A GUIDE FOR MORTALS TO
TAME CONGRUENCE THEORY

MIKLOS MAROTI

Tame congruence theory is not an easy subject and it takes a consid-
erable amount of effort to understand it. When I started this project,
I believed that this theory can be better explained than the standard
text: D. Hobby and R. McKenzie’s “The Structure of Finite Algebras.”
I followed a more gradual approach in introducing new concepts and
immediatelly describing the structure of finite algebras at that level.
The reader is encouraged to consult the book (TCT references) while
reading this guide.

1. MINIMAL ALGEBRAS

In this section we characterize the minimal algebras, up to polyno-
mial equivalence. It will turn out that they can be nicely split into 5
distinct types.

Definition 1.1. [TCT 2.14] An algebra M is minimal if it is finite,
|M| > 2, and

Pol; M C { constants } U { permutations on M }.

Note that by “constants” here we mean unary operations whose
ranges are one element subsets of M.

Excercise 1.2. Prove the following statements:
(1) every two-element algebra is minimal,
(2) every finite nontrivial vectorspace is minimal;
(3) a group G is minimal iff G = Z for some prime p and n > 1;
(4) an algebra with a semilattice operation is minimal iff it has only
two elements.

Definition 1.3. [TCT 4.3] Let f be an n-ary operation and i < n. We
define an operation f(’j.) by induction on k£ > 0. Put f(oi) (Toy. ooy Tpoy) =
x;, and

f(’z;rl(:vo, cos o) = f(xo, .o i, f(’;)(xo, ey Tpe1), Tty e e Tpe1)-

This process is called iterating f in its i-th coordinate.
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Lemma 1.4. [TCT 4.4] Let A be a finite set. Then there exists k > 0
such that for all operation f : A™ — A, elements ag,...,a,_1 € A, and
1 < n the following hold.

(1) f(];)(fz) = f(lz)(flf’o, ceey i1, f(’i)(ri),xm, ey Tpt).
(2) If the unary polynomial g(x) = f(ag,...,Q—1,T, Qix1, ... 0y_1)

is a permutation, then f(’j)(ao, e A1, Ty Qi 1y e ey A1) = .
Proof. Put k = |A|!. By the definition of f(’j), g*(z) = g(¢" () =
fﬁ)(ao, ey @1, Ty Qi . - ., Gpo1). Since A is finite, the sequence a;,
g(ai), g*(a;), ..., g"(a;) must contain a repetition, a cycle, whose order
divides k. Therefore, ¢¥(a;) = g**(a;) = ¢*(¢*(a;)). This holds for
arbitrary elements ag, ..., a,_1 € A, which proves (1). Finally, if g is a
permutation, then ¢* = id, which proves (2). O

Definition 1.5. Let f: Ag x --- x A,,_1 — A be a function. We say
that f depends on its i-th coordinate (i < n) if there exists a; € A; for
all j # i such that the unary function f(ao,...,a;—1,%;, Giz1, .., Qn1)
is not constant.

Lemma 1.6 (A. Salomaa). [TCT 4.1] Let f : Ag X -+ X A1 — A
depends on all its variables, where n > 2. Then there exist 1,7 < n,
i # j, and a; € A;, aj € A; such that f(xo,...,Ti1, 0 Tiv1, ..., Tp_1)
and f(zo,..., 21,05, Tjt1,...,Tn_1) depend on all their variables.

Proof. For any ¢ < n and a € A;, let D(a,i) denote the set of indices
of the variables which f(zo,...,%;_1,a,Zit1,...,2,_1) depends on.

CLAM. Ifj #iandj & D(a,t) then D(a,i) C D(b,j) for someb € A;.

Since f depends on all its variables, there exists b € A; such that
i € D(b,j). For this choice, it is easy to see that D(a,7) C D(b, j).

We can choose i < n and a € A; such that D(a,) is maximal under
inclusion. By the claim, |D(a,i)] = n — 1. Since f depends on the
ith coordinate, there is k < n and ¢ € Ay such that i € D(c, k). By
choosing D(b, j) maximal above D(c, k) we get that |D(b,j)| =n —1
and ¢ € D(b, j). Therefore i # j. O

Corollary 1.7. [TCT 4.2] Let A be an algebra, and suppose that A
has a polynomial that depends on at least n variables. Then for all
kE < n, A has a polynomial of k variables that depends on all of its
variables. 0

Definition 1.8. Two algebras are polynomially equivalent if they have
the same universe and the same clone of polynomial operations.
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Theorem 1.9 (P.P. Palfy). [TCT 4.7,4.6] Every minimal algebra M
with |M| > 3 and having a polynomial operation which depends on
more than one variable, is polynomially equivalent with a vector space.

Proof. First we explore the consequences of M being minimal and hav-
ing at least 3 elements.

CLAIM 1. Every binary polynomial p satisfies the term-condition:
p(u, a) = p(u,b) = p(v,a) = p(v,b).

Assume that p(u,a) = p(u,b) and p(v,a) # p(v,b), and we want
to get a contradiction. Clearly u # v and a # b. By Lemma 1.4 we
can choose k > 0 such that ¢(x,y) = p’fl)(x,y) satisfies ¢(x,q(z,y)) =
q(z,y). Since p(v,a) # p(v,b), the unary polynomial p(v,y) in y is a
permutation. Therefore q(v,y) = y. Since p(u,a) = p(u,b), the unary
polynomial p(u,y) in y is a constant. Therefore ¢(u,y) = ¢ for some
element ¢ € M. Since q(u,c) = q(v,c¢) = ¢, the unary polynomial
q(z,c) in z is constant and equal to ¢. Now take w € M — {u,v}
and d € M — {c}. If p(w,y) in y is a permutation then ¢(w,y) =
y. Thus g(u,d) = ¢ and ¢(v,d) = q(w,d) = d. Hence the unary
polynomial ¢(z,d) in z is neither a permutation nor a constant, which
is a contradiction. On the other hand if p(w,y) in y is a constant then
q(w,y) is constant and equal to g(w, c) = ¢. Thus ¢(u,d) = q(w,d) = ¢
and q(v,d) = d. Hence the unary polynomial ¢(x,d) in z is neither a
permutation nor a constant, which is a contradiction once again.

Now we extend the previous claim to polynomials of higher arity.
Note that this implication is still not the term condition.

Cramm 2. If pe Pol, .1 M, 4, v € M", and a,b € M then
p(u,a) = p(u,b) = p(v,a) = p(v,b).

This is a standard argument. By the previous claim we can replace
each variable of u by the corresponding variable of ¥ one by one, and
keep the sides equal.

Now we are ready to use the hypothesis that M has a polynomial
which depends on more than one variables.

CLAM 3. M has a Mal’cev polynomual d.

Let p € PolM be a polynomial which depends on more than one
variables. By Corollary 1.7 we can assume that p is binary. Now we
show that p(z,y) is a guasigroup operation. Since p(x,y) depends on
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y, there exist v,a,b € M such that p(v,a) # p(v,b). Then by Claim 1,
p(u,a) # p(u,b) for all w € M. Hence p(u,y), as a function of y, is
a permutation for each w. Similarly, p(z,u), as a function of z, is a
permutation for each u € M.

Now by Lemma 1.4 (2) we have polynomials f(x,y) = p](“(gl(a:, y) and

g(,y) = Pl (z,y) such that p(f(z,y).y) =  and p(z,g(z,y)) = y.
Put

d(z,y,z) = p(f(z,9(y,9)), 9(y, 2))-

Since p(y, 9(y,y)) = y and p(f(y, 9(y,¥)), 9(y,y)) =y, and p(z, 9(y,y)),
as a function of x, is a permutation, we have that y = f(y,g(y,v)).

Yy
Thus d(y,y,2) = p(y,9(y,z)) = z. On the other hand, d(z,y,y)
p(f(@,9(y,9)). 9(y,y)) =

We are going to define a vector space on M using the Mal’cev oper-
ation d(z,y, z), which will turn out to be the same as z — y + z. Pick
an arbitrary element of M, call it 0, and define x + y = d(x,0,y) and
—x =4d(0,z,0).

CrAM 4. The algebra (M;+,—,0) is an Abelian group.

To prove the claim we define the following polynomials and apply
Claim 2 to them:

(2, y,z,a) = d(d(z,0,a),0,d(y,

do(x,a) = d(z,a,d(a,x O)),

ds(z,y,a) = d(a,0,d(z,a,y)).

Notice that d;(0,y,0,0) = y = d1(0,9,0,y), hence = + (y + z) =
dl(xvywzao) = dl(x Y, =, y) (:c—i—y)—i—z Slmﬂaﬂy’ dQ(O 0) - d2( ’ )
hence = + (—x) = day(z,0) = do(z,2) = 0. And again, d3(0,0,0) =

d3(0,0,y), hence x +y = ds(x,y,0) = ds(z,y,y) = y + =. Finally,
x+0=d(x,0,0) =z, which concludes the proof of the claim.

CLAIM 5. For each p € Pol,, M,

12));

p(Toy -y Tn1) sz z;) — (n—1)p(0,...,0),

where p;(z;) = p(0,...,0,2;,0,...,0).

We prove it by induction. For n = 1 the statement is trivial. For
= 2, consider the polynomial f(z,y) = p(z,y) — p(0,y). Notice
that f(0,y) = f(0,0), hence p(z,y) — p(0,y) = f(z,y) = f(z,0) =
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p(z,0) —p(0,0). Now let us assume that the claim holds for n > 2, and
prove it for n + 1. Our assumption gives

p(ZE07 vy Tp1, y) =
p(20,0,...,0,y)+ -+ p(0,...,0,2,-1,y) — (n — 1)p(0,...,0,y).
Now using the equation

p(0,...,0,2;,0,...,0,y) =
p(0,...,0,2;,0,...,0,0) +p(0,...,0,9) — p(0,...,0)
we get the desired conclusion.

CLAM 6. Let F ={a €Poly M : «(0) =0}. Then (F;+,0) is a field
where (o + B)(z) = a(z) + B(x) and o is the composition operation.

Clearly, (F'; o,id) is a monoid and (F’; +, 0) is an Abelian group where
0 is the constant O-valued function. By applying Claim 5 to a(z + y)
we see that a(z +y) = a(r +0) + a(0 +y) — a(0 + 0), that is, a(z +
y) = a(x) + a(y). This shows that «o (8+7) = ao 3+ ao~v and
(B+7)oa = Boa+vyoa, hence (F;+,0) is a ring. By the minimality
of M if & # 0 then o* = id for some k > 0, hence (F; +, o) is a division
ring. Since M is finite, F is finite, and therefore (F';+,0) is a finite
field.

By defining - x = a(x) for « € F' and © € M, we clearly have a
vector space V. = (M;+,a -z (o € F)). The operations of V belong
to PolM. On the other hand, Claim 5 shows that each polynomial
operation p € Pol, M is expressible as

n—1
p(x(b'"?xn—l): E ai'xi—i_C?
=0

where a;(x) = pi(z) — p;(0) and ¢ = p(0,...,0). This concludes our
proof. O

By Pélfy’s theorem we can easily characterize the minimal algebras
of at least three elements. On the one hand we have the algebras
polynomially equivalent with finite vector spaces, and on the other
the algebras in which each operation depends on at most one variable.
If M is such an algebra then each p € Pol,, M is either a constant or
p(zo, ..., xy_1) = a(x;) for some permutation a and variable z;. Hence
M is polynomially equivalent to a G-set, a permutation group acting
on a set. What remains to be described are the two element minimal
algebras.
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Lemma 1.10. [TCT 4.8] Every algebra M on a two element set {0, 1}
1s polynomially equivalent with one of the following:

Eo = ({0,1}), Ei=({0,1}"), E»={{0,1};+),
E3 = <{07 1}7 VA, />7 E4 = <{07 1}7 V, /\>7
Es; = <{071};\/>7 E¢ = <{O71}5/\>7

where x V y = max{z,y}, v Ay = min{z,y}, v +y = (x +y) mod 2,
and ' =1 —x.

Proof. If every operation is essentially unary (does not depend on more
than one variable) then M is polynomially equivalent to either Eq or
E;.

In Palfy’s proof we needed that |M| > 3 only to show Claim 1. Thus
if all binary polynomials of M satisfy the term-condition then M is
polynomially equivalent with a two element vector space, i.e., with Es.

So pick f € Poly M which does not satisfy the term-condition. This
essentially rules out that there are two 0’s and two 1’s in the operation
table of f. Indeed, if the two 1’s are in the same row or column, then f
is essentially unary. If the two 1’s are in diagonal then f(z,y) =z +vy
or f(z,y) = (x +y)'. In either case f satisfies the term-condition. So
either there are three 1’s or a single 1 in the operation table of f.

If the operation ’ is a polynomial of M, then an appropriate com-
bination of f(x,y) and " gives us V and A. Hence M is polynomially
equivalent with E3, the full clone on {0, 1}.

So assume that the operation ’ is not a polynomial of M. This means
that each operation of M is monotone. This essentially gives us only
two possibilities for f, one is V and the other is A. Without loss of
generality we can assume that f = A.

Assume that M is not polynomially equivalent with FEg. thus we
can take g € Pol, M — Pol,({0,1}; A). Consider the inverse image
G = g '({1}) € 2™. Since g is order preserving, G is a filter of the
lattice 2". Note that if G has a least element a € 2", then g(z) =
N zi:a; =1} € Pol,,({0,1}; A). So G must have at least two minimal
elements a and b. Clearly, g(a A b) = 0. Now take the polynomial
9(z0, ..., 2n—1) and replace z; by 1 if a; = b; = 1, by z if a; = 1 and
b =0, by yif a, = 0 and b; = 1, and by 0 if a; = b; = 0. The
result is a binary polynomial h(z,y) for which h(0,0) = g(a A b) = 0,
h(1,0) = g(a) =1, h(0,1) = g(b) = 1, and h(1,1) = g(a VvV b) = 1. This
shows that h = Vv, hence PolM D Pol E,.
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Finally, it is easy to see that every order preserving operation on
{0,1} is a polynomial of ({0,1},V, A). Thus Pol M = Pol E,. O

Now we can fully characterize the minimal algebras. The algebras
Eq, E; are G-sets, and E; is a vector space. They nicely extend the
previous two classes of minimal algebras of at least three elements. The
algebras E3, E4, and E5 will represent new classes. Note that although
E; is isomorphic to E5, they are not polynomially equivalent.

Definition 1.11. [TCT 4.10] Let M be a finite algebra.

(1) M is of type 1, or unary type, if polynomially equivalent to a
G-set.

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

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

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

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

Corollary 1.12. [TCT 4.11] An algebra M is minimal iff it is of one
of the types 1-5. O

2. (6,9)-MINIMAL ALGEBRAS

In this section we extend our five-fold classification to a broader class
of algebras. As you can recall, an algebra M is minimal if every unary
polynomial p of M is either a permutation or a constant. One can see
that p being a constant is equivalent to the—unnatural-—condition that
p(1m) € Onm, where Op, Iy € Con M. But this condition naturally
extends to other congruence quotients.

By a congruence quotient in an algebra C we simply mean a pair
(0,7) of congruences of C with ¢ < 9.

Definition 2.1. [TCT 2.13] Let (d,9) be a congruence quotient in an
algebra C. We say that a polynomial p € Pol; C collapses ¥ into
if p(¢¥) C 0. The algebra C is called minimal relative to (5,9), or
(0, ) -minimal, if it is finite, |C| > 2, and

Pol; C C { operations collapsing 9 into ¢ } U { permutations on C'}.
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Definition 2.2. [TCT 2.15] Let C be an (d, J)-minimal algebra. By a
(0,9)-trace we mean a J-class, as a subset of C'; which contains at least
two d-classes. The set of (d, J)-traces is denoted by N¢(6,9). The body
of C with respect to (d,9) is defined to be the union of traces. The tail
of C with respect to (d,v) is the complement of the body in C.

Lemma 2.3. Let (§,9) be a congruence pair in an algebra C. If C
is (0, 9)y-minimal, then C/¢ is (0,9/6)-minimal. Moreover, if they are
manimal then

Ncys5(0,9/0) = { N/d|n : N € Nc(6,9) }.

Excercise 2.4. Show that the converse of Lemma 2.3 does not hold,
that is, construct an algebra C and a congruence pair (J, ) such that

C/4 is (0,9/0)-minimal but C is not (9, )-minimal.

The following lemma gives us the connection between (9, ¥)-minimal
and minimal algebras.

Lemma 2.5. Let C be an (6,9)-minimal algebra, and N be a (§,7)-
trace. Then the algebra C|y/d|n is minimal.

Proof. Note that
Pol C|n /0|y = {p|n/0|n : p € Pol,, C and p(N™) C N }.

So take an arbitrary unary polynomial p|y/d|y € Poly C|y/d|n. If p
is a permutation of C, then since p(N) C N, p|y is a permutation
of N and p|n/d|y is a permutation of N/J|y. On the other hand, if
p collapses ¥ into 4, then p(N) is contained in a single block of 4|y,
hence p|y/d|n is constant on N/6|y. O

Notice that the minimal algebra C|y/d|x, which corresponds to the
(0,9)-trace N, is the same as the minimal algebra (C/d)|y/s, which
corresponds to the (0,1/0)-trace N/d|y. By the type of N we simply
mean the type of the corresponding minimal algebra.

Lemma 2.6. [TCT 4.12,4.15] Let C be a (6,9)-minimal algebra, and
N be a (3,9)-trace of type 3, 4 or 5. Then
(1) N is the disjoint union of two d-classes I and O, one of which,
say I, contains only a single element 1 € C'.
(2) There is a binary polynomial h such that h(z,z) = h(1,x) =
h(z,1) =z, h(O,0) C O, and h(z, h(z,y)) = h(z,y).
(3) N is the only (d,9)-trace in C.

(4) If v € C — {1} and c € O then h(x,c) Z h(c, x) 2.
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Proof. We know that N is a (disjoint) union of two d-classes I and O,
and C|y/d|y has a semilattice operation p|y/d|y. We can assume that
p(O,I) C O, hence p(1,0) C O, p(I,I) C I, and p(O,0) C O.

Since p(I,1) C I and p(O,0) C O, the polynomial f(z) = p(z,x)
cannot collapse ¢ into 0, hence it is a permutation on C. Choose
k > 0 such that f*(z) = x, and define q(z,y) = f* 'p(z,y). Clearly
q(z,z) = x, and ¢ behaves the same way as p with respect to I and O.

By Lemma 1.4 there exists [ > 0 such that the function g(x,y) =
qéo)(ac,y) satisfies g(g(z,v),y) = g(z,y). Note that g(z,x) = z, and ¢
behaves the same way as p with respect to I and O. If a € I, then
q(a,I) € I and g(a,0) C O. Therefore q(a,y) is a permutation, and
g9(a,y) =y.

Applying Lemma 1.4 once more we can choose m > 0 such that the
function h(z,y) = g{},(z, y) satisfies h(z, h(z,y)) = h(z,y). Note that
h(x,z) = z, and h behaves the same way as p with respect to I and
O. If a € I, then ¢g(/,a) C I and ¢g(O,a) C O. Therefore g(z,a) is a
permutation, and h(z,a) = z. On the other hand h(a,y) = y because
g(a,y) is a permutation. Now if a,b € I, then a = h(a,b) = b, which
proves (1). Applying our knowledge of I = {1} shows (2).

To prove (3) take a pair (a,b) € ¥ — 0, and an element ¢ € O.
Since h(I U O,0) C O, the polynomial h(zx,c) collapses ¥ into d, thus
(h(a,c),h(b,c)) € 6. We can assume that (a,h(a,c)) € J. But a =
h(a,1), thus (h(a,1),h(a,c)) ¢ § and therefore the polynomial h(a, x)
is a permutation. Since h(a,a) = h(a, 1), we conclude that a = 1 and
a,be N.

Statement (4) is a consequence of the previous ones. If z € O, then
it is clear from h(O,0) C O. If x ¢ O, then x is in the tail, and
h(z,c) ¥ h(xz,1) = x implies that h(z,c) 6 x. O

Corollary 2.7. [TCT 4.17] Let C be a (3, 9)-minimal algebra, and N
be a (0,9)-trace of type 3 or 4. Then

(1) N ={0,1} for some pair (0,1) € 9 — 4.
(2) There are binary polynomials f, g such that f(z,x) = f(1,z) =
f(z,1) = g(z,z) = ¢g(0,2) = g(x,0) = x for all x € C. More-

over, f(z, f(z,y)) = f(z,y), and g(z,9(z,y)) = g(z,y).
(3) N is the only (d,9)-trace in C.

(4) Forallx € C—{0,1}, f(x,0) L f(0,x) 2 g(x, 1) < g(1, ) 2.

Proof. Notice that in the proof of Lemma 2.6 we have constructed the
binary polynomial h starting from a semilattice operation of C|y/d|x.
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In our case C|y/d|n has two semilattice operations, which yields two
polynomials f, g with the described properties. 0

Definition 2.8. [TCT 2.7] Let A be an algebra, and B, C' be non-void
subsets of A. We say that B and C' are polynomially isomorphic if
there are polynomials f,g € Pol; A such that f(B) = C, g(C) = B

and fglc =ide, 9f|p = ids.

Lemma 2.9. [TCT 4.20] Let C be a (§,9)-minimal algebra, B be the
body of C, and N be a (3,9)-trace of type 2. Then C has a 3-ary
polynomial d satisfying:

(1) d(z,z,x) =z, for allx € C.

(2) d(b,b,x) =z =d(x,b,b), for allb € B and x € C.

(3) For every a,b € B, the unary polynomials d(z,a,b),d(a,z,b)

and d(a, b, z) are permutations of C.

(4) B is closed under d.

(5) Any two (6,9)-traces of C are polynomially isomorphic.
Moreover, every 3-ary polynomial of C satisfying (1) and (2) also sat-
isfies (3) and (4).

Proof. First we construct a polynomial d that satisfies (1) and (2).
Throughout this proof let k& be the integer asserted by Lemma 1.4 for
C.

CLAIM 1. There exists p € Pols C such that for all a € N the functions
p(z,a,a), pla,a,x) are permutations of C, and p(x,x,x) = x for all
xeC.

Since N is of type 2, there exists f € Pols C so that N is closed un-
der f, and f(x/d,y/0,2/0) = x/6 —y/é + z/d, that is, f/6 is the
Mal’cev operation z — y + z of the vectorspace C|y/d|n. Clearly,
f(z,a,a) = f(a,a,2) = f(r,z,2) = z (mod §) for all a,z € N.
So none of these functions collapse ¥ into 9, therefore they are per-
mutations of C. Put g(z) = f(z,r,z). By Lemma 1.4, ¢*(z) = z
for all z € C. Finally, define p(z,y,2) = ¢" 'f(z,y,2). Clearly,
p(z,z,x) = z. Finally, p(a,a,z) and p(z,a,a) are permutations, be-
cause ¢g*~! is a permutation of C.

CLAIM 2. For all b € B, the functions p(z,b,b) and p(b,b,x) are per-
mutations of C'.

If b € N then the assertion is true by the previous claim. Now
assume that b ¢ N, and fix an element a € N. Then p(z,a,a) is
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a permutation of C', therefore p’(co) (x,a,a) = x. Take an element c
such that (c,b) € ¥ — §. Clearly, p?o)(c,a,a) = ¢. On the other
hand p’(co)(c, ¢,c) = ¢, as p(c,c,c) = c¢. This shows that the function
p’(“o)(c,a:,m) is not a permutation, therefore it collapses ¥ into §. In
particular, p’(co)(c, b,b) = p'(co)(c, c,c) =c#b= p?o)(b, b,b) (mod 9).
Therefore the function p’(co) (x,b,b) is a permutation of C, hence so is
p(z,b,b). A similar argument works for the other function.

CrAamm 3. There exists q € Polg C such that q(z,x,x) = v = q(x,b,b)
for all x € C, and q(b,b, x) is a permutation of C, for allb € B.

Since the function p(z, b, b) is a permutation of C, pé“o) (x,b,b) = x for
all b € B. Define ¢(z,y,2) = p’(“(gl(p(a:,y,z),y,y). Clearly, q(z,z,z) =
x = q(x,b,b) for all b € B. Finally the function ¢(b, b, z) is a permuta-
tion of C' because both p(b, b, x) and pf’o_)l(x, b) are permutations.

CLAIM 4. There exists d € Pols C satisfying (1) and (2).

Define d(x,y,z) = qé"’z_)l(x,:z,q(:v,y,z)). For all b € B, the func-
tion ¢(b, b, z) is a permutation of C, therefore d(b,b,z) = x. Clearly,
d(xz,z,x) = x. Finally, d(z,b,b) = qé—)l(:ﬂ,x,q(x, b,b)) = qg_)l(m,x,a:) =
x, for all b € B.

In the rest of the proof let d be any 3-ary polynomial satisfying (1)
and (2). We shall prove (3) and (4) for this d.

CrAamm 5. For every a,b € B, the functions d(a,b,x),d(a,z,b) and
d(x,a,b) are premutations of C.

Let us fix the elements a,b € B. First assume that N = C, that is,
C/4 is a vector space over a field F. Then (d/§)(xy1,x2,23) = anzy +
aoTy + agrs + a4 for some constants a; € F. Since d satisfies (2), d/§
must depend on all of its three variables. Therefore a; # 0, as # 0
and a3 # 0. This shows that none of the three functions in the claim
can collapse ¥ into d, hence they are all permutations.

Now assume that N # C. Pick an element ¢ such that (c,b) €
¥ — 6. Then d(a,b,x) € Sym C iff d(a,b,c) # d(a,b,b) = a = d(a,c,c)
(mod ¢) iff d(a,z,c) € SymC. Clearly, d(a,z,c) = d(a,z,b) (mod )
for all z € C. Since ¥ has at least two distinct classes, d(a,x,c) €
Sym C' iff d(a,z,b) € Sym C. Hence we can conclude that d(a,b,x) €
Sym C'iff d(a, z,b) € Sym C. A dual argument yields that this happens
if and only if d(x,a,b) € SymC'.
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Suppose that they all fail to be permutations. Consider the polyno-
mial h(z) = d(a,d(a,z,b),z). Clearly, h(b) = b. On the other hand
h(c) = d(a,d(a,c,b),c) = d(a,a,c) = ¢ (mod §) because d(a,c,b) =
d(a,b,b) = a (mod ¢). This shows that h € SymC. If x € N, then
d(a,z,b) = d(a,a,b) = b (mod 9), and h(z) = d(a,b,x) = d(a,b,a)
(mod ¢). This shows that h collapses N x N into §, which is a contra-
diction to that h € Sym C.

CLAIM 6. B 1is closed under d.

Take elements a, b, ¢ € B. Then the polynomial d(a, b, z) is a permu-
tation of C', therefore for each congruence v of C, it maps ~y-classes onto
v-classes. In particular, it must map (0, 9)-traces onto (0, )-traces,
hence d(a, b, c) € B.

CrLAM 7. Any two (8, 9)-traces N and K are polynomially isomorphic.

Take a € N and b € K. Then the polynomial s(z) = d(b, a, z) maps

a to b, hence N onto K. Clearly, its inverse s*~! is also a polynomial.
O

Corollary 2.10. Let C be a (§,9)-minimal algebra. Then all {(§,9)-
traces of C have the same type. O

Definition 2.11. [TCT 4.21] Let C be a (d,J)-minimal algebra. We
say that C is of type 1,2,3,4 or 5 relative to (§,9) iff each (or any)
(0, 9)-trace of C is of type 1,2,3,4 or 5, respectively.

Definition 2.12. [TCT 4.16,4.18,4.22] If C is a (§,J)-minimal alge-
bra of type 5, then any binary polynomial satisfying the statement of
Lemma 2.6 will be called pseudo-meet operation of C with respect to
(0,7). Similarly, if C is of type 3 or 4, then operations satisfying the
statement of Corollary 2.7 are called pseudo-meet and pseudo-join op-
erations. If C is of type 2, then any 3-ary polynomial d satisfying the
statement of Lemma 2.9 will be called pseudo-Mal’cev operation of C
with respect to (§,19).

One interesting consequence of Lemma 2.6 is that if C is (9, )-
minimal and of type 3,4 or 5, then § must be covered by ¢. This is
not necessarily true for types 1 and 2.

We know that if C is of type 2,3,4 or 5 then all (§,9)-traces are
polynomially isomorphic. This does not necessarily hold for type 1.
However it is true when ¢ is covered by .
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Lemma 2.13. Let C be a (§,9)-minimal algebra, and 6 < 9 be a
congruence cover. Then the (3, 9)-traces are pairwise polynomially iso-
morphic.

Proof. Let N and K be (4, 9)-traces, and take (a,b) € J|y — 9. Since
¥ covers 6, 0 V Cge((a,b)) = 0. Since K is a ¥-class, it is contained in
d V Cga({a,b)). Therefore, there exists a polynomial p € Pol; C such
that (p(a),p(b)) € ¥|x—0. Since C is (4, ¥)-minimal, p is a permutation
on C. Each permutation maps traces onto traces, hence p(N) = K.
Similarly, there exists a permutation ¢ € Pol; C such that ¢(K) = N.
Now gp is a permutation on C, hence (gp)* = id for some k > 0. The
polynomials p(gp)*~! and ¢ have the required properties. U

Lemma 2.14. [TCT 2.4] Let C be a (6,9)-minimal algebra, and N be
a (0,9)-trace of C. Then the map o — («|n)/d|n is a lattice homomor-
phism of the interval [0,7] onto the congruence lattice of the minimal
algebra Cln/d|n.

Proof. We will prove more, that the restriction map |y : o — «aly is
a lattice homomosphism of [0c, ] onto Con C|y. This clearly implies
the assertion of the lemma. Recall that an equivalence relation is a
congruence iff it is closed under all unary polynomials. It is obvious
that a|y € Con C|y whenever @ € Con C, and that |y preserves meets
of congruences. Since N is a ¥-block, |y also preserves joins of pairs of
elements in [0g,¥]. To see that |y is onto, take 5 € Con C|y, and put

3 ={(x,y) € :forall p e Pol, C
if {p(x),p(y)} S N then (p(z),p(y)) € 8}

It is easy to see that B € Con C, B < 4, and that B|N < (. Now take
a pair (z,y) € 3. Clearly, (z,y) € ¥, since 3 C N2 C 9. If p(x) € N
for some p € Pol; C, then p(N) C N and p|xy € Pol; C|y. Therefore
(p(x),p(y)) € B. This shows that (z,y) € 8|y, hence f|y = 3. O

Lemma 2.15. Let C be a (0, 7)-minimal algebra, N be a (0, 0)-trace. If
the (9, V) -traces are pairwise polynomially isomorphic, then the interval
[0, 9] of ConC is isomorphic to the congruence lattice of C|n/d|n.

Proof. Consider the map « +— («|x)/d|ny. By the previous lemma it is
enough to show that it is injective. Take congruences § < a < < 9,
and a pair (z,y) € f — a. Clearly, (z,y) € J — 9. Let K be the (J,9)-
trace containing x and y. Since K is polynomially isomorphic to N, we
have a permutation ¢ € Pol; C so that ¢(K) = N and {(q(z),q(y)) €
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¥ — 0. All congruences of C are invariant under ¢, hence {(q(z), q(y)) €
B|ny — a|n. This proves that (a|y)/d|n < (G]n)/0]|n- O

3. TAME QUOTIENTS AND (0, 9)-MINIMAL SETS

Definition 3.1. [TCT 2.5] Let (4,9) be a congruence quotient in a
finite algebra A. We define M4 (d, %) to be the minimal members of

{p(A) : p € Poly A and p(¥) Z 0 }.
The members of M (0,1) are called (9, J)-minimal sets of A.

Observe that the set Ma(0,v) is always non-empty, and for each
(0,Y)-minimal set U, we have 9|y € d|y.

Definition 3.2. A congruence quotient (0,v) is tame, if there exists
a minimal set U € Ma(6,9) such that restriction map |y : a — o|y
is a 0, l-separating lattice homomorphism of the interval [§,4] onto

[5|U7 ’(9|U] Q COH A|U

Lemma 3.3. Let (0,7) be a tame congruence quotient of a finite algebra
A. Then for all V € Ma(6,9) the following hold.

(1) Aly is a (6|v,Y|v)-minimal algebra.

(2) There exists e € E(A) such that V = e(A).

(3) 0V Cga(dlv) =7

(4) The restriction map |y : a — aly is a 0, 1-separating lattice
homomorphism of the interval [0, 9] onto [0]v,d|y] C Con Aly.

(5) The (9,9)-minimal sets of A are pairwise polynomially isomor-
phic.

4. ABELIAN ALGEBRAS

Definition 4.1. [TCT 3.3] Let «, 3,y be congruences of an algebra A.
We say that « centralizes 3 modulo v, and use the formula C(«, 3;7),
if for every n > 1, for every p € Pol,,;1 A, and for all pairs (u,v) € a,
and (a1, b1), ..., (an, b,) € B the following equivalence holds:

p(u,aq,...,a,) %p(u, bi,...,by)
(i
p(v,ay, ..., ap,) = p(v, by, ..., by).

Definition 4.2. [TCT 3.6] Let (a, §) be a congruence quotient in an
algebra A. We say that § is Abelian over « in A if C(5,;«), and
that A is Abelian if C(1a,1a,04).
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It is not hard to see that (3 is Abelian over a in A if and only if 3/«
is Abelian over 04/, in A/a.

Lemma 4.3. [TCT 4.13,4.14] Let C be (9,9)-minimal. Then ¥ is
Abelian over ¢ in C iff the minimal algebras C|y/d0|n are Abelian for
all (§,9)-traces N of C.

Proof. One direction is trivial. Conversely, assume that C(1J,%;0) fails
in C for some polynomial p € Pol,,; C and elements u = v,a; =
bi,...,a, = b, (mod ). We can assume that § = O, since by taking
the quotient by § we do not change Abelian-ness and the set of minimal
algebras that correspond to traces. So we have the following failure:
p(“a d) = p(u, b) and p(U, d) # p(v, b)

We can also assume that p is of minimal arity. Clearly, u # v, and
by the minimality of p, a; # b; for each 7. Thus the classes Ny = v/9,
N; = a;/9 (1 <i<n), and K = p(v,a)/9 are (0,9)-traces of C. It
follows that p(No, Nq,...,N,) C K.

Since p(u,a) # p(v,a) or p(u,b) # p(v,b), the mapping p : Ny x
Ny X --+ x N, — K depends on its first variable. Since p is of
minimal arity, this mapping depends on its other variables. Thus
for each 0 < 7 < n there exists ¢ € Ny x Ny x --- x N,, such that
a;(x) = p(co,c1,y ...y Cim1, T, Cit1, - - -, Cp) 18 nON-constant and a;(V;) C
K. Therefore «; is a permutation which maps N; onto K. Now
a; ' € Pol; C and o; '(K) = N;.

Put f(xg,21,...,7,) = plag (o), ...,a; (z,)). Now f(K"H!) =
K, and f|k exhibits the failure of C'(1¢)y, 1oy; Ocjy) in C|y with the
elements ag(u), ap(v) and a;(a;), a;(b;) (1 <i < n). O
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