, a;, i € {0,...,n}, and let ¢ € Pol, 1 A
be absorbing at (ao, . ..,a,). Now it is clear that
c(xoy ooy Tn1,apn) = c(ag, .., an) = c(Toy .., Tp_1,bp)

for all (ZL'(), . ,.In_l) € {CL(), bo} X+ X {an_l, bn—l}\{(b07 Cee bn—l)} and thus we

have

C($07 vy Tp—1, an) =lao,...,on] C($07 vy Tp—1, bn)
forall (xq, ..., zn_1) € {ag,bo}x-+-x{an_1,bn_1}\{(bo,--.,bn_1)}. Thusc(by,...,
brn—1, n) =(ag,....an] C(bo, ..., by). Since c is absorbing at (ay, ..., ay), we obtain

(c(boy ..., bn),clag, ... a,)) € [, ..., ap).

This proves that every element of R is contained in [, . . ., ay).
Now, let v be a congruence of A such that R C . To finish the proof it will
be enough to prove [ag, ..., a,] < 7, which is equivalent to C'(«p, ..., a,;7) by

Lemma 4.2. To this end, we take by, ..., by,,ao,...,a, € Asuch that a; =,, b; for
all i € {0,...,n} and p € Pol,;; A such that

p(l’o, ceey Tp—1, an) qu p<x07 ceey Tn—1, bn)
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for all (xq,...,x,1) € {ag,bo} X x{an_1,bn_1}\{(bo,- - .,bn_1)}. We will show
p(bo, ..., bu_1,a,) = p(bo, ..., bp_1,b,). We define a polynomial ¢t € Pol,, ;1A as
follows:

t(l’o, e ,Z’n) =

DI(77Z207--~7bn—17an)7(a0 ,,,,, an—l) (Egr:L)(Fp(b(),-..,bn—l,an),an (p))) (.CEO, st 7xn—1)'

We can observe that by Lemma 2.19, ¢ is absorbing at (ay, . .., a,), and hence
(4.8) t(zo, ..., xn) = p(bo, ..., bp_1,a,) =t(ag,...,an)

for every (xo,...,z,) € {ag,bo} X -+ X {an, by }\{(bo, ..., bn)}. So, (t(bo,-..,bn),
t(ag,...,a,)) € R and thus (¢(bo,...,b,),t(ao,...,a,)) € 7. By Lemma 2.23 we
know that t(bo, ..., b,) =, p(bo,...,by,), so we obtain

(p(bo, ..., by), t(ag,...,a,)) € 7.
Therefore, using (4.8) we have p(by, ..., b,—1,a,) = p(bo, ..., b,). O

COROLLARY 4.10. Let n > 2. Let A and B be Mal’cev algebras, on the same
set (with possibly different Mal’cev terms). If Pol,A = Pol,B, then A and B
have the same n-ary commutator operation.

Proof: 1f Pol, A = Pol,B then Con A = ConB. Hence every n-ary commutator
is generated by the same set on both A and B. Since Con A = Con B, this set
generates the same congruence on both A and B. O

As another consequence of Lemma 4.9, we obtain a description of the com-
mutator operation for expanded groups. Actually, for expanded groups, this
description can be taken for a definition of the higher commutator operations.

COROLLARY 4.11. Let 'V be an expanded group, let n € N, let ag,...,q, €
ConV, and let v := [ap, ..., ay]. Forie {0,...,n}, let A; be the class 0/c;, and
let C :=0/vy. Then C is the subgroup of (V,+,—,0) that is generated by

S = {c(ag,...,a,)|ap € Ag,...,a, € Ay, c € Pol, 11V,
and c is absorbing at (0,...,0) with value 0}.

Proof: Let S’ be the subgroup of (V,+, —,0) that is generated by S. Since
for all p € Pol;yV with p(0) = 0, we have p(S) C 5, it is easy to show that for
all p € Pol; V with p(0) = 0, we have p(S’) C S’. By Proposition §1.2.6, S” is an
ideal of V, and thus the relation ¢’ defined by

o ={(vo,v1) €V x V]uvg—v1 €5}

is a congruence of V.

We will now prove S’ = C. For proving C' C ', it is sufficient to prove v C o’.
To prove this inclusion, we show that all of the generators of v that are given in
Lemma 4.9 lie in ¢’. To this end, let ¢ € Pol,,,V, a = (ag,...,a,) € V"™ and
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b = (b, ...,b,) € V" be such that c is absorbing at a and for all i € {0,...,n},
we have (a;, b;) € a;. We define d € Pol,, .1V by

d(x) == c(a+x) — c(a) for all x € V"

Then d is absorbing at 0 with value 0, hence d(—a+b) € S. Hence (0,d(—a+b)) €
o', and thus, since ¢’ is a congruence of V, (0 + ¢(a), d(—a + b) + c¢(a)) =
(c(a), ¢(b)) € ¢’. This completes the proof of v C ¢’.

For proving S" C C, we first prove S C C. Let s € S. Then there is a ¢ €
Pol,, .1V such that c is absorbing at 0 with value 0, and there are ag € Ay, ..., a, €
A,, such that c(ay, ..., a,) = s. Lemma 4.9 yields (0, ¢(aq, - .., a,)) € 7, and hence
s € 0/y = C. Since C is a subgroup of (V,+, —,0), we have S’ C C. O

For the commutator of principal congruences we can avoid the congruence
generation involved in Lemma 4.9.

LEMMA 4.12. Let A be a Mal’cev algebra with a Mal’cev term m, let n > 0,
let (ug, ..., up), (Vo,...,v,) € A" and for alli € {0,...,n} let a; = O (u;,v;).
Then

[ag, ... o] = {(c(vo, ..., vp),c(uo, ..., up)) | ¢ € Poluy1 A, ¢ is absorbing at
(Uo, C ,Un)}

Proof: We denote the set on the right side of the equality by S. By Proposition
§1.2.2 we have

(4.9) Oa(u,v) = {(p(u),p(v)) |p € Pol,A},

u,v € A. First, we prove that the set of generators of |ay,...,a,] from Lemma
4.9 is a subset of S. Take ag,...,an,bo,...,b, € A, n > 0, so that a; =,, b,
i € {0,...,n}, and ¢ € Pol,;1A so that ¢ is absorbing at (ay,...,a,). Using
statement (4.9) for a; = Oa(u;,v;) we know that there exist polynomials p; €
Pol; A such that a; = p;(u;) and b; = p;(v;), for every i € {0,...,n}. Thus

(c(bo, ..., bn),clag, ..., a,)) = <c(p0(v0), o ,pn(vn)),c(po(uo), . ,pn(un)))

Since c is absorbing at (aq, . . ., an—1), ¢(po(Z0), - - . , Pu(zy)) is absorbing at (ug, . . ., uy).
Then we know that

(c(boy---,bn),clag, ... an)) = (c(po(vo), . ,pn(vn)),c(po(uo), . ,pn(un))>

belongs to S. Since S is obviously a subset of the generating set of [, ..., a,)
from Lemma 4.9, we conclude that S generates [, ..., a,]. We will now show
that S is a congruence relation of A. Clearly, S is reflexive, since we can substitute
constant functions for ¢. To prove the symmetry of S'let (c(vo, ..., v,), c(ug, ..., up,)) €
S for a polynomial ¢ € Pol, 1A absorbing at (uqg,...,u,). Now, we define the
polynomial e € Pol,, 1A as follows

e(zo, ..., Ty) = m(c(uo, ceyUp), (o -y Ty, (g, - ,vn)).
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We have that (e(vg,...,v,),e(ug, ..., u,)) € S, by the definition of S. Therefore

(c(ug, ..., up), c(vo,...,v,)) € S. To prove the transitivity of S we assume that
¢,d € Pol, 1 A are such that (c(v, ..., v,), c(ug, ..., uy)) € S, (d(vo, ..., v,), d(ug, ...
S and c(ug, . .., u,) = d(vo, . ..,v,) for ¢ and d absorbing at (uq,...,u,), and we
show

(c(voy ..y vn), d(ug, ..., u,)) € S.
We introduce the polynomial e € Pol,,;1 A as follows

e(To, ..., xpy) 1= m(c(xo, cey ), (g, e uy), d(xo, ,xn))
It is not hard to see that e is absorbing at (ug,...,u,). Thus, we conclude
that (e(vo,...,vn),e(uo,...,u,)) € S. Since e(vy,...,v,) = c(vo,...,v,) and
e(ug, ..., up) = d(ug,...,u,), we have (c(vo,...,v,),d(ug,...,u,)) € S. It re-

mains to prove the compatibility property for S. As it is mentioned in [19, p.
9] it is enough to check the compatibility for unary polynomials. Let f € Pol; A
and (c(vg, ..., vn), c(ug,...,u,)) €S for a polynomial ¢ € Pol,, ;A absorbing at
(uo, ..., up). Then for a polynomial ¢ € Pol,, ;1 A, defined by

t(zo, ..., zn) = f(c(zo, ..., 2n)),

we have that t is absorbing at (ug, . .., u,). Now we conclude that (¢(vo, ..., v,),
t(uo,...,uy,)) € S or, in other words, (f(c(vo,...,vs)), f(c(uo,.. ., un))) € S.
This completes the proof. O

PROPOSITION 4.13. Let A be a Mal’cev algebra with a Mal’cev term m, let
n,k € N be such that k <n, and let ay, ..., a, be congruences of A. Then

(g, a1, [y - an]] < oo, - .

Proof: Since we know that every congruence is a join of principal congruences, it
suffices to consider the case where a4, . . ., a,, are principal congruences. The gen-
eral inequality then follows from Lemma 4.7. We will prove that each of the gen-
erators of [ag, ..., a1, [, ..., q,]] given in Lemma 4.9 belongs to [a, ..., a,).
Assume that «; = ©Oa(a,b;), where (a;,b;) € A% i € {k,...,n}. Let
(c(voy ... ,vg),c(ug,...,ux)) be an element in the generating set of
lag, .oy a1, [, - - ., )] as in Lemma 4.9. Then v; =,, u; for alli € {0,... k—
1}, v =lap,...an] Uk, and c is a k-ary polynomial of A that is absorbing at
(ug, - .., ux). From Lemma 4.12 we know that there exists a d € Pol,,_j 11 A such
that vy, = d(bg, ..., b,) and ux, = d(ag,...,a,) and d is absorbing at (ag,...,a,).
Now, we observe that the polynomial e € Pol,,.1 A defined by

e(zo, ... xn) = c(xo, ..., Tp1,d(Tk, ..., Tp))
is absorbing at (ug, ..., ug_1, 0k, ..., a,). Thus, from Lemma 4.9 we obtain that
(e(voy -+ s Uk—1,bky -, bn),€(ug, ..., Up_1,0ax,...,a,)) belongs to the generating
set of the commutator |ay, ..., @, or, in other words,

(c(vo, ..., vg), c(ug, ..., ux)) € [ao, ...,
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This completes the proof. O
COROLLARY 4.14 (HCS8). Let A be a Mal’cev algebra with a Mal’cev term m,
let n € N, and let ag, ..., a,, be congruences of A. Then
[, [a1, - s an]] < g, a0, .

Proof: We obtain the inequality directly from Proposition 4.13 if we choose k = 1.
O

PROPOSITION 4.15. Let A be a Mal’cev algebra with a Mal’cev term m and
let n > 2. Then

if and only if there exists a ¢ € Pol, A and 6,6y,...,0,_1 € A such that
(1) ¢ is absorbing at (0o, ..., 0,_1) with value 6, and
(2) there exists a vector (ag,...,a,—1) € A" such that c(ag, ..., an_1) # 0.
Proof: (=) Let [1,...,1] > 0. Then C(1,...,1;0) is not true. By Proposition
~—— ——

n

3.4 and Definition 3.1 there exist 6y,...,0,_1,a9,...,a,_1 € A and a p € Pol,A
such that

p($07 ey Tp—2, gn—l) - p(fan vy Tp—2, an—1)7
for all (zog,...,zn_2) € {00, a0} X -+ X {0p_2,an,_2}\{(ao,...,a,_2)} and
plag, ..., an—2,0,_1) # plag,...,an_2,a,_1).

Now, we put 6 = p(ay, ..., a,—2,0,—1) and define ¢ € Pol, A as follows:

2oy ooy Tpq) 1=
n—1 n—
D;(a07,),,,an_2,9n_1)7(90 ,,,,, 9n_2)(E;(rn,1)(Fp(ao ..... an_2,9n—1),9n—1(p)))($07 B ,Zlfn_2>-

By Lemma 2.19 we have that ¢ is absorbing at (fg,...,60,_1) with value 6,
and by Lemma 2.23 we know that c(ao,...,an—1) = p(ao,...,a,-1) and thus

clag,...,an_1) # 0.
(<) Since
6(1'07 vy Tp—2, enfl) = C(IB(), <oy Tp_2, anfl)a
for all (zg,...,zn_2) € {00, a0} X -+ X {0p_2,an,_2}\{(ao,...,a,_2)} and
C<a0a cey Ap—2, Qn—l) =0 7£ C(aOa s 7an—1)7
the condition C(1,...,1;0) is false by Definition 1.1. Thus [1,...,1] = 0 does
SN—— ——

not hold, by Definition 1.2. O

Note that the polynomial that satisfies the conditions (1) and (2) of Proposi-
tion 4.15 depends on each of its arguments, or, in other words, its essential arity
equals its arity. In the sequel we will need #-polynomials, which we have defined
on page 39.
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COROLLARY 4.16. Let A be a Mal'cev algebra with a Mal'cev term m and
n>2 If[1,...,1] = 0 then for every 6 € A, every 0-polynomial p of A has
——

essential arity at most n — 1.

Proof: Let 6 € A, and let p € Pol,A be a #-polynomial with essential arity k.
Then p satisfies (1) from Proposition 4.15 for (¢, 6y, ...,0;_;) == (p(d,...,0),0,...
Since p depends on x;_1, there exist (ag, ..., ar_1), (ag, ..., a2, bp_1) € AF such
that p(ag,...,ax_1) # p(ao, ..., ax_o,br_1). Clearly, p(ag,...,ax_1) # p(0,...,0)
or p(ag,...,ax_o2,bk_1) # p(f,...,0). Thus, p satisfies also (2) from Proposition
4.15. Thus we have [1,...,1] >0, and hence k <n — 1. O

k

PROPOSITION 4.17. Let A be a Mal’cev algebra with a Mal’cev term m and
n>2 If[1,...,1] = 0 then Clo(|J/—, Pol; AU {m}) = Pol A.
——

n

Proof: By (HCS8) A is nilpotent. We proceed by induction on the nilpotency class
of A.

In the case that A is abelian, Proposition §1.3.11 yields that the clone of all
polynomials of A is generated by m and all the unary polynomials of A.

For the induction step, we let r € N such that A is of nilpotency class r + 1.

Then, we have [1,...,[1,1]] = 0, and for « := [1,...,[1,1]], we have o« > 0.
R,l_/ ——
r+ T
Hence
(4.10) [1,a] = 0.

By Corollary 4.8, Con(A/«) is nilpotent of class at most r. Furthermore, by
(HC6) we have [1,...,1]a/a = 0a/a. We fix p € Poly A, k > n, and let p, be the
(A

corresponding polynomial from Pol(A /«) such that p,(x/a) = p(x)/a for all x €
A Thus, by the induction hypothesis we know that p, € Clo(|J!—, Pol;(A/a)U
{m}). In other words, there exists a p' € Clo(|J!, Pol;A U {m}) such that
Pa(x/a) = p/(x)/a. Now, we obtain p(x) =, p'(x), for every x € A¥. We choose
0 e A, and deﬁne te PoIkA as follows:
t(x) == m(p(x ),p’(x) 0) for every x € A",

We want to show t € Clo(|J!-, Pol;A U {m}). First, we observe that t(x) €
0/a, for all x € A*. From (4. 10) we have [, ] = 0 and thus we can apply
Proposition 2.18 and obtain that ¢t € SgP@*™(P) where P is a set of 6-
polynomial functions of essential arities at most the essential arity of ¢. Using
the assumption [1,...,1] = 0in A and Corollary 4.16 we conclude that all such

f-polynomial functions are of essential arities at most n — 1 and thus we have
t € Clo(|J!—, Pol;A U {m}). Since p(x) =, p'(x) and [, 1] = 0, Lemma §1.3.5
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yields p(x) = m(t(x),0,p'(x)). Since t,p' € Clo(|J/-, PoliA U {m}), we have

).
p € Clo(J}~y Pol;A U {m}). O



CHAPTER 3

On Polynomials in Various Types of Mal’cev Algebras

The main results of the dissertation are formulated and proved in this chapter
which is divided in three sections: about affine completeness, about polynomial
equivalence problem and about number of Mal’cev clones on a finite set. We
present a characterization of affine complete expanded groups whose congruence
lattice has the (APMI) property (Theorem §3.1.10). For a finite nilpotent algebra
of finite type that is a product of algebras of prime power order and generates
a congruence modular variety (studied by K. Kearnes in [25]), we are able to
show that the property of affine completeness is decidable (Theorem §3.1.18).
Moreover, the polynomial equivalence problem has polynomial complexity in the
length of the input polynomials (Theorem §3.2.3). As the final contribution of this
dissertation, we prove that the polynomial functions of a finite Mal’cev algebra
whose congruence lattice is of height at most 2 can be described by a finite set
of relations (Theorem §3.3.22).

1. Affine Completeness

In the first subsection we present the statements that lead to the characteri-
zation of affine complete expanded groups that satisfy the (APMI) property. The
second subsection is devoted to the proof of the results about decidability of affine
completeness for a subclass of Mal'cev algebras.

1.1. Congruence Preserving Functions in Expanded Groups and
(APMI) Property. In this section, we will produce certain functions on V
that preserve the extended types of an expanded group. We say that an ideal
U of V is a homogeneous ideal if U is a homogeneous element of the lattice
Id V. Our constructions of functions will work for those expanded groups that
have a homogeneous ideal U such that every ideal of V is either above U or
below U V U*. By Propositions 6.16 and 6.17, each finite expanded group whose
congruence lattice satisfies (APMI) has such an ideal.

For an expanded group V and an ideal I of V, we say that S is a transversal
of V' through the cosets of I if S CV and [SN(v+1)|=1forallveV.

ProposITION 1.1 (Lifting of type preserving functions). Let k € N, let V be
a finite expanded group, and let U be a homogeneous ideal of V such that for all
ideals A of V, we have A>U or A UVU*. Letg: (V/U)* = V/U, let T be a
transversal of V' through the cosets of UV U*, and let sy :V — T, sy : V — U,

61
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sy : V. — U* be mappings such that
v =57(v) + sy(v) + sy=(v) for allv e V.
Now let h be a function from V* to V such that
h(v) € g(v +U") for all v € V*.
We define a function f : V¥ — V by
f(v) :== sp(h(v)) + sy« (h(v)) for all v € V*.

Then we have:

(1) The function f is a lifting of g, i.e., f(v) € g(v +U¥) for all ve V*.

(2) The function f is constant on each coset of U*.

(3) If g is a congruence preserving function of V /U, then f is a congruence
preserving function of V.

Proof: See [8, Proposition 9.2 (1)-(3)]. O

PROPOSITION 1.2. (cf. [5, p. 90]) Let U be a homogeneous ideal of the finite
ezpanded group V. We assume that we have ®(U) = 0 and [U,U] = 0. We take

R to be an algebra with the universe

R:=A{plu|p e R(V)}

and the operations given by pointwise addition of functions and their composition.
Then R is a ring. Furthermore, we take U to be an R-module (U,+,—,0, R).
Then there exist a field D, natural numbers k,n, a ring isomorphism cg : R —
M, (D), and a group isomorphism ey : (U, +) — (D®*™) 4 such that for r € R
and uw € U we have

ev(r(u)) = er(r)eu(u).
Proof: See [5, Proposition 8.1]. O

PRrROPOSITION 1.3 (Extension of congrence preserving functions). Let V be
a finite expanded group, let U be a homogeneous ideal of V such that for all
ideals A of V, we have A > U or A < UV U*. Let U be the Py(V)-module
(U7 +, -, 07 {fplp € P0<V)}>7 where

fp(u) :==p(u) for allu e U.

Let k € N, and let g : U* — U be a function that preserves the congruences of
U. We define a function e: V¥ —V by

e(u+u*) = g(u) for allu e U*, u* e (U,
and e(v) = 0 for all v € VF\ (U v U*)*.
Then, the function e preserves the congruences of V.

Proof: See [8, Proposition 9.3(1)]. O
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PROPOSITION 1.4. Let V be a finite expanded group, and let U be a homoge-
neous ideal of V such that for all ideals A of V, we have A > U or A< UV U*.
If V is 1-affine complete, then the centralizer Cy (®(U) : U) of U modulo ®(U)
satisfies Cy (P(U) : U) < UV U*.

Proof: Since every weakly 1-polynomially rich algebra is 1-affine complete
algebra the statment can be obtained from Proposition 9.5 in [8]. O

We will need the following description of the centralizer Cy (®(U) : U) that
appeared in Proposition 1.4.

PROPOSITION 1.5. Let 'V be a finite expanded group, let U be a homogeneous
tdeal of V, and let A, B be ideals of V with A < B < U.

(1) If [B,B]v £ A, then A =0, B =U, and hence U is an atom of [d'V.
Furthermore, in this case we have Cy (0: U) = U*.

(2) If [B,Blv < A, then we have Cy (A: B) =Cy (®(U):U) > U Vv U*.

(3) Every atom C of IdV with [C,C]y, = C is a homogeneous ideal of V.

Proof: See [8, Proposition 9.6]. O

LEMMA 1.6. (cf. [8, Lemma 9.7]) Let V be a finite expanded group whose

congruence lattice satisfies (APMI). We assume that V is 1-affine complete.
Then V satisfies the condition (SC1).

If the expanded group V satisfies (SC1), homogeneous ideals have several
helpful properties.

PROPOSITION 1.7. Let 'V be a finite expanded group with (SC1), and let U be
a homogeneous element of V. Then we have:
(1) ®(U) = 0.
(2) v (®U):U) <UVU"
(3) If V s finite, then U is the range of a unary idempotent polynomial
function.

Proof: See [8, Proposition 10.1]. O

In Section 7 of [5], one finds information on those unary polynomial functions
whose range is contained in a homogeneous ideal. We will use straightforward
generalizations of these results to k-ary functions.

PROPOSITION 1.8 (cf. [5, Proposition 7.16]). Let k € N, let 'V be a finite
expanded group, and let U be a homogeneous ideal of V with Cy (®(U) : U) <
UV U*. Let f be a partial function on V with domain T C V*. We assume
f(T) CU. Then the following are equivalent.

(1) There is a polynomial p € Pol,V with p(V*) C U and p(t) = f(t) for all
teT.
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(2) For each coset C := v + (Cy (®(U) : U))* with v € V* there is a poly-
nomial pc € PolyV such that pc(t) = f(t) for allt € TNC.

The proof of this proposition is identical with the proof of Proposition 7.16
in [5] except that k-ary polynomial functions have to be used instead of unary
polynomial functions.

PROPOSITION 1.9. Let k € N, let V be a finite expanded group, and let U be
an atom of IdV. We assume [U,Uly, = U. Then

(1.1) {plux | p € Poli(V), p(V*) C U} = UV,
Proof: See [8, Proposition 10.3] O

For an expanded group V and a homogeneous ideal U of V with ®(U) = 0,
the structure of the Py(V)-module U has been described in Theorem §1.7.1 and
Proposition 1.2. Thus, if (U, Us,...,U,) is a homogeneous series of V, and
if ¢ is such that [Ui11, Uisi1]y < Ui, the Py(V)-module U4y /U; is polynomially
equivalent to a module that is isomorphic to the M, (D)-module D™ where
D, n and m can be recovered as follows: for an ideal A of V with U; < A <
Uit1, D is the field of Py(V)-endomorphisms of the module A/U;, and n is the
dimension of A/U; over D. The number m is the height of the lattice I[U;, U;41].

Now, we can describe affine complete members of the class of finite expanded
groups whose congruence lattice satisfies the condition (APMI).

THEOREM 1.10. (cf. [8, Theorem 11.2]) Let V be a finite expanded group
whose congruence lattice satisfies the condition (APMI), let (Uy, Uy, ..., U,) be
a homogeneous series of the lattice Id'V, and let k € N. Then the following are
equivalent:

(1) V is k-affine complete.
(2) V satisfies (SC1), and for alli € {0,...,n—1} with Uiy, Uipaly < Us
the Py(V)-module U;1/U; is k-affine complete.

1.2. Supernilpotent Algebras. In this section we investigate a class of
Mal’cev algebras located between the class of abelian and the class of nilpotent

Mal’cev algebras. The main result of this section we obtain when the class coin-
cides with the class of nilpotent Mal'cev algebras.

DEFINITION 1.11. Let £ € N. An algebra is called k-supernilpotent if
[1,...,1]=0.
——
k+1

An algebra A is called supernilpotent if there exists a k € N such that A is
k-supernilpotent.

DEFINITION 1.12. (cf. [25, p.179]) Let A be an algebra, and let £ € N.
The function ¢ € Poli 1A is a commutator polynomial of rank k if the following
conditions hold:
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(1) For all zg,..., x5 1,2 € A: if z € {xg,...,x,_1}, then
c(xo, ..., Tp1,2) = 2.
(2) There exist yo, ..., yx_1,u € A such that

C(y07 cee ayk—lau) 7é U.

We can define commutator terms using term functions instead of polynomials
in the previous definition. The following proposition will be used in Lemma 1.17.

PropPOSITION 1.13. (cf.[25, Theorem 3.14(3),(4)]) Let A be a finite nilpotent
algebra of finite type that generates a congruence modular variety. The following
conditions are equivalent:

(1) A factors as a direct product of algebras of prime power cardinality.
(2) A has a finite bound on the rank of nontrivial commutator terms.

PROPOSITION 1.14. Let k € N and let A be a k-supernilpotent Mal’cev alge-
bra. If A is (k + 1)-affine complete, then A is affine complete.

Proof: We define an algebra B by B = (A,C) where C is the set of all functions
on A that preserve all congruences of A. We want to show that PolB = Pol A.
Since A is (k+ 1)-affine complete by the assumptions we have Pol,B = Pol;A for
every s < k+ 1. It is not hard to see that Con A = Con B. Then, from Corollary
§2.4.10 we know that [1,...,1] = 0is true in B. Finally, from Proposition §2.4.17

k1
we have

k k
Pol B = Clo(|_JPol; BU {m}) = Clo(|_JPol; AU {m}) = Pol A.0
i=0 i=0
COROLLARY 1.15. There is an algorithm that decides whether a supernilpo-

tent finite Mal'cev algebra of finite type, given by its operation tables, is affine
complete.

Proof: From Proposition §2.4.15, we obtain a way to compute a k£ € N such that
A is k-supernilpotent. Once such a k is known, it remains to check whether every
(k 4+ 1)-ary congruence preserving function is a polynomial function. O

LEMMA 1.16. Let A be an algebra that generates a congruence permutable
variety and let k € N. Then the following are equivalent:
1) [1,...,1] =0;
(1) [ ]

k41
(2) A is nilpotent and all commutator polynomials have rank at most k.
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Proof: (1) = (2) Let ¢ be a commutator polynomial of rank ¢ > k + 1. From

[1,...,1] =0 we have [1,...,1] =0 by (HC3), and thus
—— ——
k+1 t
1.2 C(1,1,...,1;0),
(1.2) ( )

t

by Definition §2.1.2. Let (yo, ..., %1, u) € A", We want to show that c(yo, ..., y_1,u) =
u. For every (xo,...,7i2) € {u,yo} X -+ X {u,y;o} and (zg,..., 21 2) #
(Yo, - - -, Yt—2) we have c(zg, ..., T2, Y—1,u) = c(xq, ..., T2, u,u), by Definition
1.12. Thus, by Definition §2.1.1, we have c(yo, - . ., Yi—1, %) = (Yo, - - - Yt—2, U, U) =
u because of (1.2). This contradicts the fact that ¢ is a commutator polynomial.
Clearly, by (HCS8) A is nilpotent.
(2) = (1) Let c € Pol,, A, 0,6y,...,0,_1 € Aand (ag,...,a,—1) € A" be such

that the following is satisfied:

(i) ¢ is absorbing at (6y,...,0,_1) with value ¢

(ii) there exists a vector (ag,...,a,—1) € A" such that c(ag,...,a,-1) # 6.
By the assumptions of the lemma, A has a Mal’cev term. Let us denote this
term by m. By Lemma §1.3.14, since A is nilpotent we know that the functions
fi + A — A defined by

fi(z) :==m(x,0,0,;),

for every i € {0,...,n — 1} are bijections. Thus there exist by,...,b,_1 € A
such that f;(b;) = a;, for every ¢ € {0,...,n — 1}. Let us define a polynomial
de POIn_HA by

d(xg, ..., Tn_1,2) = m(c(m(xg, z,00),...,m(xy_1,2,0,1)),0,2).
1—th

Clearly, we have d(xy, .. ., : ey Tp_1,2) =z, forevery i € {0,...,n—1}. Also,

(o, ..., n-1,0) = c(fozo), ..., fa—1(zn-1)).
Therefore d(by,...,b,_1,0) = c(ag,...,a,-1) # 0. Now, the conditions (1) and
(2) of Definition 1.12 are satisfied. Thus, d is a commutator polynomial of rank n.
By the assumptions n < k, and thus by Proposition §2.4.15 we obtain [1,...,1] =
——

k+1
0. O

LEMMA 1.17. Let A be a finite nilpotent algebra of finite type that generates a
congruence modular variety. If A factors as a direct product of algebras of prime
power cardinality then A is a supernilpotent Mal’cev algebra.

Proof: We define a new algebra A* in the following way: for each ¢ € A, we add
a nullary operation ¢A” defined by ¢() := c¢. Since A is finite we have that A*
is a finite algebra of finite type. Furthermore Gumm’s terms from Proposition
§1.2.3 for A are also terms in A* and thus A* generates a congruence modular
variety. By [3, Lemma 2.2] we know that the binary commutator in A and A*
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is the same. Thus we have that A* is nilpotent. By assumption we know that
there is a natural number n such that A = Ay x --- x A, where |4;| = p;" for
some primes p; and some «; € N, i € {1,...,n}. We define an algebra A} in
the following way: for each ¢ € A, we add a nullary operation ¢®" defined by
c() := mi(c) for every i € {1,...,n}. Now, A* = A} x --- x Ay and A} has
prime power cardinality. By Proposition 1.13 we have an m € N such that the
rank of every nontrivial commutator term of A* is at most m. Since these terms
are precisely the commutator polynomials of A, and since by Lemma §1.3.15 the
algebra A generates a congruence permutable variety, Lemma 1.16 yields that A
is m-supernilpotent. O

THEOREM 1.18. There is an algorithm that decides whether a finite nilpo-
tent algebra of finite type that is a product of algebras of prime power order and
generates a congruence modular variety is affine complete.

Proof: From Lemma 1.17 we know that a finite nilpotent algebra A of finite type
which is a product of algebras of prime power order and generates a congruence
modular variety is supernilpotent and generates a congruence permutable variety.
Therefore A has a Mal'cev term. Then by Corollary 1.15 we have that the
property of affine completeness for A is decidable. O

2. The Polynomial Equivalence Problem

The polynomial equivalence problem explained in the foreword can be formu-
lated in the more appropriate way for nilpotent Mal’cev algebras. Again, when
the nilpotent class of Mal’cev algebras coincides with the class of supernilpotent
Mal’cev algebras, we obtain the result given in Theorem 2.3.

In a Mal’cev algebra A, for (z,...,z_1) € A¥ and 6 € A we introduce the
following notation:

we(To, . 1) = |{i : x; # 0}

PROPOSITION 2.1. Let n,k € N, let A be a k-supernilpotent Mal’cev alge-
bra, and let 0 € A. Let p € Pol,A be such that for all (zo,...,T,_1) € A"
with wy(xg, ..., xn—1) < k, we have p(xg,...,x,—1) = 0. Then p is the constant
function with value 6.

Proof: Let p € Pol, A be a polynomial with this property and let (xg,...,z,1) €

A™. We prove p(zg, ..., x,_1) = 0 by induction on wy(xq, ..., zn_1). ffwe(zo,..., 20 1) <
k 4+ 1 then the statement is true by the assumption. Let us suppose that
wo(xgy ... tp1) = m > k+ 1. Let {iy,...,in} = {i|z; # 0}. We define a

new polynomial ¢ by

Q(ylv s Ykt 1 BE42, - - - 7Zm> =

i 1 Tet2 im

D0, 0,590, 0, 0 yrin, O, 0, 20,0, 0,2 0, 6)



68 3. ON POLYNOMIALS IN VARIOUS TYPES OF MAL’CEV ALGEBRAS

for ya1,. .., Yks1, Zkte, - - -5 2m € A™. By the induction hypothesis we have q(y, . . .,

Ykt1s Tigg» - - - Tiy,) = 0 for every (yi, ..., yk1) € {xay, 0F X< --- x {0\ { (@i,
..., Tjy,, )} If we introduce a polynomial ¢’ in the following way

01, Y1) = Y1, - Yk 1y Tigrns - - -5 L)
we have ¢'(yi,...,Yk+1) = 6 whenever there exists an i € {1,...,k + 1}, such
that y; = 0. Therefore ¢’ is a #-polynomial, and hence the essential arity of ¢’ is
0 or k+ 1. Since A is k-supernilpotent we know that [1,...,1] = 0, and thus
k+1
the essential arity of ¢’ is at most k by Corollary §2.4.16. Thus ¢ is constant, so
q(ziy, ..., x;,) = 6 and thus, p(z1,...,2,) =6. O

LEMMA 2.2. Let A be a nilpotent Mal’cev algebra A with a Mal’cev term m
and let x,y,0 € A. Then if m(z,y,0) =0, we have x = y.

Proof. Suppose m(x,y,0) = 0. By Lemma §1.3.14 we know that the function
f: A — Adefined by f(t) := m(t,y,0) for t € A is one to one. Therefore if = # y
then f(z) # f(y). Then we have m(x,y,0) # m(y,y,0) = 6. This contradicts
the assumption. O

On supernilpotent Mal’cev algebras, these results provide a method to deter-
mine whether two polynomial terms induce the same function. In particular, we
can now prove the main result of the section.

THEOREM 2.3. The polynomial equivalence problem for a finite nilpotent al-
gebra A of finite type that is a product of algebras of prime power order and
generates a congruence modular variety has polynomial time complexity in the
length of the input terms.

Proof. Suppose that s(zg,...,x,_1),t(xq,...,T,_1) are polynomial terms of A.

By Lemma 1.17, there is a k € N such that A is k-supernilpotent, and A has a
Mal’cev term m. Since A is nilpotent, by Lemma 2.2, it suffices to check whether

m(s(xo, ..., Tn1),t(zo,...,2n_1),0) =0
holds in A. We define a polynomial term p of A by
p(zo, .., Tpn1) = m(s(zo, ..., Tn1),t(x0, ..., Tpu_1),0).

By Proposition 2.1 we have to check p*(aq,...,a,_1) = @ only for those n-tuples
from A" that satisfy wy(ao,...,a,-1) < k + 1. There are precisely

1+(|A|—1)n+(|A|—1)2(Z) +---+(|A|—1)’“<Z)

such n-tuples. Clearly, this expression is a polynomial in n. Since n is the number
of variables that occur in s and ¢, n is obviously bounded by the length of these
terms.

Therefore the polynomial equivalence problem has polynomial complexity in
the length of the input terms. O
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3. On the Number of Mal’cev Clones

Here we will show that the assertion of Conjecture 1 in §1.7 is true for every
finite Mal’cev algebra whose congruence lattice is of height at most 2.

Distinguishing cases according to the isomorphism class of the congruence
lattice of the algebra and the commutator operation on this algebra, we will
see that in most cases, the result can be inferred from existing results on poly-
nomial completeness [18, 22, 3]. However, if the algebra is nilpotent and not
abelian, we need a new argument to show that its polynomials can be described
by finitely many relations. Actually, in this case (Subsection 3.3) we use higher
commutators.

3.1. Abelian Algebras.

PROPOSITION 3.1. Let A be a finite abelian Mal’cev algebra. Then,
Pol A = Comp(A, Inv™@ {44} (4 Pol A)).

Proof: We denote Comp(A, Inv™®U44} (4 Pol A)) by C. Obviously, we have
PolA C C. We will show that C C PolA. To this end we introduce a new
algebra B = (A4,C). Since Inv?(A, Pol A) C Inv™{I44} (A Pol A) we know that
every function from C is a commutator preserving function of A by Lemma §1.7.5.
Thus, [1,1]g = [1,1]a = 0 and B is also abelian. Now, let f € C be a unary func-
tion. Since Invi(A, Pol A) C Iny™a@{44} (4 Pol A) we know by Lemma §1.7.4
that f € PoliA. Let f € C be of arbitrary arity k£ > 2. To show that f € Pol,A
we proceed by induction on k. We have just proved the basis of the induction.
For the induction step, we choose an arbitrary element 8 € A. Then, we have

flze, .. xg) = f(m(z1,0,0), ... ,m(zx_1,0,0),m(0,0,x;))

=m(f(z1,...,25-1,0), f(0,...,0), f(0,...,0,zx))
by Lemma §1.3.4 because B is abelian. Clearly, all constant functions belong to
C and thus f(z1,...,2,-1,0) and f(6,...,0,x;) can be seen as a (k — 1)-ary and
as a unary function from C, respectively, and thus they are polynomials of A by
the induction hypothesis. This proves the induction step. O

COROLLARY 3.2. Let A be a finite Mal’cev algebra such that Con A = M;, i >
3. Then, there is a finite set of relations R on A such that Pol A = Comp(A, R).

Proof: By the assumptions Con A has a sublattice consisting of permuting con-
gruences and isomorphic to M3. Hence, by Proposition §1.3.12 A is abelian and
the statement can be obtained from Proposition 3.1. O

3.2. Non-nilpotent Algebras.

PROPOSITION 3.3. Let A be a finite simple Mal’cev algebra. Then,
Pol A = Comp(A, Inv™* {44} (4 Pol A)).
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Proof: 1f [1,1] = 0 then A is abelian and we obtain the statement by Proposition
3.1. Thus we suppose [1,1] = 1. Then A is TC-neutral and A has a Mal’cev term
by assumptions. So, we have that A is affine complete by Proposition §1.7.2. O

LEMMA 3.4. Let A be a finite weakly polynomaially rich Mal’cev algebra. Then,
Pol A = Comp(A, Inv™@ {44} (4 Pol A)).

Proof: First, we observe that typ{ A} € {2,3} by Corollary §1.5.14. Furthermore,
we know by Theorem §1.5.15 that a prime quotient of congruences « and [,
a < 3, denoted by («, 3) is of type 2 if and only if [3, 3] < a. As we can see
from Definition §1.5.2, Ua(«, 3) and thus Ma(«, 3) are completely determined
by Pol;A. For every prime quotient («, 3) of type 2, the extended type consists
of the type together with the corresponding finite field defined in the proof of
Theorem §1.5.4. As we can see from this proof, this field is completely determined
by unary polynomials of the induced algebra on U, U € Ma(«, ) and thus by
Pol; A. Now, we can conclude that the extended type of a given prime quotient
in Con A is completely determined by (binary) commutators and Pol; A.

Now, we denote Comp(A, Inv™{44}(4 Pol A)) by C. If B = (A,C) then
Pol;B = Pol; A, by Lemma §1.7.4 because Invil (4, Pol A) C Inv™*= {414} (4 Pol A).
Since Inv!(A4, Pol A) C Inv™* 44 (4 Pol A) the binary commutator is preserved
by Lemma §1.7.5. So, every f € C preserves extended types. Since A is weakly
polynomially rich, every f € C is a polynomial of A. Clearly, PolA C C. O

PROPOSITION 3.5. Let A be a finite Mal’cev algebra such that Con A = M.
Then,

Pol A = Comp(A, Inv™@ {44} (4 Pol A)).

Proof: We know that A and all subdirectly irreducible members of H(A), which
are simple algebras or isomorphic copies of A, satisfy the condition (SC1). Thus
by Proposition §1.7.3 we know that A is weakly polynomially rich. Now we
obtain the statement by Lemma 3.4. O

We will now provide results that can be used for Mal'cev algebras whose
congruence lattice is a three-element chain.

PROPOSITION 3.6. Let A be a finite Mal’cev algebra such that Con A =
{0,,1} and (0 : a)a < a. Then,

Pol A = Comp(A, Inv™ {44} (4 Pol A)).

Proof: Since (0 : a)a < «, we know that A and all subdirectly irreducible
members of H(A), which are simple algebras or isomorphic copies of A, satisfy
the condition (SC1). Thus by Proposition §1.7.3 we know that A is weakly
polynomially rich. Now we obtain the statement by Lemma 3.4. O
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PROPOSITION 3.7. Let A be a finite central-by-simple-nonabelian Mal’cev al-
gebra with center v and let 0 € A. Then there is a polynomial function e € Pol; A
such that e(A) C 0/~ and e(x) = x for all x € /7.

Proof: See [3, Lemma 3.1]. O

PROPOSITION 3.8. Let k € N, let A be a finite central-by-simple-nonabelian
Mal’cev algebra and let v be its center. Let f : A¥ — A be a function that satisfies
f(x) = f(y) for all x,y € A" with x =,y. Then f € Pol,A.

Proof: See [3, Lemma 3.2]. O

LEMMA 3.9. Let A be a finite Mal’cev algebra such that Con A = {0, a, 1},
[1,1] =1, [1,a] =0 and let € A. Then there is a polynomial function e € Pol; A
such that e(A) C 0/« and e(x) = x for all x € 6/ a.

Proof: Since Con A = {0, ,1}, [1,1] = 1 and [1,a] = 0, the algebra A is a finite
central-by-simple-nonabelian Mal’cev algebra with center a. The statement now
follows by Proposition 3.7. O

LEMMA 3.10. Let A be a finite Mal’cev algebra such that Con A = {0, a, 1},
[1,1] =1 and [1,a] = 0. Let f : A* — A be a function that satisfies f(x) = f(y)
for all x,y € A* withx =, y. Then f € Pol,A.

Proof: Since Con A = {0, , 1}, [1,1] = 1 and [1,a] = 0, the algebra A is a finite

central-by-simple-nonabelian Mal’cev algebra with center ov. The statement now
follows by Proposition 3.8. O

DEFINITION 3.11. Let n € N, let A be an algebra and let § € A. For each
f:A" - Aand i€ {l,...,n}, we define a function f;p: A — A by

ith
!
T

fio(z) = f(0,...,0,2,0,...,0)

for all x € A.
LEMMA 3.12. Let A be a finite Mal’cev algebra, let o« € Con A such that
[, 1] = 0 and let us assume that there is a 6 € A such that

(1) there is a unary polynomial e such that elg/o = idgjo and e(A) C 0/a,
(2) every function f : A¥ — 0/« that is constant on every a-class is a
polynomial.

If k>0 and f: A¥ — A is such that
f € Comp(A, Invm‘”{‘Al"l}(A, Pol A)),

and if, furthermore, there is a polynomial p : A¥ — A such that f(x) =, p(x) for
all x € A, then f is a polynomial.
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Proof: Let k > 0, let f : A¥ — Abesuch that f € Comp(A, Inv™@{44} (4 Pol A)),
and let p : A¥ — A be a polynomial such that f(x) =, p(x), for all x € A*. We
define

B := (A4, Comp(A, Inv™= A4 (4 Pol A))).

To simplify the notation we introduce a unary polynomial © on A by
(3.1) u(z) == m(z,e(x),0) for x € A,
and let

(3.2) g(x) == m(f(uxD), . ux®)), pluED), .. ux®), ).

First, we notice that g € Pol B and glg/a = m(f(0,...,0),p(0,...,0),0). Thus,
the function ¢’ defined by ¢'(x) := m(g(x),g(0,...,0),0) for all x € A* satis-
fies ¢'|g/a = 0. Since Inv*(A, Pol A) C Inv™@* 44} (A Pol A), Lemma §1.7.5 tells

that all functions from Comp(A, Inv™** {44} (4 Pol A)) are commutator preserv-
ing functions and we obtain [1, g = 0. Therefore, by Lemma 3.6, ¢’ is constant
on each a-class. Since u(x) =, « we have

Flu(xW), . u(x™)) =4 f(x) =a p(x) =a pux), ..., u(x®)).
Now from (3.2), we obtain g(A¥) C 6/a. Using Lemma §1.3.5 we obtain g(x) =

m(g'(x),0,9(0,...,0)). Therefore g is constant on each a-class and thus, g €
Poli A, by condition (2). Furthermore,

FluxV), . ux)) = m(g(x), 0, plu(xD), ... u(x™)))
by Lemma §1.3.5 and thus we know that f(u(xM),..., u(x*)) € Pol,A. Since
e(r) =4 0 and [1,a]g = 0, by Lemma §1.3.4 we have

Fux®), . u(x®)) = m((x), Fle=D), ... e(x), (6....0))
Since f(e(xM),...,e(x®™)) =, f(0,...,0), by Lemma §1.3.5 we have that

f(x) = m(f(uxD),. .. ,u(x(k))), £0,....0), fle(xW), ... e(x®))).

In order to finish the proof that f is a polynomial it remains to prove that
fle(xM), ... e(x*™)) is a polynomial of A. We will accomplish this by showing
that flg/a is a polynomial of A.  Since all constant operations lie in
Comp(A, Inv™@ A4 (4 Pol A)), we know that {fig|1 < i < k} is a subset of
Comp(A, Inv™@= 44 (4 Pol A)). Since Inv!l(A, Pol A) C Inym@= 44 (4 Pol A)
we have that all unary functions from Comp(A, Inv™@* 44} (4 Pol A)) are polyno-
mials, by Lemma §1.7.4. Therefore {f; 9|1 <i <k} CPolA. Ifxy,..., 2, € 0/
then we have

f(xlv""xk):m(f<0 ka),f(e, ) (l’l,...,xk_hﬁ)):...:

m(f(@,...,H,xk),f(e,...,e) m(.. (f(@xg, e 0), f(0,..,0), F(21,0,...,0)). ..

by Lemma §1.3.4, because [a,a]B < [o, 1]g = 0. Now, we have that f|g/, is a
polynomial. This completes the proof. O

)
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LEMMA 3.13. Let A be a finite Mal’cev algebra such that Con A = {0, «, 1}
and let k € N. Then for every k-ary function f € Comp(A, Invm‘””{'AlA}(A, Pol A)),
there exists a polynomial p € Pol, A such that f(x) =, p(x) for all x € AF.

Proof: Let f be a k-ary function from Comp(A, Inv™** {414} (A Pol A)). Tt is clear
that A/a is simple. Define a function f" on A/a by: f'(x/a) := f(x)/« for all
x € A*. Since Con A C Inv™ {44} (A Pol A), f' is well defined. We will now
show that f’ lies in Comp(A/a, Inv™@@4/214} (A /a Pol(A /a))). To this end, let
p be a t-ary relation in Inv™*@I4/24} (A /a Pol(A/a)). We define a t-ary relation
o on A by
o:={(a1,...,a) | (a1/, ..., a;/a) € p}.

We have o € Inymae{lAl4} (A,Pol A). Hence, f preserves o. Therefore, f’ preserves
p. Now, we have proved that f' € Comp(A/a, Inv™@{4/el4 (4 /q, Pol(A/a))).
Then, f' € Pol(A/«), by Proposition 3.3. Thus, there exists a p € Pol A such
that f'(x/a) = p(x)/a, for all x € A¥. Therefore we have f(x)/a = p(x)/a or
in other words f(x) =, p(x), for all x € A*. O

PROPOSITION 3.14. Let A be a finite Mal’cev algebra such that Con A =
{0,a,1}, [1,1] =1 and [1,a] = 0. Then,

Pol A = Comp(A, Inv™@ 44} (4 Pol A)).

Proof: Let us denote Comp(A, Inv™@{44Y (A Pol A)) by C and B = (A,C). Ob-
viously, Pol A C C. Now, take any k-ary function f € C and let us show that
[ € PoliA. There exists a polynomial p € PolA such that f(x) =, p(x), for all
x € A, by Lemma 3.13. Let § € A be arbitrary. We know that there exists an
e € Pol; A such that e(A) C 0/« and e(z) = z for all x € §/a by Lemma 3.9.
Thus Condition (1) of Lemma 3.12 is satisfied. Condition (2) of Lemma 3.12 is
satisfied by Lemma 3.10. Therefore, we obtain f € Pol,A by Lemma 3.12. O

3.3. Nilpotent Algebras. In this section we analyse nilpotent Mal'cev al-
gebras whose congruence lattice is a three element chain.

DEFINITION 3.15. Let A be an algebra, let « € Con A and let § € A. We
say that a is stable at 6 if there exists a unary polynomial p of A such that
p(0) = 0,p(A) C 0/a and p is not constant on 6/«.

LEMMA 3.16. Let A be a finite Mal’cev algebra such that Con A = {0, a, 1}
where [1,a] = 0 and k > 1. Let 8 € A be such that « is not stable at 0. If
p € Poly A is such that p(A*) C 0/« then p is constant on every a-class.

Proof: Choose x,t € A* so that x =, t and let J = {s € {1,...,k}|x®) #t®}
We will prove that p(x) = p(t) by induction on |J|. For |J| = 0 the statement is
obvious. Suppose now that the statement is true for all J with |J| = ¢. Let us
consider |J| = £+ 1 and j € J. By the assumptions we have x¥) =, t9). In order
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to show that p(x) = p(t) we define a unary polynomial p’ on A in the following
way:

P (x) = p(xW, .. xU™D g xUFD - x®),
It is clear that p’(A) C 0/a. Therefore, p”(A) C 0/a where p”’(x) = m(p/(x), p'(0),0)
and p”(#) = 6. Then p” equals 6 on the whole of #/a by the assumptions
of the lemma. Thus, p” is constant on each a-class by Lemma §1.3.6 since
[a,1] = 0. Then we conclude that p’ is also constant on each a-class, because
p(z) = m(p"(z),0,p'(f)), by the condition [a, 1] = 0 and Lemma §1.3.5. This
proves p/'(x9)) = p/(t1)). Now using the induction hypothesis we obtain

p(x) = p'(xV) = p/ (V) = p(x®, ... xU7D t0) x5 ®) = p(t).
O

LEMMA 3.17. Let A be a finite Mal’cev algebra with a Mal’cev term m. Let
be an atom of Con A such that [a,a] = 0 and let € A. Consider the following
algebra

R = ({ploja|p € Poh A, p(d) = 0}, +,0),
where (p+ q)(x) :==m (p(x),0,q(x)) for every x € A, and o is the usual function
composition. Then R is a primitive ring. Moreover, if « is stable at 6, then there
exists a unary polynomial e such that elp)o = idg/o and e(A) C /a.

Proof: We will denote 6/« by U. As in the proof of Proposition §1.3.11 we
have that R = ({p|v |p € PoliA,p(8) = 0},+,0) is a ring with unit idy. Since
la,a] =0, Aly is polynomially equivalent to the module (U, +) over the ring R,
where u; + ug := m(uy,0,us) for all uy,us € U as in the proof of Proposition
§1.3.11. Since « is an atom of ConA, the module (U, +) satisfies Ru = U for
every u # 6. Therefore the module (U, +) over the ring R is simple, and thus R
is a primitive ring.
Let us now assume that « is stable at . Then the ideal

I ={plu|p e PoliA,p(@) =0,p(A) C0/a}

of R contains more than one element. Since R is finite, we know that R is simple
by Proposition §1.2.5. Therefore I = R, and thus idy € I. This yields a unary
polynomial e such that e|y = idy and e(A) CU. O

LEMMA 3.18. Let A be a Mal’cev algebra such that o is the unique coatom in
Con A, and letu,v € A*, k > 1. Ifu #, v then for every a,b € A there exists a
p € Pol, A such that a = p(u) and b = p(v).

Proof: Since u #,, v and « is the unique coatom in Con A we have O (u,v) = 1.
Also, we have Oa(u,v) = {(p(u),p(v))|p € PolyA}, by Proposition §1.2.2.
Thus, we obtain the statement using the fact that (a,b) € 1. O

LEMMA 3.19. Let A be a finite Mal’cev algebra such that Con A = {0, «, 1},
a#0,a#1,letf € Aandk € N. Assume that [1,...,1] =« for alln > 2 and
——

n
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[1,a] = 0. Then every function f : A¥ — 0/« which is constant on all a-classes
s a polynomial.

Proof: Let r :=|A/al¥ —1. Since [1,...,1] > 0, we know by Proposition §2.4.15
——

r+1
that there exist a ¢ € Pol,.. 1A, and 11,9, aq,...,a, € A with the property: ¢
is absorbing at (aq, ..., a,) with value 1; and there exists a vector (by,...,b.) €

A1 such that c(bg,...,b,) = 1y # 1.

We will now show that there is a ¢ € A with (¢/',0) € a and ¢’ # 0. To show
this, let (2o, 1) € o with zg # x1. Now m(xq,x0,0) € 0/c. If m(xq,20,0) = 0,
we have x1 = m(x1,x9,x0) = m(m(z,xo, o), m(xo, To, xo), m(0,0,1xq)). Since
[, 1] = 0, this is equal to m(m(xq,xo,0),0,20) = m(0,60,x¢) = o, a contradic-
tion. Hence m(xq,xo,0) # 6. Therefore ¢’ := m(x1, x¢, ) satisfies ¢/ € 6/« and
Y #0.

Since ¥y # 19, we have O (¢1,19) > a. Therefore there exists a p € Pol; A
with p(¢1) = 0 and p(ve) = ¢'. We define ¢ € Pol,.1A by ¢ := po . We note
that ¢ is absorbing at (ao, . .., a,) with value 6, and therefore, from Lemma §2.4.9
and [1,1] = o we obtain that the range of ¢ is contained in 6/«

Now, choose j € {0,...,r}. We fix ©» € A such that (¢,0) € « and prove
that the function f : A¥ — 0/ defined by

. 1/} if x € tj/Oé,
fx) = { 6 otherwise

is a polynomial function. Since (1,60) € o < O (¢, ) there exists an f,, € Pol;A
such that fy(¢') = ¢ and f(0) = 6. We denote by to, ..., t, a transversal of A*
through the classes of a, where to := (6,...,0). There are two cases to consider.

— Case « is not stable at 0: Let i € {0,...,r} with ¢ # j. Then there is an
s € {1,...,k} such that tgs) Za t;s). Therefore, there exists a p; € Pol A such
that p;(t;) = a;, and p;(t;) = b;. We define p; to be the constant polynomial with
value b;. Now let

Q(X) = fw(c(pO(X)a SR >p7"(X)))’

and note that q(t;) = fu(c(po(ts),. .., pic1(ts), @i, pisa(ti), .. pp(t:)) = fu(6)
= 0 for every i € {0,...,7}\{j}, and q(t;) = fu(c(bo,...,b.)) = fu(¥') = 2.
Since ¢(AF1) C 0/a, we have that q(A*) C §/a. By Lemma 3.16, ¢ is constant
on each a-class. This proves f = g.

— Case « is stable at 6: Then we have a unary polynomial e such that
eloja = idg)o and e(A) C 0/a, by Lemma 3.17. If i # j then there exists an
s €{1,...,k} such that

m(tgs), e(tgs)), 0) =, tgs) Za t§.s) =, m(tgs), e(tgs)), 0).
Let u be defined by u(z) := m(z,e(x),0). Then, from Lemma 3.18, we ob-
tain that for each ¢ € {0,...,7}\{j}, there exists a p; € PolyA such that
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pi(u(tgl)), . ,u(tgk))) = q; and pi(u(tgl)), . ,u(tgk))) = b;. The polynomial p; is
defined to be the constant polynomial with value b;. We define

q(x) :== fw(c(po (u(x(l)), . ,u(x(k))), Dy (u(x(l)), . ,u(x(k)))))

and observe that ¢(t;) = ¢ and ¢(t;) = 6,7 € {0,...,7}\{j}. Since e|g/a(z) = ,
directly from the definition of ¢ and u we obtain that ¢'|y/o = 6, where ¢'(x) :=
m(q(x), q(to),d). By Lemma §1.3.6 and the assumption [a, 1] = 0 we have that ¢’
is constant on each a-class. By Lemma §1.3.5 we have ¢(x) = m(¢'(x), 0, q(to)).
Hence, q is constant on each a-class. Therefore, we have proved f = q.

Now, we will prove the statement for an arbitrary function F : A* — 0/a
that is constant on each a-class. Define F; : A¥ — 0/« as follows:

. F(tl) ifXEti/Oé,
Fi(x) = { 6  otherwise,

for i € {0,...,r}. Since we know that F; are polynomials for all ¢ € {0,...,r},
we can construct a polynomial function h : A¥ — 6/« in the following way:

h(x) :=m(...m( Fy(x),0, F1(x)),0,...),0, F.(x)).

r

Obviously, ' = h. O

PROPOSITION 3.20. Let A be a finite Mal'cev algebra such that Con A =
{0,a,1}, [1,..., 1] =« for alln > 2, and [1,a] = 0. Then,
——

n

Pol A = Comp(A, Inv™@@ {44} (4 Pol A)).

Proof: Let us denote Comp(A, Inv™*{44 (4 Pol A)) by C, and let B = (4,C).
Clearly, we have Pol A C C. Let f be a k-ary function in C. We want to show
that f € Pol A. There exists a polynomial p € Pol A such that f(x) =, p(x),
for all x € A*, by Lemma 3.13. Let § € A. There are two possibilities.

— Case « is not stable at 6: Then, the function g(x) = m(f(x),p(x),8)
has the property g : A*¥ — 0/a, because f(x) =, p(x), for all x € A*. Now,
by Lemma 3.16, ¢ is constant on each a-class. We conclude that g € Pol A,
by Lemma 3.19. We also observe that [1,a]g = 0 by Lemma §1.7.5, because
Inv*(A, Pol A) C Inv™e= 414} (4 Pol A). By Lemma §1.3.5 using [1,alg = 0 we
have f(x) = m(g(x),0,p(x)), and thus we obtain that f € Pol,A.

— Case « is stable at 6: Then we have a unary polynomial e such that
elo/ja = idp)o and e(A) C 6/a by Lemma 3.17. Thus, Condition (1) of Lemma
3.12 is satisfied and also, by Lemma 3.19, Condition (2) of Lemma 3.12 is satisfied.
Thus f € Pol A, by Lemma 3.12. O
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PROPOSITION 3.21. Let A be a finite Mal’cev algebra. If there exists ann > 2
such that [1,...,1] =0, then
N——

n

Pol A = Comp(A, Inv/4" (A, Pol A)).

Proof: Denote Comp(A, Inv" (4, Pol A)) by C. We will show that C = Pol A. We

introduce a new algebra B = (A,C). Clearly, Pol, A C Pol,B. Let f be an n-ary

function from C. We know that f € Pol, A by Lemma §1.7.4. Thus, Pol,B =

Pol,A. Hence, [1,...,1]g =[1,...,1]a, by Lemma §2.4.10. Therefore, we know
~—— ~——

[1,...,1]g = 0. Furthermore, Pol,B = Pol,A clearly entails Pol,B = Pol; A,
———

for every k € {0,...,n — 1}. From Proposition §2.4.17 we have C = PolB =
Clo(UpZ, Polx(B) U {m}) = Clo( ;) Pol(A) U {m}) = Pol A. O

3.4. The Main Result About the Number of Mal’cev Clones.

THEOREM 3.22. Let A be a finite Mal’cev algebra whose congruence lattice is
of height at most two. Then there is a finite set of relations R on A such that
Pol A = Comp(A4, R).

Proof. For simple algebras the statement follows from Proposition 3.3. If Con A =
M;, i > 3, then the statement follows from Corollary 3.2. If Con A = M, then
the statement follows from Proposition 3.5. Now let Con A be isomorphic to the
three-element chain {0, a, 1}. In case of [1,1] = 0 the statement follows directly
from Proposition 3.1. If [1, 1] > 0 the following cases are possible:

— Case [1,1] = [1,a] = a: In this case we have (0 : a)a < « and the
statement follows from Proposition 3.6.

— Case [1,1] = a and [1,a] = 0: Since [1,...,1] < [1,1] = «, by (HC3) we
have the following two possibilities.

(i) There exists an n € N such that [1,...,1] = 0: Then the statement
——

follows from Proposition 3.21.

(i7) [1,...,1] = a, for all r > 2: The statement follows from Proposition
——

r

3.20.

— Case [1,1] = 1 and [1,a] = a: As in the first case we have (0 : a)a < «
and the statement follows from Proposition 3.6.

— Case [1,1] = 1 and [1,a] = 0: Then the statement follows from Proposition
3.14. O
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Sazetak na srpskom jeziku

1. Motivacija

U ovoj disertaciji izucavaju se polinomi na konacnim Maljcevljevim alge-
brama. Maljcevljeve algebre su specijalna klasa univerzalnih algebri koja sadrzi
mnoge poznate klase algebri kao Sto su grupe i prsteni.

Za unapred zadatu algebru nije lako okarakterisati funkcije koje su polinomi
na jeziku te algebre. Postoji ¢itava lista osobina koje zadovoljavaju polinomi
kao §to su o¢uvavanje kongruencija i komutatora, na primer. U [22] postavljen
je sledeéi problem: Za dati skup osobina, opisati sve algebre u kojima svaka
funkcija koja zadovoljava sve date osobine jeste polinom. U takve probleme spada
i karakterizacija afino kompletnih algebri. Algebra se naziva afino kompletna ako
je svaka funkcija koja ocuvava sve njene kongruencije polinom (videti [24]). Mi
¢emo se baviti ovim konceptom u algebrama koje imaju grupni redukt (Q-grupe)
i koje su stoga svakako Maljcevljeve algebre.

Odredivanje potrebnih i dovoljnih uslova koje treba da zadovoljava neka za-
data algebra da bi bila afino kompletna je kompleksan problem. Do sada je ovaj
problem resen samo za konacne Abelove grupe ([30]) i neke podvarijetete vari-
jeteta Abelovih grupa. Stoga je interesantno pitanje da li je osobina afine kom-
pletnosti odluciva. Za neku osobinu algebre kazemo da je odluciva ako postoji
efektivan algoritam koji za unapred datu algebru na ulazu daje na izlazu odgovor
na pitanje da li je ulazna algebra afino kompletna. Za konac¢ne nilpotentne grupe
u [12] je dokazano da postoji algoritam koji odlucuje o afinoj kompletnosti. U
ovoj disertaciji dajemo jedno uopstenje ovog rezultata, odnosno dajemo odgovor
na pitanje odlucivosti afine kompletnosti za jednu Siru potklasu Maljcevljevih
algebri.

Drugi aspekt izucavanja polinoma inspirisan je slede¢om ¢injenicom. Kom-
pozicijom fundamentalnih operacija neke konac¢ne Maljcevljeve algebre na ra-
zli¢ite nac¢ine moze se dobiti isti polinom. Problem je odrediti da li takve unapred
date kompozicije operacija odreduju isti polinom. Ovaj problem je poznat pod
imenom problem polinomijalne ekvivalentnosti. U sluc¢aju nilpotentnih grupa i
prstena pokazano je u [15, 12] da se u polinomnom vremenu moze utvrditi da li
dva unapred zadata polinomijalna terma indukuju isti polinom. U ovoj disertaciji
dajemo isti rezultat za Siru klasu algebri.

81
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Trec¢i problem kojim se bavimo u ovoj disertaciji je slede¢i. Koliko razlic¢itih
skupova polinoma, zatvorenih za kompoziciju i koji sadrze konstante i projek-
cije, se moze dobiti menjajuéi skup fundamentalnih operacija konacne Maljcev-
ljeve algebre? Takav skup funkcija se naziva polinomijalni (ili konstantivni)
Maljcevljev klon. Zato nas ovde zanima koliko ima medusobno neekvivalentnih
polinomijalnih Maljcevljevih klonova na kona¢nom skupu. U [21] je pokazano
da postoji beskonacno mnogo takvih klonova ako je posmatrani skup najmanje
cetvoroelementni. U sluc¢aju specijalnih podklasa Maljcevljevih algebri kao Sto su
ciklicne grupe poznato je sledece. Ako je ciklicna grupa prostog reda onda postoje
tacno dva konstativna klona koji sadrze ternarnu funkciju (z,y,2) — r—y+z. E.
Aichinger i P. Mayr su u [6] pokazali da ako su p i ¢ razlic¢iti prosti brojevi onda
postoji tacno 17 razlicitih polinomijalnih klonova na cikli¢énoj grupi reda pq. Za
slucaj direktnog proizvoda dve cikli¢cne grupe istog prostog reda i cikliénu grupu
¢iji je red kvadrat prostog broja u [10] je pokazano da postoji prebrojivo mnogo
polinomijalnih Maljcevljevih klonova koji sadrze odgovarajucu grupnu operaciju.
Nije poznato da li postoji konacan skup A sa neprebrojivo mnogo polinomijalnih
Maljcevljevih klonova na A.

2. Osnovni pojmovi i definicije

U disertaciji se pozivamo na notaciju i pojmove (univerzalne algebre, homo-
morfizmi, izomorfizmi, podalgebre, kongruencije, direktni i podirektni proizvodi i
varijeteti) koji se pretezno uvode u [13, 29]. Radi bolje preciznosti u formulisanju
glavnih rezultata navodimo definicije nekih pojmova kao i njihova osnovna svo-
jstva.

Pre svega, polinomom neke algebre A nazivamo polinomijalnu funkciju koja
je indukovana odgovarajué¢im polinomijalnim termom na jeziku uocene algebre A.
Skup svih polinoma neke algebre A oznacavac¢emo sa Pol A. Za dve algebre A i B
(sa razlicitim skupovima fundamentalnih operacija) kazemo da su polinomijalno
ekvivalentne ako imaju isti skup polinoma.

Ternarnu operaciju m na skupu A zovemo Maljcevljevom operacijom ako za
sve x,y € A vazi:

m(z, x,y) =y =m(y,z,x).
Algebru A zovemo Maljcevljeva algebra ako ima Maljcevljevu term operaciju.

Progirena grupa (Q-grupa) je algebra koja ima grupni redukt, odnosno medu
svojim fundamentalnim operacijama ima grupnu operaciju. U takve algebre
spadaju svakako prsteni i moduli, ali i skoro-prsteni. Skoro-prsten (engl. near-
ring, vidi [31]) je algebra R = (R, +, -) takva da je (R, +) (ne obavezno Abelova)
grupa, a (R, -) polugrupa sa jedinicom i za sve x,y, z € R vazi:

(x+y)-z2=z-2+y- =z

Glavni primer ovakve strukture, koji se i u disertaciji intenzivno koristi je skup
svih unarnih polinoma p neke Q-grupe V za koje vazi p(0) = 0, gde je sa 0
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oznacCen neutralni element odgovarajuce grupne operacije u V, sabiranje poli-
noma definisano je po tackama, a mnozenje kao kompozicija funkcija. Slicno kao
u slu¢aju prstena definise se skoro-prstenski modul (near-ring module) kao struk-
tura M = (M, +,—,0,{f, : M — M|r € R}) u kojoj je (M,+,—,0) grupa i za
svexr € Mir,s € R vazi:

(1) fros<x> = fr(fs(aj))v
(2) fr+s(x) = fr<x> + fs(x>
Za funkciju f : A¥ — A, gde je A neka algebra i k € Ny kazemo da ocuvava
kongruencije ako za svaku kongruenciju o algebre A i sve vektore a,b € AF
kojima su odgovarajuée komponente u istoj klasi kongruencije o ($to pisemo
a =, b) vazi f(a) =, f(b). Ako je za neko k € N, svaka k-arna funkcija na
A koja ocuvava sve kongruencije algebre A polinom, kazemo da je A k-afino
kompletna. Algebra je afino kompletna ako je k-afino kompletna za sve k € N.
U Maljceveljevim algebrama koristi se sledec¢a karakterizacija kongruencije
©a(a,b) generisane dvama vektorima a i b:

ProPozICLIA §1.2.2 Neka je k > 1 i A Maljcevljeva algebra. Ako a,b € A¥,
onda

Oa(a,b) = {(p(a),p(b))|p € Pol,A}.

Komutatori predstavljaju klju¢no tehnicko sredstvo za dobijanje glavnih rezul-
tata ove disertacije. Njihove definicije i osnovne osobine koje ovde navodimo
mogu se naéi u [19, 29].

DEerFINICIJA §1.3.1 Neka su «, 3,7 kongruencije algebre A. Kazemo da «
centralizuje B modulo n, i piSemo

C(a, B;m),

ako za sven > 1isve p € Pol, 1A, a,b € Atakve daa=,bic,de A" takve
da ¢ =3 d imamo

pla,c) =, p(a,d) povlaci p(b, c) =, p(b,d).

DEFINICIJA §1.3.2 Neka je A neka algebra. Za kongruencije o i 3 algebre
A definisemo komutator, u oznaci [«, 5], kao najmanju kongruenciju n algebre A
za koju vazi da «a centralizuje 8 modulo 7. Centralizator kongruencije 8 modulo
a, uoznaci (a : 3)a, je najveéa kongruencija 7 takva da v centralizuje § modulo
a.

Moze se pokazati da u modulima vazi [1,1] = 0. Takve algebre nazivamo
Abelovim.
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Neka su a, 3 i n kongruencije algebre A. Sledece osobine slede direktno iz
definicije centralizatora i komutatora:

(BC1) [a, B] < ar A f3;
(BC2) za sve kongruencije 7, § algebre A takve da a <, 5 < ¢, imamo

[, B] < [, 9];

U [3, Proposition 2.4, Proposition 2.5] je dokazano da ako A generise kongruen-
cijski permutabilan varijetet, onda vazi:

(BC4) [a, 8] = [B,al;
BC5) [a, 8] < n ako i samo ako C'(«, 3;7);

(BC5)
(BC6) Ako n < a, 3, onda u A/, imamo [a/n, 8/n] = ([, 8]V n)/n:
(BCT) Ako je I # 0i{p;i|i € I} C ConA, onda: \/, /[, pi] = [, V,c;pi] i
slicno Ve i, 6] = [Vies pi> B
Osobine (BC4), (BC5), (BC6) i (BC7) su zapravo posledice resultata (HC4),
(HC5), (HC6) i (HCT), redom, dobijenih u delu 2 ove disertacije.

DEFINICIIA §1.3.13(vidi [14]) Neka je A algebra. Kazemo da je A nilpo-
tentna u k koraka ili nilpotentna klase k ako vazi:
[1,...,[1,1]] =0.

N——
k

Kazemo da je A nilpotentna ako je nilpotentna klase k za neko k € N.

Jasno, algebra koja je nilpotentna u jednom koraku je Abelova.

U disertaciji koristimo i osnove teorije pitomih kongruencija (Tame Congru-
ence Theory), [19]. Ovde se parovima kongruencija koje ¢ine prost interval u
mrezi kongruencija neke kona¢ne algebre dodeljuje takozvani tip (broj) u za-
visnosti od lokalnog ponasanja indukovane polinomijalne strukture. Teorija je
zasnovana na teoremi P.P.Pélfy [19, Theorem 4.7] prema kojoj postoji samo pet
polinomijalno neekvivalentnih indukovanih lokalnih struktura. Interesantno je da
su u slucaju Maljcevljevih algebri zastupljeni samo tipovi 21 3 (Teorema §.1.5.13).
Sta vise tip zavisi od binarnog komutatora na sledeéi nacin. Ako su o i 5 dve
kongruencije konacne Maljcevljeve algebre A takve da je interval [« 3] prost (3
"pokriva” a u mrezi kongruencija algebre A) onda je tip tog intervala 2 ako vazi
18, 5] < «, inace je tip 3.

3. Visi komutatori

Mnoge osobine univerzalnih algebri se mogu videti iz mreze kongruencija
i binarnog komutatora. Medutim, ve¢ u kongruencijski permutabilnom vari-
jetetu (Maljcevljevim algebrama) algebra nije do na polinomijalnu ekvivalen-
ciju odredena svojim unarnim polinomima, kongruencijama i komutatorom na
tim kongruencijama. U [9] A. Bulatov je uopstio binarni komutator uvodenjem
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n-arnog komutatora za sve n € N i time omoguéio bolje razlikovanje polinomi-
jalno neekvivalentnih algebri. U ovoj disertaciji n-arni komutatori predstavljaju
mocno sredstvo pomocu koga su dobijeni kljuéni rezulati (Teorema §3.1.18, Teo-
rema §3.2.3 i Teorema §3.3.22). Stoga je kompletna druga glava posveéena visim
komutatorima i njihovim osobinama. To predstavlja takode jedan od glavnih
originalnih doprinosa ove disertacije jer je A. Bulatov koristio samo osnovne os-
obine. lTako tvrdenja o visim komutatorima izgledaju prirodno, dokazi zahtevaju
uvodenje nove tehnike kao sto je operator razlike (Difference operator). Kao i u
slucaju binarnog komutatora vi $i komutator se definiSe pomocu relacije n-arne
centralizacije.

DEFINICIJA §2.1.1 (vidi [9]) Neka je A neka algebra, neka je n € N i
Qai,...,Qn, 3,0 kongruencije algebre A. Kazemo da ay,...,q, centralizuju (3
modulo 6 ako za sve polinome f(Xy,...,X,,y) i vektore aj,by,...,a,,b,,c,d iz
A koji zadovoljavaju:

(1) a; =4, by zasvei € {1,2,...,n},
(2) c=pdi
(3) f(X1,.--yXpn,€) =5 f(X1,...,Xp,d) zasve (Xq,...,%X,) € {a;, by} x---x

{am bn}\{<b17 s 7bn)}

f(b17"'7bnac) =5 f(b17"'7bn7d>‘
Ovo krace zapisujemo kao C(ay, ..., ay, 5;0).

vazi:

DEFINICIIA §2.1.2(vidi [9]) Neka je A neka algebra, n > 2inekasuay, ..., a,

kongruencije algebre A. Najmanja kongruencija ¢ takva da vazi C'(ayq, ... ... Oy 1, Q3 0)
naziva se (n-arni) komutator kongruencija aq, . . . , a,. Tu kongruenciju oznacavamo
sa g, ..., Q).

Uocimo da za n = 1 u definiciji §2.1.1 dobijamo definiciju (binarne) relacije
centralizacije koja se koristi u [14]. Za n = 2, definicija §2.1.2 daje binarni
komutator ([29, Definition 4.150]).

ProproziCcJA §2.6.1(vidi [9, Proposition 1]) Neka je k > 1 i neka su ay, . . ., ax
kongruencije algebre A. Tada vazi:

(HC1) [ag, ..., ap < No<i<r @i

(HC2) za sve S, ...,k € Con A takve da je g < o, ..., 0n < B, imamo
[O[(),...,Oék] S [ﬁ(ﬁ"wﬁk];

(HCB) [CY(), c. ,Ckk] S [Ckl, ey ak].

Neka je £ > 1 i neka su ay, ..., ar,n kongruencije algebre A koje generisu
kongruencijski permutabilan varijetet. Onda imamo:

(HC4) [a, ..., ar] = [ox), - - - )] za sve permutacije 7 na skupu {0, ..., k};
(HC5) [ao, - .., ax] < n ako isamo ako C(ay, ...,k n);
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(HC6) Ako n < ay,...,a, onda u A/n vazi:

[040/777~--704k/77] = ([aO""vak]\/n)/n;
(HCT7) Ako je I neprazan skup, j € {0,...,k} i {p;|i € I} C ConA onda:

Vie I[Oéo,. .. ,Oéj,l,pi,OéjJrl, . ,Oék] = [Oéo, . ,aj,l,\/ielpi,ajﬂ,. .. ,Oék],
(HC8) [aw, [a1, - .-, )] < [ag, e, ..., ay], ali 1 opstije:
[ag, - a1, [y, ar]] < ag, ... ap] zasved € {1,..., k}.

Visi komutator na kongruencijama neke algebre nije odreden binarnim ko-
mutatorom. Primer se moze na¢i u Q-grupi ciklicne grupe (Z4, +), [10]. Za
n > 2, neka je A, algebra (Zy,+, f,), gde je f, n-arna operacija definisana sa
folz1,.. . xy) == 221+ x,. A, ima tacno tri kongruencije; ozna¢imo ih sa 0,
a i 1. Tada iz Leme 2.4 u [6], mozemo lako dobiti da za n > 2, A,, zadovo-
ljava [1,1] = a i [1,a] = 0. Dalje, u Ay imamo [1,1,1] = 0, ali u Aj, imamo

[1,1,1] = a. Dakle, [1,1,1]a, = a # 0 =[1,[1,1]]a,. Generalnoza k >2in > 2,
se moze dobiti [1, [, ]]An—O [1, ..,l]An—ozakojekgni[l,...,l]An:O
W—’ T
ako je k > n. Odatleje[1,...,[1,1]]An207£a:[1,...,1]An,zak§n.
—— T
k

Visi komutatori za 2-grupe opisani su u posledici §2.4.11. Naime, u slucaju
Q-grupa govorimo o komutator idealima, jer se mrezi kongruencija obostrano
jednoznac¢no pridruzuje mreza ideala i to pridruzivanje je izomorfizam. Medutim
ne samo da se ocuvavaju mrezne operacije nego i visi komutatori. Komutator
ideal duzine k je ideal generisan skupom vrednosti svih polinoma koji se anuliraju
kad god je jednom od argumenata pridruzena 0 posmatrane (2-grupe. Ovakvi
polinomi igraju vaznu ulogu uopste u svim Maljcevljevim algebrama kada radimo
sa komutatorima.

DEFINICIIA §2.2.9 Neka je A neka algebra, k£ € N, neka je dato preslikavanje
p: A¥ — A, (ag,...,ap_1) € A* ineka 6 € A. Tada za p kazemo da se apsorbuje
u (ag,...,ax_1) sa vrednoiéu 6 ako za sve (g, ..., zp_1) € AF vazi: ako postoji
i €40,1,...,k — 1} tako da je z; = a;, onda p(xg,...,rx_1) = 6. Primetimo,
plag,...,ax_1) = 0.

Koristec¢i apsorbujuce polinome dobijamo drugaciju karakterizaciju visih ko-
mutatora. Iz sledece karakterizacije odmah sledi da polinomijalno ekvivalentne
algebre imaju iste vise komutatore (Posledica §2.4.10).

LEMA §2.4.9 Neka je A Maljcevljeva algebra sa Maljcevljevim termom m,
ag, ..., kongruencije od A in > 0. Tada je |ay, ..., o] kongruencija gener-
15ana Sa

(3.1) R:{(c(bo,...,bn),c(ao,...,an)) |boy ..y bnyao. .. an € A, Vi:a; =y, b,

¢ € Pol, 1A i ¢ se apsorbuje u (ag, ..., a,)}.
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Apsorbujuéi polinomi daju takode i kriterijum kada se visi komutator anulira.

ProproziCclJA §2.4.15 Neka je A Maljcevljeva algebra sa Maljcevljevim ter-
mom m 1n > 2. Tada je

ako 1 samo ako postoji ¢ € Pol,A i 0,0,,...,0,_1 € A tako da
(1) ¢ se apsorbuje u (6, ...,0,_1) sa vrednoscu 0 i
(2) postoji vektor (ag, . ..,an,—1) € A" takav da je c(ag, ..., a,—1) # 6.

Klon generisan skupom operacija F' oznacavacemo sa Clo(F). U slucaju
anuliranja viseg komutatora polinomijalni klon je generisan skupom polinoma
ogranicene arnosti.

ProproOzICIJA §2.4.17 Neka je A Maljcevljeva algebra sa Maljcevljevim ter-
mom m in > 2. Ako je [1,...,1] = 0 onda Clo(|J!-, Pol; AU {m}) = Pol A.
——

n

4. Glavni rezultati

Prethodne propozicije sugerisu da klasa algebri kod kojih se visi komutator
anulira ima posebna svojstva. Te algebre nazivamo supernilpotentne algebre.
Preciznije, ako je k € N, algebra se naziva k-supernilpotentna ako je

[1,...,1]=0.
——
k+1
Algebra A se naziva supernilpotentna ako je k-supernilpotentna za neko k € N.
Jasno, na osnovu (HC8) sledi da je svaka supernilpotentna algebra i nilpotentna,
a da su Abelove algebre 1-supernilpotentne, ali i k-supernilpotentne za sve k > 1

na osnovu nejednakosti (HC3). Dakle, klasa supernilpotentnih algebri je potklasa
nilpotentnih algebri koja u sebi sadrzi potklasu Abelovih algebri.

ProrozicusA §3.1.14 Neka k € N i neka je A k-supernilpotentna Maljcev-
ljeva algebra. Ako je A (k + 1)-afino kompletna, onda je A afino kompletna.

Kao posledicu ove tvrdnje dobijamo da je afina kompletnost odluciva osobina
za supernilpotentne Maljcevljeve algebre. Pokazuje se da je neki polinom u k-
supernilpotentnoj Maljcevljevoj algebri A jednak konstanti # € A ako i samo ako
uzima vrednost 6 za sve vektore koji se od 6 razlikuju na najvise k mesta.

LEMA §3.1.17 Neka je A konacna nilpotentna algebra konacnog tipa koja
generise kongruencijski modularan varijetet. Ako je A direktan proizvod algebri
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ciji su redovi stepeni prostih brojeva onda je A supernilpotentna Maljceviljeva
algebra.

Prethodno tvrdenje razmatra jednu specijalnu klasu Maljcevljevih algebri koja
je izucavana u [25] kod koje dolazi do poklapanja klase nilpotentnih Maljcevljevih
algebri sa klasom supernilpotentnih Maljcevljevih algebri. Tako dobijamo sledece
rezultate.

TEOREMA §3.1.18 Postoji algoritam koji odlucuje da li je konacna nilpo-
tentna algebra konacnog tipa koja je direktan proizvod algebri c¢iji su redovi ste-
peni prostih brojeva i koja generise kongruencijski modularan varijetet afino kom-
pletna.

TEOREMA §3.2.3 Problem polinomijalne ekvivalentnosti za konacnu nilpo-
tentnu algebru konacnog tipa koja je direktan proizvod algebri ¢iji su redovi stepeni
prostih brojeva i koja generise kongruencijski modularan varijetet ima polinomi-
jalnu sloZenost u zavisnosti od duzine unetih polinomijalnih termova.

Finalni doprinos ove disertacije je vezan za pitanje broja polinomijalno neek-
vivalentnih Maljcevljevih klonova na kona¢nom skupu.

Za k > 1 piSemo Invk(A, Pol A) za skup svih najvise k-arnih relacija na skupu
A invarijantnih u odnosu na sve polinome iz A. Dalje, neka je Inv(A, Pol A) :=
Ur>1Inv¥ (A, Pol A) skup svih konacnih relacija koje su invarijantne u odnosu na
sve polinome iz A. Ako je R skup relacija na A, ozna¢imo skup svih operacija na
A koje oc¢uvavaju sve relacije iz skupa R sa Comp(A, R). Kao posledicu od [32,
Satz 1.2.1, p. 53], ako je A konacan, imamo:

Pol A = Comp (A, Inv(A, Pol A)).

Prema tome skup polinoma na A je kompletno odreden beskonac¢nim skupom
Inv(A, Pol A) relacija na A. Za mnoge Maljcevljeve algebre mozemo taéno navesti
kona¢an podskup R od Inv(A, Pol A) koji opisuje polinome. Ipak nije poznato da
li je sledeca hipoteza tacna.

Hipoteza. Za svaku konacnu Maljcevljevu algebru A postoji konacan skup

R relacija na A takav da vazi: Pol A = Comp(A, R).

Prema [32, p. 50] znamo da za svaki konacan skup R relacija na A, postoji
jedna konacna relacija p na A takva da je Comp(A, R) = Comp(A, {p}). Pa se
navedena hipoteza moze formulisati na slede¢i nac¢in. U svakoj konacnoj Maljcev-
ljevoj algebri, polinomi se mogu opisati pomo¢u samo jedne relacije. Ako je ova
hipoteza tacna onda ona ima sledece posledice:
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(1) Na kona¢nom skupu A, postoji najvise prebrojivo mnogo polinomijalnih
Maljcevljevih klonova. Stoga, postoji prebrojiva lista kona¢nih Maljcev-
ljevih algebri takvih da je svaka konacna Maljcevljeva algebra polinomi-
jalno ekvivalentna izomorfnoj kopiji neke od algebri sa liste.

(2) Ne postoji beskonacan opadajuéi niz polinomijalnih Maljcevljevih klonova
na konac¢nom skupu.

Koristeéi [32, Folgerung 1.1.18, p.49] znamo da je dovoljno proveriti da li
n-arna funkcija ocuvava sve relacije arnosti najvise |A|", da bi utvrdili da li je f
sadrzana u Comp(A, Inv(A, Pol A)). To i jeste glavna ideja za pokazivanje sledeceg
parcijalnog rezultata ove hipoteze.

TEOREMA §3.3.22 Neka je A konacna Maljcevljeva algebra kod koje je mreZa
kongruencija visine najvise dva. Tada postoji konacan skup relacija R na A takav

da je Pol A = Comp(A, R).
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