An algebraic closure for barycentric algebras and convex
sets

GABOR CzEDLI AND A. B. ROMANOWSKA

ABSTRACT. Let A be an algebra (of an arbitrary finitary type), and let 4 be a binary
term. A pair (a,b) of elements of A will be called a ~y-eligible pair, if for each x in the
subalgebra generated by {a,b} such that z is distinct from a there exists an element
y in A such that b = xy~y. We say that A is a «y-closed algebra, if for each ~y-eligible
pair (a,b) there is an element ¢ with b = acy. We call A a closed algebra, if it is
~-closed for all binary terms -4 that do not induce a projection.

Let T" be a unital subring of the field of real numbers. Equipped with all the binary
operations (z,y) — (1 —p)z+py, p € T and 0 < p < 1, T becomes a mode, that is,
an idempotent algebra in which any two term functions commute. In fact, the mode
T is a (generalized) barycentric algebra. Let Q(T') denote the quasivariety generated
by this mode.

Our main theorem asserts that each mode of Q(T') extends to a minimal closed
cancellative mode, which is unique in a reasonable sense. In fact, we prove a slightly
stronger statement. As corollaries, we obtain a purely algebraic description of the
usual topological closure of convex sets, and we exemplify how to use the main theorem
to show that certain open convex sets are not isomorphic.

1. Introduction and motivation

1.1. The initial idea. The “classical” convex sets, which are the convex
subsets of the real affine space R", are easily described by algebraic tools as
follows. The open unit interval {x € R : 0 < z < 1} of real numbers will be
denoted by I°(R). For ¢ € I°(R), let g denote the binary barycentric operation
(R™)? — R™ with (z,y) — zyq, where zyq stands for (1 — ¢)z + qy. With
the notation I°(R) = {g : ¢ € I°(R)}, the nonempty convex subsets of R" are
exactly the subalgebras of (R™; I°(R)).

Our primary goal and the original motivation of the present work were to
describe the topological closure of a convex set by algebraic methods, in the
language of the barycentric algebra (R"; I° (R)) For an illustration we will use
the real affine plane R2. The initial idea is quite simple. First of all, we need
an algebraic property that characterizes topologically closed convex sets. Let
A be a subalgebra of (R™;I°(R)). Let p € I°(R), and let a and b be distinct
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FIGURE 1. Some p-eligible pairs of A in case p = 1/2

points of A; see Figure 1, where A C R? and p = 1/2. Let ¢ denote the line
through a and b. Then there is a unique point ¢ on £ such that b = acp. Note
that we do not assume that ¢ € A. Roughly speaking, our intention is to call
the pair (a,b) a p-eligible pair of A if all the elements of the (left closed and
right open) line segment £[b, c) belong to A. More precisely, (a,b) is called
a p-eligible pair of A if for each x € {(a,b], there exists an y = y(x,a,b,p)
in A such that xyp = b. Equivalently, (a,b) is p-eligible iff for every z that
belongs to the subalgebra generated by {a, b} but distinct from a, there exists
an y € A such that zyp = b.

Let E,(A) denote the set of p-eligible pairs of A. By our intuition (or
by Corollary 2.5), A is topologically closed iff for each (a,b) € E,(A), there
exists an element ¢ € A such that b = acp. This is an algebraic description
of topologically closed convex sets. Furthermore, to obtain a closure of A,
we have to add, to each (a,b) € E,(A), a (possibly new) element ¢ with the
property b = acp. Of course, we want to obtain a subalgebra of (R”; I O(R))
since otherwise we could add the same element for all (a,b) € E,(A). Hence,
if (af,b)), (a5, b5) € E,(A) “aim at the same direction”, then they need the
same element ¢/, which is either a new element (like ¢’ in Figure 1), or an old
element (like ¢’ for (af, by) and (a}, %) in the figure).

Therefore, we will show that the p-eligible pairs constitute a subalgebra
E,(A) of A? and the relation “aiming in the same direction” is an “internally
definable” congruence relation ~, on F,(A). Finally, we will show that the
quotient algebra E,(A)/~, does not depend on p, (A; I O(R)) has a natural
embedding into E,(A)/~,, and E,(A)/~, is isomorphic to the topological
closure of A.

1.2. Connections with Universal Algebra and Mode Theory. The
barycentric algebra (R™; I°(R)) is a particular case of modes, to be defined
soon. Hence, the initial idea described above is closely connected with Mode
Theory, see [16]. However, as it will be made clear below, our work also has
a lot of connections with basic problems of Universal Algebra. Notice at this
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point that the present paper is self-contained modulo any standard book on
Universal Algebra, see the easy-to-reach Burris and Sankappanavar [1] for ex-
ample.

We elaborate the basic definition for general algebras, not only for barycen-
tric ones. Even if we cannot show interesting examples other than barycentric
algebras at the moment, there might be some.

To achieve more generality, we replace R by a unital subring T" of R such
that T # Z. This leads to several kinds of difficulties. First, a single step of
“closing the p-eligible pairs”, that is, passing from A to E,(A)/~,, does not
seem to be sufficient to obtain a closed algebra in general. Thus we form a
directed union of the “A-step p-closures”, where A ranges in a set of ordinal
numbers. Second, we have to use p for all p € I°(T'), possibly continuously
many, since E,(A)/~, may depend on the choice of p. This makes the directed
union a bit more complicated.

To increase generality even further, we do not restrict the investigation to
subalgebras of the generalized barycentric algebra (T"; I° (T)) We want to
consider more algebras in the variety V(T') generated by (T; I° (T)) However,
we cannot consider all members of V(T'), since several quasi-identities (like the
cancellativity laws for the barycentric operations), which hold in (7' I°(T))
but not in all members of V(T'), are needed in the construction of the 1-step
p-closure E,(A)/~,. Because of these quasi-identities, it is reasonable to con-
sider only the members of an appropriate subquasivariety H(T") of V(T'). This
subquasivariety cannot be too large since otherwise the 1-step p-closure con-
struction will not work. On the other hand, H(7T) should contain (T; I° (T)),
and it should also contain the closure of any of its members.

It is not clear at first sight if there exists an appropriate H(7T'). In fact, the
treatment of H(T') occupies a large part of the paper. This part can be interest-
ing for experts of Universal Algebra, because of the following. We need certain
quasi-identities that make the 1-step p-closure construction, E,(A)/~,, possi-
ble. Unfortunately, the quotient algebra E,,(A)/~, does not inherit the above-
mentioned properties, and we also have to construct Eq(E,(A)/~p)/~4 (and
infinitely many further quotient algebras) to form a directed union. Thus, to
define H(T'), we stipulate infinitely many appropriately chosen further quasi-
identities. These quasi-identities will imply that H(T) is closed under “re-
peated” 1-step closures. The exact, necessarily technical definition of H(T) is
postponed to Section 5.

The notation H(T') comes from “hereditary” since 1-step p-closures inherit
the quasi-identities defining H(T') in Subsection 5.3. This notation also comes
from “hypercubic” identities, to be introduced in Section 5, which are re-
sponsible for the desired properties of H(T'). Actually, in terms of Universal
Algebra, Lemma 5.1 asserts that the hypercubic identities hold in all clones
as heterogeneous algebras. However, we do not study this aspect of these
identities.
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1.3. The rest of the motivation. The initial idea was strongly motivated
by the fact that (4;I°(R)) was embedded into (R";I°(R)), which is already
closed. (Unless otherwise stated, “closed” and “closure” are always under-
stood in our new, algebraic sense. Sometimes, for emphasis, we say that “our
closure” or add that “in our sense”.) As detailed in Section 11, the book [16]
gives analogous embeddings not only for finite dimension and not only for
T = R. Hence, we were motivated by the fact that, in many cases, we knew
the existence of a closed generalized barycentric algebra (B; I° (T)) that in-
cludes (A; I° (T)), and we could take the smallest closed subalgebra including
(A;I°(T)). However, this definition of the closure of (4;1°(T)) would not be
satisfactory since we also want to prove uniqueness.

To enlighten the situation with an analogous classical construction, assume
that f € Q] is an irreducible polynomial of degree n. We are interested in
the splitting field of f, that is, the smallest field K over which f decomposes
into the product of linear factors. Since f decomposes this way in C[z] by the
fundamental theorem of classical algebra, the existence of K is obvious. How-
ever, to prove its uniqueness, we have to construct K without referring to C,
and then we can prove the uniqueness by chasing the steps of the construction.

Similarly, we give an intrinsic definition of our closure. Then, by chasing
the steps of the construction, we are able to prove the desired uniqueness.

Yet another ingredient of our motivation is the isomorphism problem of
convex sets as barycentric algebras. This problem is surely easier for closed
convex sets. Exercise 2.6 illustrates how to benefit from the uniqueness men-
tioned above in case of open convex sets.

1.4. Outline. Most of the preliminaries are given in Section 2. Theorem 2.3,
the main theorem about the existence and uniqueness of our closure, is also
formulated in this section. The most important related statements and an
example for the isomorphism problem, Exercise 2.6, are also presented there.
Although Theorem 2.3 depends on some technical definitions to be defined
afterwards, the location of the postponed definitions is always given.

Sections 3-8, which represent the majority of the present paper, are devoted
to the proof of the main theorem. Section 3 proves some basic properties
of generalized barycentric algebras. In Section 4, the rudiments of aiming
congruences are developed for the (easy) case when 1/6 belongs to our ring 7.

Section 5 contains a lot of complicated computations with terms. This is
why we discontinue the Polish notation for terms (but only in this section), and
develop a powerful parametric notational toolkit in Subsection 5.1. In Sub-
section 5.2, we introduce some term compositions. We use it in Lemma 5.1
to show that every clone satisfies a family of certain identities, which we call
hypercubic identities. Based on hypercubic compositions, Subsection 5.3 de-
fines some quasi-identities and the quasivariety H(T'), see (5.11). Benefiting
from the parametric notation, Subsection 5.4 is devoted to some congruences
defined by hypercubic compositions.
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Section 6 proves some basic properties of the quasivariety H(T'). Section 7 is
devoted to one-step closures, while multi-step closures are treated in Section 8.
Also, Section 8 completes the proof of the main theorem.

The statement of the main theorem simplifies a lot when 7" is more or less a
field; this is analyzed in Section 9. In Section 10, we compare our closure with
the classical topological closure. Finally, Section 11 relates our achievements
with some results of the reference book [16] on modes.

2. Preliminaries and the main results

2.1. Modes and barycentric algebras. Let v and § be m-ary and n-ary
term functions of an algebra A, respectively. (Except for Section 5, we will
follow the tradition of, say, [16] by using the Polish notation xi ...2Z;,~y rather
than vy(z1,...,2m).) If for any system (z;; : 1 <i<mand 1 <j <n)of
elements of A we have

T11 - - Tl Y T12-- -T2 *** Tip---TmpY 0 =

xll...$1n5$21...$2n6 cr Tml xmné ~,

then we say that v commutes with §. An algebra is called entropic, if any two of
its (not necessarily distinct) operations (equivalently, any two term functions)
commute with each other. An algebra is idempotent if each singleton subset
is a subalgebra. Idempotent entropic algebras are called modes, see [16]. The
main classes of modes include the class of affine modules over commutative
unital rings and that of subreducts (subalgebras of reducts) of affine modules.
These are the classes of modes that interest us in this paper.
As a general assumption for the whole paper,

T is always a subring of R such that Z C T C R. (2.1)

The open unit interval {r € T : 0 < r < 1} will be denoted by I°(T). The
assumption Z C T yields that I°(T) # (). For each p € I°(T), we consider a
binary operation symbol p, and let I°(T) = {p : p € I°(T)}. Defining the
so-called barycentric operation

p: T? — T, where (x,y) — ryp = (1 —p)z + py,

for all p € I°(T), we obtain an algebra (T; I°(T)). The name of the operations
comes from the fact that the barycenter z of a two-body system with weight
(1 — p) in the point & and weight p in the point y is given by the barycentric
operation, namely, z = Typ.

The members of the variety generated by the algebra (T; I°(T)) are modes.
In what follows, they will be called barycentric algebras (rather then general-
ized barycentric algebras). Note, however, that originally barycentric algebras
were defined as members of the variety generated by the algebra (R;I°(R))
(see [10], [12, Ch. 2], [13]), and then more generally as members of the va-
rieties generated by (F; I°(F)), each for a subfield F of the field R (see [16,
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Chs. V, VII]). Modes and barycentric algebras have been studied intensively
in the monographs [12] and [16]. See also the bibliography of [16], and many
later papers including, e.g., [8], [9], [11], and [15]. The equational theory of
barycentric algebras over a field is well-understood, see [16, Chs. V and VII],
and over the field of reals Neumann [10], and then Ignatov [3].

For brevity, barycentric algebras will often be referred to as modes. We say
that a mode A = (4;I°(T)) is cancellative if the cancellation laws

ryp=xzp=y==z2 and yrp=2zIp=Y =2
hold for all z,y, 2z € A and p € I°(T). Consider the following classes of modes:
V(T) = the variety generated by (T; I°(T)),
C(T)={A € V(T) : A is cancellative},
Q(T) = the quasivariety generated by (T; I°(T)),
H(T') = the quasivariety to be defined in Section 5.

Since quasivarieties are defined by quasi-identities (also called universally quan-
tified Horn sentences) and the cancellation laws are quasi-identities that clearly
hold in (T;I°(T)), it follows that C(T') is a quasivariety and Q(T") C C(T) C
V(T). The quasivariety H(T") will be an economical technical tool to formulate
and prove our main theorem.

As usual, N = {1,2,3,...} will stand for the set of positive integers, and
N U {0} will be denoted by Ng. The proofs of the following two statements
are postponed to the next section. The following lemma is well-known in the
particular case when T happens to be a field, see [16, 3.7.14 and 7.6.3]. (For
the field R, see also Neumann [10] and Ignatov [3].) For a stronger statement,
see Lemma 3.1 later.

Lemma 2.1 (The canonical example). Forn € N, let X be a nonempty convez
subset of the real space R™. Then (X;I°(T)), with the usual meaning of the
barycentric operations, belongs to Q(T).

For the particular case when T is a subfield of R, the following statement
follows from the characterization of free barycentric algebras, see [16, Lemma
5.8.2] and Neumann [10]. For free subreducts of affine modules see also [11].

Lemma 2.2. For each nontrivial binary term v of V(T) that is not a pro-
jection in V(T'), there exists a unique p € I°(T) such that V(T') satisfies the
identity x1x2y = x122p. Conversely, if p € I°(T), then p is not a projection
in V(T).

Unless otherwise stated, we will not consider terms that induce a projec-
tion in V(T'). Motivated by this lemma, we will use the following notational
convention for I' C I°(T) and A C I°(T):

I:={pel°(T):pecl}, A={p:pecA}.

Note that, for technical reasons, in subscripts we always write I" instead of T'.
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2.2. Identities and quasi-identities in barycentric algebras. Keeping
(2.1) in mind, the following identities clearly hold in V(T') for all p,q € I°(T):

rrp =T (idempotence),
xyp=yxl—p (skew commutativity),
TYpUvp ¢ = TUGYVG P (entropic law).

These identities and the cancellation laws will be our main working tools.
(Note that, in general, many other identities hold in V(T') that are not con-
sequences of the above three.) We will use =, =*¢ and =¢ to indicate that
the idempotence, the skew commutativity and the entropic law is used, re-
spectively. Furthermore, =¢ is also used to refer to the fact that any two term
functions commute in V(7'). Similarly, if an equality follows from, say, formula
(3.2), then we write =?) instead of =. An analogous convention applies for
the sign <= of logical equivalence.

Note that there is a very trivial algorithm to decide if a given identity holds
in V(T). Namely, we can perform some very elementary calculations in T at
the high school level. For example, in the case of the entropic law,

zypuvp ¢ = (1 —q)((1 —p)z +py) +q((1 — plu+pv) =
=1 -p)(1-qgx+p(l-qy+(1-pqu+pq,

and we obtain the same expression for zugqyvq p. The present paper contains
some identities that are much more complex than the entropic law. Unless
there is an elegant way, we will not present their trivial but often very tedious
proofs of the above kind. If the reader wants to see, without spending hours
on boring trivialities, why these identities, namely, (4.8), (9.1), (9.2), (9.5),
(9.10) and (9.12), hold in V(T'), he or she can resort to any sort of computer
algebra, including the Maple worksheet available at the authors’ web site.

One of the advantages of Polish notation is that we do not have to use
parentheses. However, sometimes we put superfluous parentheses in long terms
as reference points. These parentheses should be disregarded. For example,
(abr) (b)h (deq) w is the same term as abr bh deq w, but the former one makes
it easier to reference certain subterms of (9.5) later.

2.3. Closed algebras. Let A be an algebra (of an arbitrary finitary type).
For a,b € A, the subalgebra generated by {a, b} is denoted by (a, b), and (a, b)
will stand for (a,b) \ {a}. For a binary term ~ in the language of A, a pair
(a,b) € A% will be called a ~-eligible pair if for each = € (a,b) there exists an
element y = y(x) € A such that b = zy~vy. A ~-eligible pair (a,b) is called
~-closed if there is an element ¢ with b = ac~y. If v induces the first projection
on A, then b = ac+y is possible only when a = b. If v induces the second
projection, then all pairs are «y-closed. Hence, we always assume that ~ does
not induce a projection on A. If all «-eligible pairs are ~y-closed, then A is
called a «y-closed algebra. Let L be a set of binary terms, none of them inducing
a projection on A. Then A is called I'-closed if it is «-closed for all v € I.
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Finally, we call A a closed algebra if it is «-closed for all binary terms -« not
inducing a projection on A.

While an easy transfinite induction shows that each algebra A is a subalge-
bra of a closed algebra B, we are interested only in cases where B has some
nice properties. In this paper, we are interested in modes, whence Lemma 2.2
allows us to deal with subsets of I°(T) instead of arbitrary sets I of binary
terms.

2.4. The main result and some related statements. If A is a submode
(that is, a subalgebra) of a mode B, then B is called an extension of A. Two
extensions, By and By, of A are said to be isomorphic over A, if there is
an isomorphism B; — Bs that acts identically on A. We say that a closed
extension B of A is the closure of A, if B is a minimal closed extension of A,
that is, if there is no closed submode X of B such that A C X C B. The
notion of a -closure and, for a subset I" of I°(T), that of a I-closure are
defined analogously.

Theorem 2.3 (Main Theorem). Keeping (2.1) in mind, let T be a nonempty
subset of I°(T). Then the following three statements hold.
(i) QT) C H(T) C C(T).
(i) If1/6 = 671 belongs to T, then H(T) = C(T).
(i) Each A € H(T) has a I'-closure in H(T), which is uniquely determined
up to isomorphism over A. In particular, each A € H(T) has a unique
closure in H(T').

The quasivariety H(7T") will be defined in Subsection 5.3, see (5.11). The
unique I'-closure of A will be denoted by

and it will be constructed in Section 8. The construction will trivially imply
that |[K2°(A)| < |A| + |T'| holds for every A € V(T'). The closure of A, which
is the I°(T)-closure of A, is denoted by

ait(A)-

The situation with Theorem 2.3 is more pleasant if T' happens to be a field.
Then somewhat more can be stated, see Section 9, and a shorter proof would
be possible based on already known results, see Section 11.

To present an example, we will prove the following statement.

Proposition 2.4. Assume that S is a subfield of R such that T C S. Let
n € N, and let H C R™ be a nonempty conver set. The usual topological closure
of H is denoted by H'*. Consider the barycentric algebras (HﬂS”; lO(T)) and
(H'* NS I°(T)). Then both of these algebras belong to Q(T), and

(Htc N S";lO(T)) 18 1somorphic to Kaoﬁ(H N S";lO(T)) over HN S™.
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Moreover, for every p € I°(T), Ka"ﬁ(H N S";lO(T)) equals the one-step p-
closure K,(,l)(H NS™;I°(T)), to be defined in (7.1).

Corollary 2.5. A conver subset H of R™ is topologically closed iff (H; l‘)(R))
is closed in our sense iff there is a p € I°(R) such that (H;I°(R)) is p-closed.

Theorem 2.3 and Proposition 2.4 are useful in studying the isomorphism
classes of convex sets in algebraic sense. In particular, they can be used to
extend some results of [9] from closed polygons to open ones. To keep the size
of the paper limited, here we demonstrate the power of our results by solving
only the following exercise in Section 10.

Exercise 2.6. Denote 1/2 by h. (Here h comes from “half”.) Consider the
set C = {(x,y) € Q? : 2% + y? < 1} of all rational points of the open unit
circle and the set D = {(x,y) € Q* : 0 < 2, 0 < y and x +y < 1} of all
rational points of the open triangle with vertices (0,0), (1,0) and (0,1). Are
the groupoids (C; h) and (D; h) isomorphic?

These groupoids are commutative binary modes, that is, idempotent, com-
mutative and entropic (or medial) groupoids, see e.g. Jezek and Kepka [4] and
[5], and [16], [8], and [14]. An easier version of Exercise 2.6, with R instead
of Q and the unit square instead of a triangle, has been raised for students of
the first author for several years.

Proposition 2.4 and our closure are not as trivial as they may look at the
first sight. As opposed to Proposition 2.4, next we state that even if our closure
makes sense for a subset of R", it can be very far from the topological closure.
The isomorphism in Lemma 2.7 will be understood in V(T'). The subfield of
R generated by T will be denoted by (T)geld-

Lemma 2.7. Let S be a subfield of R such that T C S and the degree of the
field extension S|(T)geia is at least No. Let C = ({(z,y) € 5% : 2® +¢* <
1};1°(T)), which is a submode of (R*1°(T)). Then C**N S? = KX(C) by
Proposition 2.4. However, (RQ;E)(T)) (in fact, even (SQ;lO(T))) has another
submode B such that B = C but B* N S? is not isomorphic with KZ5(B).

3. Three easy proofs

This section is devoted to Lemmas 2.1 and 2.2. Actually, Lemma 2.1 follows
in two different ways. First, it is a particular case of a stronger statement,
Lemma 3.1 below. Although Lemma 3.1 is known from [16, Thm. 5.8.6 and
Lemma 7.6.3] for the particular case when F' = T is a subfield of R, our
approach is entirely different from [16]. Let pF™ denote the n-dimensional
affine space over F', which is the full idempotent reduct of the n-dimensional
vector space (denoted the same way). By a conver subset of pF™ we mean a
subset closed with respect to all the barycentric operations p, p € I°(F).
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Lemma 3.1. Let F' be an arbitrary subfield of R such that T C F. Letn € N,
and let X be a nonempty convex subset of the space pF™. Then (X;I1°(T)),
with the usual meaning of the barycentric operations, belongs to Q(T).

Proof. Let G be the subfield of F' generated by T'. First, we intend to show
that (G; 1°(T)) belongs to Q(T). For b € T\{0},let -1 :={a/b:a €T} It
is well-known that G = UbeT\ {0} % -T. This union is a directed one, since, for
any b,c € T, we have % -T C i -T and % -T C i -T. Observe that, for every
beT\{0}, (3 T;I°(T)) = (T;1°(T)), since 3 - T — T, x — b- x is clearly
an isomorphism. So, (G;I°(T)) is a directed union of certain subalgebras that
are isomorphic to (T; I O(T)). Since quasi-identities are clearly preserved by
forming directed unions, we conclude that (G;I°(T)) belongs to Q(T).

L oF over G in the natural way. Let

Next, consider F' as a vector space
k denote the dimension of ¢F over GG. Then ¢F is embeddable in the x-
th direct power of the vector space ¢GG. So, we can assume that oF is a
subspace of ¢G". Since p is a term of the vector space ¢ F' for all p € I°(T),
we get that (F;I°(T)) is a subalgebra of (G;I°(T))*. Since Q(T) is closed
with respect to subalgebras and direct products, the statement follows from

(G; (1)) € AT). O
The reader may be interested in the following geometric argument.

Proof of Lemma 2.1. Let F ={r/s:r €T, 0+# s € T}, the field of fractions
(also called quotient field) of T. For S C F* let S+ denote {Z € FF:5 1 &
for all 5 € S}, where § | # means that s;x1 + --- + spx, = 0. Then S+ is a
subspace of the vector space pF¥. It is well-known from Linear Algebra that
(even for finite dimensional vector spaces over arbitrary fields)

(S1)* equals £(S), the subspace spanned by S. (3.1)

(For example, (3.1) is the corollary to Theorem 4.3.2 in Herstein [2], or see
formula (3.2.5) in van Lint [18].)

Let v be a k-ary term in V(T'), distinct from a projection. A trivial induction
on the length of 4 shows that there are aq, ..., ax € T such that a1+ - -+ax =1
and

T1...TpY = a1T1 + -+ apT (3.2)
holds for all z1,...,2, € R. Next, let v, and §; be k-ary terms in V(T). It
follows from (3.2) that there are a;1,...,a;; € T such that, with the notation
@; = (ai1,...,a;) and T = (z1,...,xx), for all ¥ € R* we have

xl...xk'yi:xl...xktsi — a; L7 (33)
Keeping the previous notation, let xy be a quasi-identity of the form

Y1 =01 A ANYp = 0m = ¥ = 0.

1Altematively, we could consider affine spaces in this paragraph.
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FIGURE 2. The aiming congruence ~, in case p = 1/3

We get from (3.3) that x holds in (7’; I°(T)) iff, for all ¥ € T*,
fe{d...,dnyt =7 L d. (3.4)

Now, assume that y holds in (T;I°(T)). Since each ¥ € F* is of the
form % -4 for some » € T and § € T*, we easily conclude from (3.4) that,

for all # € F¥, ¥ € {@1...,dm}" implies & | @. This clearly means that
do € ({@i,...,@n}*+)"*, understood in F*. Therefore, using (3.1), we infer that
ag € F({Eil, cey 6m}> But then dp € ]R({Eil, cey 6m}> =31 ({5:1, cey 6m}L)l,

understood in R¥. This means that (3.4) holds for all Z € R*. Hence, resorting
to (3.3) again, we conclude that x holdsin (R; I°(T)). Thus, (R; I°(T)) belongs
to Q(T), and so does the subalgebra (X; I°(T')) of its direct power. O

Proof of Lemma 2.2. If « is not a projection in V(T'), then it is not a projec-
tion in (T I°(T)). Hence, with the notation of (3.2), {0,1} N {a1,az} = 0.
Therefore, z122y = x122a2 holds in (7;1°(T)), and so it holds in V(T') as
well. The uniqueness and the converse are evident. Il

4. The aiming congruence when 1/6 € T

To motivate our idea, fix a p € I°(T'). Consider the mode (X; lO(T)) from
Lemma 2.1. For (a,b) € X? and ¢ € X, we say that the pair (or vector) (a,b)
aims at ¢ with respect to p if b = acp. Roughly speaking, we will define a
relation ~, on X2 such that (a1, b1) ~p (a2, be) iff (a1,b1) and (a2, be) aim at
the same point with respect to p, see Figure 2. This relation, called an aiming
congruence, will play a crucial role. We will not assume that ¢ € X, so we
need an exact “inner description” of ~, that does not rely on c. Moreover,
and this is the main source of difficulty, we deal with an arbitrary A € H(T')
or, wherever it is feasible, with an arbitrary A € C(T). Note that the final
plan with ~, is to add the same c to the mode for all p-eligible pairs (a, b)
“aiming” at the same non-existing element such that, in the enlarged mode,
(a,b) should aim at c.

For A € C(T), p € I°(T) and (w1, 12), (v3,74) € A%, we define

(w1, 22) ~p (3, 24) iff 2924p = T1T3PT2P. (4.1)
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See Figure 2 with (z1, o, 23, 24) := (a1, b1, ag, b2) for illustration, but remem-
ber that now we are in A € C(T') rather than in the real space. For later use,
we formulate the definition of ~,, in a slightly different form, too. We define
two quaternary terms, fzf and ff’, as follows:

x1x2x3x4f1{“ = x174p and x1x2x3x4f§ = X1T3PT2P. (4.2)

The superscripts come from “left” and “right”, respectively. Note that
(1, 22) ~p (T3, 24) iff x1x2x3x4fé = x1x2x3x4f§‘. (4.3)
In other words, we will say that ~,, is the “LR-equalizer relation” of the pair
( fzf’ ff). (The terminology LR is intended to express that the left part,

(x1,x2) of (x1, 2, x3,x4) is “equalized” with the right part, (x3,24).) In the
following lemma, we do not assume that 1/6 € T

Lemma 4.1. Let A € V(T) and p € I°(T). Then ~, is a reflexive and
compatible relation on A%. If it is a congruence relation and A € C(T), then
the quotient mode A?/~, belongs to C(T).

Proof. Since uvp =t uupvp,
V(T') satisfies the identity uwvuv fzf = uvuv ff’ , (4.4)

and the reflexivity of ~,, follows from (4.3).
Next, assume that (1, z2) ~p (23, 24), (Y1,Y2) ~p (Y3,va), and ¢ € I°(T).
Then x1x22324 fzf = x1x2x3x4f§' and y1Y2Y3y4 fzf = Y1Y2Y3Y4 ff, and
T1Y1 9 ToY2 4 T3Y3q Tayaq f,,L =° x1x2x3x4f,f Y1Y2Y3Y4 f,,Lg = (4.5)
T12223%4 [ y1y2ysya f1 @ =° 2191 qT2y2q T3ys g Tayaq fE '
Hence, (21y1 ¢, 2y2q) ~p (23y3¢, ayaq). This means that (21, 22)(y1,¥2)q ~f]
(x3,24)(Y3,Ya) q. So, ~, is a compatible relation. For later reference, notice
that the same argument shows that, for any pair (g, g*) of terms on 2F+!
variables,

the LR-equalizer relation of (g¥, ™) is a compatible relation on A2 (4.6)

Finally, assume that A € C(T') and ~,, is a congruence relation on A%. Then
the quotient mode A?/~, makes sense and belongs to V(T'). The elements
of A?/~, are the ~,-blocks denoted by (z,y)~”, where (z,y) € A% Let
(a,b), (c1,d1) and (ca, d2) belong to A%, and assume that (a, b)™7(cy, di)~rq =
(a,b)~7(c2,d2)~7 q. This means that (ac; g, bd1q) ~p (ac2q,bdzq). This gives
the second equation in the following formula:

abp cidap g =° ac1qbdaq p = aciqacaqpbdiqp = aapcicap qbdig p
= acicep gbdigp =° abpcicapdip q.

Hence, by the cancellativity of g, we infer that c;dap = c1c2 pdip. This means
that (c1,d1) ~p (c2,d2), that is (c1,d1)™® = (c2,d2)~». This proves one of
the cancellation laws while the other one follows by left-right symmetry (or by
skew commutativity). Thus, A%/~, € C(T). O
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Lemma 4.2. If1/6 = 6~ belongs to T, p € I°(T), and A € C(T), then the
relation ~, is a congruence on A?.

Notice that 1/6 is in T iff both 1/2 and 1/3 are in T

Proof of Lemma 4.2. In what follows, like in Exercise 2.6, we will write h
instead of % Note that h € I°(T) is a commutative operation by skew
commutativity. To show that the following auxiliary identity

(z192p) (v2y1p) h = (z122p Y1 P ) (T2T1Pp Y2P) I (4.7)
holds in V(T'), let us compute:

T1T2Pp Y1 P T2T1PY2p h = T122p T2w1p hy1y2h p
=“z1m2hx2w1h py1y2h p = m1x2h T102h PY1Y2 B P

= z122hy1y2h p = w122 h Y21 h p =° T1y2p 221 P A,

as required.

To prove the symmetry of ~,, assume that (21,91) ~p (x2,y2). Then
T1y2p = x122p Y1 p and the cancellativity of h together with (4.7) imply that
Toy1p = T2w1PpY2p, that is, (x2,y2) ~p (21,¥1). Hence, ~, is symmetric.

In what follows,

t will stand for 1/3.

Note that ¢ comes from “third”. Observe that the following identity

(1y2p) (123 pY1p ) b (T2y3p) t = (T122pY1 D) (T1Y3Dp) b (P23 pY2p) L (4.8)

holds in V(T'). To prove the transitivity of ~,, assume that, for (z;,y;) € A2,
(x1,71) ~p (x2,y2) and (z2,y2) ~p (r3,y3). Then, by definition, the first
and the third parenthesized subterms on both sides of (4.8) give the same
elements. Hence, applying the cancellativity of ¢ and then the cancellativity
of h, we conclude that the second parenthesized subterms on both sides are
also equal. This means that (z1,y1) ~p (23, y3). Thus, ~, is transitive (I

5. Hypercubic compositions and the quasivariety H(T)

5.1. Notation for complicated terms. We will consider pairs of terms.
The final purpose is to define congruences as LR-equalizers of these pairs.
Since no specific property of V(T') will be used in the proof of Lemma 5.1, we
will consider terms of an arbitrary fixed type at the beginning.

We are going to deal with pairs of high complexity. Hence, it is reasonable
to introduce an appropriate shorthand notation. This is not only a question
of brevity. The classical “parametric” expressions » (z; : ¢ € I) and [](z; :
j € J) (also used in subscripted form) have the advantage that, beside being
short, they allow certain manipulations with their parameters. It is not rare
that an argument would be quite difficult to find or follow with the parameter-
free 1 + -+ =, and y; ...y, technique. Our situation is the same, so we
need a parametric notation for arbitrary operations. Since it would be very
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unusual to write (z; : 4 € I)>_, not to mention the nonsense z; : ¢ € Iy, in
this section (and only here) we use the classical y(xg, x1) notation rather than
the Polish notation xgz~y.

Let f be a pair of terms. The first (left) and the second (right) component
of a pair f will be denoted by fI and fF, respectively, that is, f = (f%, f%).
We always assume that f and f% have the same arity, which is called the
arity of the pair f. If k denotes this arity and z is a k-tuple, then f(z) will
stand for the pair (fL(2), f%(2)).

Let 2 denote the two-element (ordered) set {0,1} with 0 < 1, and let

= {L, R} with L < R . The elements of 2* or 2:* will be treated as strings,
and both comma and juxtaposition will mean concatenation. For example, if
u = 01 € 22, then each of 21,4 and X1, is T101. Unless otherwise stipulated
by commas or range specifications, the ordering of the variables is always the
lexicographic one. Our self-explanatory notational system is exemplified as
follows. If 2 = (2, : u € 23), then

2 = (2000, 2001, 20105 2011, 2100, 2101, 21105 Z111);
b= (20005 2001, 20105 2011) = (200 : ¥ € 22) is the left part of z,
2= (2100, 2101, 21105 2111) = (210 1 V € 22) is the right part of z.
For 2 = (2, : v €2"), 2 = (240 : v € 2" 1) and z = (2,1 : v € 2" 1) are called
the even part and the odd part of z, respectively. The range specifications
determine the ordering of variables as follows:
((yij 11 €2):j€2) = (yoo, Y10, Yo1, Y11),
((yij 14 €2) i €2) = (yoo, Yo1, Y10, Y11)-
Furthermore, let us see some more complex examples, where z = (2, : u € 2™):
L= (B = (210, 1 u € 2772),
F(2) = f(50, 2 20 = [z € 2")
=(f"(zu:u€2) i we2)= (fL(z),fR(z)).

As a final example, g((zy0 : u € 22), (zgp1 : v € 2)) stands for

( (quo u € 2%) )y (Zow1 ’UEZ)):UJEZ{;):

L R
(9 (7000, 0105 100, 110, 001, £011); g (30000,30010,30100,30110,30001,30011))-

5.2. Hypercubic compositions. Let fi, fa,... be pairs of arbitrary qua-
ternary terms. (Notice that f£ and f# should not be confused with fzf and
It for p € I°(T), since Ny is disjoint from I°(T).) We are going to define

. ) (Q;T)wa ; g;?)R ) of these pairs of

the n-fold hypercubic composition 9y,
terms by induction as follows. Both components of g fl... 7, Will be 27+l ary

terms. The variables of the m-fold hypercubic composition will be indexed
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by the elements of the (vertex set of the) hypercube 2"+1. This explains the
terminology “hypercubic”.

The empty (0-fold) hypercubic composition is the pair g(®) = (g(OF g(0)R)
(OL and g(OR

tively. That is, ¢(O%(zg, 21) = xo and V% (2, z1) = 2.

where g are the first and the second binary projections, respec-

Let n € Ny. Assume that the n-fold hypercubic composition g;?) #,,» which

is a pair of 2"t 1-ary terms, is already defined. Then let
(n+1) (T :u €272 =

9f1 fria
g;?)._fn ((f;”+1(xj1, je2?)ive 2") tw e 2;),

(5.1)

that is,

+1)L L .
9;?...fl,+1(xu cu e 2" = 9;?.)..% ((f;”+1(xj@ cje2?)ve 2") Tw € 2;),

and analogously for g&?‘k}l}jl The particular case of (5.1) for n = 0 yields

gg)(xj 1§ €2%) = fi(z; : j €2%), that is, gg) = fi, (5.2)

because ((xjv cje2H)ve 20) can obviously be replaced by (z; : j € 2?%).
We conclude the inductive definition of the hypercubic composition by the
following example (which allows us to imagine the astronomically long formulas
that would have occurred in the paper, if we had used a traditional notation):

(2)L
941 f2 (£000,Z001, 010, T011, 100, T101, T110, T111) =
L(¢L L
TE (3 (%000, T010, Z100, Z110)s f3 (Too1, To11, T101, T111),
R R
f2* (€000, 0105 100, Z110), 2 (Zoo1; To11, T101, T111)) -

Lemma 5.1. Forn € Ny and arbitrary pairs fi1,..., fn+1 of quaternary terms
(of an arbitrary fixed type), the following hypercubic identity holds:

(n+1) . .
‘gf:+1f1...fn (x'u v E 2n+t ) =

(5.3)
fry1 ((g;?)wfw (Tyi:ue2"™)ic 2) cw € 2;)

Proof. If n = 0, then both sides of (5.3) coincides with fi(z, : u € 22) by
(5.2). Assume that n € Ny such that (5.3) holds. Let us compute:

+2
g;:+2}1~"fw,+1 (y:v € 2"+3)
1 .
=00 g e, ((f5+1(xjs 1je2%) s e2mtt), (5.4)

(fE (vjs:j€2?):s€ 2"+1)).

The induction hypothesis says that we have to consider the even part and the

odd part of the vector on which g;:-;l}qu 7, acts, and we have to do it first for
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w = L and then for w = R. Hence, by the induction hypothesis, (5.4) equals
(njw L e 2y . n
f”+2<<gf1...fn ((fn-',-l(xjm 1JE€27)vE ),

(fE ()0 1 j € 2%) :UEZ")) :i€2> :w€2§>.

Applying (5.1) to each of the subterms g;:b)wfw( ..), this coincides with

In+2 ((g;?%fil (Tyiiu€2"2) i€ 2) tw E 2§>. (5.5)
We have obtained that the lefthand side of (5.4) equals (5.5). This completes
the induction step. (I

5.3. The definition of H(T'). In the rest of Section 5, the current section, we
will only consider algebras and terms of V(7T'). Remember that, for p € 1°(T),
the pair f, = ( If, ff’) has been defined in (4.2). For brevity, if p1,...,p, €
I°(T), then the following notation will apply:

N N N L R
9 = @GR ) =g = e ) (5.6)

For & = (x,, : u € 2™) and § = (yy, : u € 2™), let us define

Ty § = 3 (2,y) = gME ) (2,y). (5.7)

In other words, =%, .., denotes the LR-equalizer relation of the pair g,‘,??,,,pn,

where the p; are not assumed to be distinct. In particular, if n = 0, then
~2y is the equality relation, (5.8)
since §(*) is the pair of projections. For n = 1, (4.3) and (5.2) imply that
~, coincides with ~,. (5.9)
Consider the quasi-identities

T Rpy..pn U= Y ~p,..p, T and

R L L B (5.10)
T Rp1pn YN Y Rprpy 2= T Rpy.p, 2
Then we define the quasivariety
H(T) :={A € C(T) : A satisfies the quasi-identities (5.10) (5.11)
5.11

for all n € Ng and py,...,p, € I°(T)}.

5.4. Some congruences on cancellative barycentric algebras. The fol-
lowing trivial lemma is well-known, so we present it without proof.

Lemma 5.2. Let U and V be arbitrary algebras of the same type. Let ¢: U —
V be a surjective homomorphism, and let © C V2 be an arbitrary relation on V.
Then © is a congruence on V iff {(u,v) € U? : ¢(u) © 1 (v)} is a congruence
onU.
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Lemma 5.3. Let A € C(T), let p € I°(T), and suppose that ~, is a congru-
ence on A%. Denote the quotient mode A?/~, by B. Let p1,...,p, € I°(T)

be arbitrary (not necessarily distinct) elements of I°(T). Then ~p, . p, is a

n ., . n+1
congruence on B? iff ~pp1..pn 1S @ congruence on A2

Proof. For z = (z, : u € 2"*1) € A" let ((2u0,241)™" : u € 2") € B*" be
denoted by 2. Clearly, each element of B2" is of this form. We are going to
show that, for all 7,y € A2,

TP R p, YP T Ry p, Y- (5.12)
By definition, ™ Ropy...pn yN; iff
35, (0,2 5w € 2°), (o )™ s w € 27)) =

g;s;?)R,pw (((xUOa xul)Np HAS 2”), ((yan yul)Np ‘uE 2"))

iff
352 . (o) 0 € 27), (o) € 2°))
357 (a0 0) 0 € 2°), (i) w € 27))

iff

(é,(,?,)ipn((xm u € 2"), (Yui s u €27")) i € 2)) ~p
(gé??ﬁpn((xuo tu€2"), (yuo s u€2")) i€ 2).

By virtue of (4.3), this holds iff
fé“ ((g,(,???ﬁm (Tui:u€2™), (yui:u€2™))ic€ 2) tw € 2§> =

ff’ ((gz(;??fﬁpn((xm cu€2"), (yui tu€2™)) i€ 2) Tw € 2§>
Keeping (5.6) in mind, Lemma 5.1 yields that this equation is equivalent to

gégjt}?gn (Ty:ue2™),(yu:ue2) = g;gj}jﬁn (Ty:u €2, (yu:ue2™),

which is equivalent to x ~pp, . y by deﬁn*ition. This proves (5.12).
Finally, since : A2""
phism, the last sentence of Lemma 5.3 follows from (5.12) and Lemma 5.2. O

n ~ . . .
— B?" z — 2™ is clearly a surjective homomor-

For A € C(T) and a fixed sequence p = (po,p1,p2...) of elements of 1°(T),
we define

Al . A,
A[TL+1] = (A[n] X A[n])/'\‘pw R pI‘OVided ~p

is a congruence.

n

At present, A" is not necessarily defined. However, if it is defined, then A
is also defined for every k < n.
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Lemma 5.4. Let A € C(T), and let p = (po,p1,p2--.) be a fized sequence of
elements of I°(T). Assume that n € Ny such that A" is defined. Then ~,,

. . . n+1
s a congruence on Alnl x Al iff ~po..pn 1S @ congruence on AT

Proof. We need some auxiliary mappings. All of them will be surjective ho-
momorphisms. Namely, we will define )y : A2 AW for k = 0,...,n,
Pk A A1) s A1) for | = 1,...,n, and m: AF=1 x A1 . A[K]
for k =1,...,n. We also define them for k¥ = n + 1 without claiming that
Tn+1 and ¥,41 always make sense. Let ¥g be the identity mapping.

For 0 < k < n, assume that the surjective homomorphism )y, : A% 5 A
is already defined. Let

(%]
Ok+1- A2k+1 — A[k] X A[k], T = (wk(xL)awk(xR))a
Tk+1: AL AR (A[k] x A[k])/'\’;vk = AUH_I]; x — x7Pr, and

k41
2 N A[k:—',—l],

Vg1 = Tpy10 Qg1 A T = Ty (e ()

Since 41 is the composite of ¥ x 1 and the natural projection to a
quotient mode, it is clearly a surjective homomorphism, provided ~,, is a
congruence, which is surely the case when k£ < n. Hence, ¢, 7y and 1, are
surjective homomorphisms for £k <n+ 1 and ¢ < n, but 7,41 and 9,1 make
sense only if ~,, is a congruence on Al

Next, we prove by induction on k that, for all k <n and z,y € AQHl,

T Rpg.pr Y = Phr1(T) ~pp Prt1(Y)- (5.13)

If k=0and z = (20,21) € A2, then ©1(2) = (o (20), Yo(z1)) = (20, 21) = 2,
whence (5.13) clearly follows from (5.9). So, assume that (5.13) holds for some
k<n,let z,y € AQHQ, and compute:

T Rpgpeis Yy =0T DL (2,y) = g TR () =G
géﬁf%((f;i“ (€00, T10s You, Y10) s 0 € 2871) tw € 2;)
= gg;fyf((f;’;ﬂ (Tov, T1vs Yous Y1) : VU € 2k+1) Tw € 2;)
By (5.7), this means that
(J%:,C+1 (Z0vs T1vs Yous Y1v) 1 0 € 287) ~p 0
(fﬁ;+1 (Tov, T10 Yous Y10) 1 U € 2k+1)-
By the induction hypothesis, this holds iff
Pk+1 (f,{“k+1 (0w, T1v, You, Y1v) 1V € 2k+1) ~py,
Ph41 (fﬁ;+1 (Z0ws T10s You, Y1v) 1 v € 2871,

. _ L _ R L .
Since zoy, = %, ..., Y10 = Y';,, and prl acts componentwise on the elements
k+1 .. . .
2Byl yf of A2 the above condition is equivalent to

i1 (fl o @5 afym y™) ~p ok (o, (a5, 2%,y ™).
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Since ¢g+1 is a homomorphism, this holds iff

L) R), <Pk+1(yL)

k(Y

s Pr1 (T , oe41(y™))

s oes1(y™)).

Forss (Prpa (@

~pe Sopor (Pr41(2") ) )

P (@
Since congruences become equations in the corresponding quotient mode, this
is equivalent to

) Eyen, g (y™)~re)

ve, o (y™)rE).

L
prl (¢k+1(3€ PR QOpt1

)~k o (y
= [ (erpa(a®) )~

(
Byee, onpa (@) 78, orpa (y™)™
Using pr4+1(2)~7x = ¢r4+1(z) and (4.3), the above equation is equivalent to

(
(k1 (@), Yrga (27)) ~pey (ki (05), Y (¥™)),

that is, to r42() ~pyy @r+2(y). This completes the induction step, and we
have seen that (5.13) holds for all k£ < n.
Finally, Lemma 5.2 applied to (5.13) with k = n completes the proof. O

6. Basic properties of H(T)

Lemma 6.1. If1/6 € T, then H(T) = C(T).

Proof. Let n € Ny, and let po, ..., p, be an arbitrary sequence of elements of
I°(T). We conclude from Lemmas 4.1 and 4.2 that for every B € C(T) and
p € I°(T), (B x B)/~, makes sense and belongs to C(T'). Letting B equal
A= AT A AR we conclude that, for any A € C(T), A" is defined

and belongs to C(T"). Hence, ~,,, is a congruence on A" by Lemma 4.2, and

Lemma 5.4 yields that ~,..,, is a congruence on A2 So, shifting the
subscripts by one, we obtain that the quasi-identities (5.10) hold in C(T') for

all n € N. Finally, we get from (5.8) that (5.10) trivially holds for n =0. O

If 1/6 does not belong to T', then we can prove only a weaker statement.
Lemma 6.2. Q(T) C H(T) C C(T).

Proof. Let A = (T;I°(T)). Since it generates Q(T), it suffices to show that
the quasi-identities (5.10) hold in A. Hence, it suffices to show that, for any
P1y- s pn € I°(T), =p, . p, is a congruence on A2". (This property of ~, .
is stronger than (5.10), but it will be easier to prove.)

First, by induction on n, we show that ~,, ,, is reflexive. For n = 0
and n = 1, it is reflexive by (5.8) and by (5.9) together with Lemma 4.1,
respectively. So, assume that n € N such that ~,,, . is reflexive. We have to
show that, for any z € AQWH, T 2. That is, by (5.7), we have to show

that zz g,(,?ﬂ% =TT g,‘;?f}gﬁl. (Note that we have returned to the Polish

~p1. Pt

notation.) Taking the recursive definition (5.1) and the notational convention



20 G. Czédli and A.B. Romanowska Algebra univers.

(5.6) into account (and converting to Polish notation), this is equivalent to

L A~(n)L
(3001;301@300@301@@“1 cv e 2" (3001,3011,3001,3011,fﬁ;+1 cvE2M) 91(;?.)..@%

L ~
= (xO’le’UxO’le’Ufpn+1 HEORS 2n) (xvalvavxlvf£,,+l NS 2n)g§;?.).}.%,pn'

By (5.7), this holds iff
(xoq,xlvxoq,xlvfszl (0 E€2™) Ry pn (3001,3011,3001,3011,fﬁ+1 cve2™). (6.1)

Since ~2p, .. p, is reflexive by the induction hypothesis, (6.1) follows from (4.4).
This completes the induction step. Thus, for all n € N and py,...,p, € I°(T),
A, pn is a reflexive relation on A2". Tt is compatible by (4.6).

Let A’ = (T;I°(T)U{P}) where P is the ternary ring term zyz P := z—y+z.
A trivial calculation shows (and we know from [16]) that P commutes with
all the p, p € I°(T). That is, A" is still a mode. Therefore any two term
functions of A’ commute, and the compatibility of ~,, .., as a relation on
A?" | follows again from (4.6).

Clearly, P satisfies the identities zzyP = y and zyyP = x in A’?". That
is, P is a Mal’cev term on A’?", see Mal’cev [7]; see also Burris and Sankap-
panavar [1] or Smith [17]. On the other hand, if an algebra has a Mal’cev term,
then all of its compatible reflexive relations are congruences, see Proposition
143 in Smith [17]. Thus, ~,,  ,, is a congruence on A" whence it is also a
congruence on A2". O

Lemma 6.3. If A € H(T) and p € I°(T), then the quotient mode (Ax A)/~,
makes sense and belongs to H(T).

Proof. Let B = (A x A)/~,. It makes sense since ~, coincides with ~,, see
(5.9), and =, is a congruence by the definition of H(T). Lemma 5.3 clearly
implies that B € H(T). O

7. One-step closure

Let A € C(T) and p € I°(T). Remember that a pair (a,b) € A? is said to
be a p-eligible pair if for each = € (a, b), there exists an element y = y(x) € A
such that b = ryp. Let

Ey(A) == {(a,b) € A% : (a,b) is a p-eligible pair of A}.
Lemma 7.1. For A€ C(T), E,(A) is a submode of A%. Furthermore, for all
a €A, (a,a) € Ep(A).
Proof. For every a € A, E,(A) contains (a, a) since (a,a) = 0.
Assume that (a1,01), (az,b2) € Ep(A) and r € I°(T'). Let
(a, ) := (a1, b1)(az, ba)r = (ara21, bibar);

see Figure 3 for an illustration. We have to show that (a,b) € E,(A). Let
y € (a,b). We have to find a z € A with b = yzp. We can assume that y # b
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FIGURE 3. Tllustration with (p,q,7) = (1/3,1/2,2/5)

since otherwise we can choose z = b. Then, by Lemma 2.2, y = abq for some
q € I°(T). Let y; = ajbiq € (as, b;) for i = 1,2. If y; # a;, then there is
an element z; € A with b; = y;2;p since (a;,b;) € Ep(A). If yi = aj, then
a;a;q =" a; =y = a;b; q implies a; = b; by cancellativity, whence b; =% y;b; P,
and we can choose zi := b; to ensure b; = y;2;p. Finally, with 2 := 21207,

yzp = abqzp = arazrbibar qzp = arbiqazbaqrzp
r

b
= Y1Y2T2p = Y1y2r 21227 P =° y121pY222p T = bibar = b. O

Assume that A € H(T'). Then ~, is a congruence and (A x A)/~, € H(T)
by Lemma 6.3. Therefore, its restriction to the subalgebra E,(A), which will
also be denoted by ~,,, is a congruence on E,(A). So, we can define

E(A) = By(A)/~p, (7.1)

which we call the one-step p-closure of A. Notice that we write KS(A; I°(T))
instead of K,(,l)((A; I1°(T))), and the same convention applies for similar con-
structs. Since K,(,l)(A) is clearly a submode of (A x A)/~, € H(T), Lemma 6.3
implies the following statement.

Lemma 7.2. If A€ H(T) and p € I°(T), then K,(,l)(A) e H(T).

For A, B € C(T) such that B is an extension of A (that is, A is a submode
of B), we say the extension B closes the p-eligible pairs of A if for each (a,b) €
Ep(A) there exists a ¢ € B such that b = acp. If, in addition, for each c € B
there exists an (a,b) € E,(A) with b = acp, then we say that B accurately
closes the p-eligible pairs of A.

Lemma 7.3. For p € I°(T) and A € H(T), the mapping ¥: A — K,(,l)(A),
a — (a,a)™" is an embedding. Moreover, K,(,l)(A) is an extension of Y(A) that
accurately closes the p-eligible pairs of (A).

We usually identify A with 1(A), so Lemma 7.3 simply says that KISI)(A)
is an extension of A that closes the p-eligible pairs of A.
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Proof of Lemma 7.3. The second sentence of Lemma 7.1 shows that v is in-
deed a well defined A — K,(;l)(A) mapping. Let ¥(a1) = t¥(az). Then
(a1, a1)~p(az, az), whence

i i
aiGzpaiazp p = ai1G2p = a142pai1p = ai1a2p a1a1p p.

Applying cancellativity twice, we get as = a;. This shows that ¢ is injective.
Since 9 is the composite of the homomorphism A — E,(A), z — (z,z), and
the natural homomorphism E,(A4) — E,(A4)/~, = K,(,l)(A), y—yr, Pisa
homomorphism. Thus, ¢ is an embedding.

Since babp p =? bbpabp p = bapbbp p =? bapbp, we conclude that

(b,b) ~p (a,abp) =1 (aap,abp) = (a,a)(a,b)p,
for all a,b € A. Hence, 9(b) = ¢(a)(a,b)~?p for (a,b) € E,(A), proving that
K,(;l)(A) closes and accurately closes the p-eligible pairs of ¥(A). ]

We conjecture that K,(;l)(A) is not p-closed in general because of some pos-
sible new p-eligible pairs. The next statement is about uniqueness, but we
need a stronger statement.

Proposition 7.4. Assume that A, B € H(T), and B is an extension of A
such that B closes the p-eligible pairs of A. Then the following statements
hold.
(i) There is a unique submode C of B such that C accurately p-closes the
p-eligible pairs of A.
(ii) There is exactly one embedding o : K,(;l)(A) — B whose restriction to A
is the identical mapping.
(iii) C = oq(K,(;l)(A)), whence C' is isomorphic to K,(;l)(A) over A.
(iv) If B accurately closes the p-eligible pairs of A, then B is isomorphic to
K,(;l)(A) over A.

Proof. Consider the mapping
ao: Ep(A) = B, (a,b)—c <= b=acp.

By cancellativity, ¢ above is unique, whence «q is well-defined. It is a ho-
momorphism since in case of (a1,b1) — c1, (a2,b2) — co and q € I°(T)
we have bibaq = aicipascap ¢ =° a1azqcicaq p, that is, (a1,b1)(az,b2)q =
(arazq,bibaq) — cicaq.

Next, we show that Ker ag, the congruence kernel of o, coincides with ~,,.
If (a1,b1) ¥ c1, (a2, b2) — c2, and (a1, b1) ~p (az,b2), then

ajaxcep p = arbap = aja2pbip = ajaspaicip p
=% aja1pazcipp =l azcip p.

Hence, applying cancellativity twice we conclude that co = ¢;. This means
that ~, is included in Ker ag. Secondly, we assume that (a;,b;) — ¢, that is,
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by = aicp and by = ascp. Then

aibap = ayazcp p =t arai1pazep p =° arazpaicp p = arazpby p
gives that (a1,by) ~p (ag, b2). Hence, Ker oy is included in ~p, so these two

congruences are equal. Therefore, since K,(;l)(A) = E,(A)/~p, the mapping
ar: K{(A) = B, (a,b)™" — ao((a, b))

is an embedding. Since a =t aap, o acts identically on A.

To show the uniqueness stated in the second part of Proposition 7.4, assume
that 3: K,(,l)(A) — B is an embedding over A. Let y € K,(,l)(A) \ A. Then
b = ayp for some (a,b) € E,(A) since K,(;l)(A) accurately closes the p-eligible
pairs of A by Lemma 7.3. Hence, b = 3(b) = B(ayp) = B(a)B(y)p = aB(y)p,
and the cancellativity of p yields the uniqueness of 3. This together with the
previously constructed a; proves the second part of the proposition, and also
shows the existence of a C' according to the first part.

To prove the uniqueness of C', assume that D is another submode of B that
accurately closes the p-eligible pairs of A. Take an arbitrary ¢ € C'\ A, and
choose an (a,b) € E,(A) with b = acp. Since D also closes (a,b), there is a
d € D with b= adp. Then the cancellativity of p implies ¢ = d, whence c € D.
This shows C C D, and D C C follows the same way.

Finally, the last two parts of the proposition clearly follow from the first
two. Il

8. Multi-step closure and the rest of the main proof

In this section, let v = v(T) denote the smallest ordinal number whose
cardinality, denoted by |v|, is larger than that of our fixed ring 7', that is,
lv| > |T|. Let @ # T C I°(T). A transfinite sequence p = (p, : ¢ < v) will be
called a strong I'-sequence if the following properties hold:

(i) T'={p v <vh

(ii) each p € T is cofinal in the sequence p, that is, for arbitrary p € T and
L < v, there exists an ordinal A such that : < A < v and p = p,.

Lemma 8.1. There exists a strong I'-sequence.

Proof. Let U = (U; <) and V = (V; <) be well-ordered sets such that V is of
order type v and |U| = |T'|. Take a bijection 7: U — T, u — p,,. Consider the
anti-lexicographic ordering < on U x V. That is, for (uy,v1), (ug,v2) € UXV,
let (u1,v1) < (ug2,v2) mean that either v; < vg, or v1 = vy and u; < ug. Then
(U xV; <) is a well-ordered set. Let n denote its order type. Since I is clearly
cofinal in p':= (pu : (u,v) €U x V), it suffices to show that n = v.

By the definition of v, [{y : y < v}| < |v|. That is |{y : y < v}| < |T| holds
for every v € V. Hence, each initial segment {(uv/,v') : (v/,v") < (u,v)} of
U x V is of cardinality at most |['| - |T'| = |T|. This implies that n < v. On
the other hand, |U x V| > |V| = |v|, whence v < 1. O
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Definition 8.2. Let p= (p, : ¢+ < v) be a fixed strong I'-sequence, and let
A € H(T). We are going to define a directed system of modes f(z(;‘)(A), A <v,
with embeddings ¢ »: f(z(f)(A) — f(g‘)(A), & < X <v. As usual, “directed
system” means that ¢ ¢ will be the identity mapping and { < ( < A < v will
imply e x = e x 0 e c.

Let f(}go)(A) :=A. If A =p +1 is a successive ordinal, then let

EDN(A) = KD(EP(A))

Pu
or , equivalently, f(g"ﬂ)(A) = K(l)(f(;”)(A)),

Pu

. 3 (8.1)
Y s KY(A) — K(A), ar (a,0)7, and

e I%I(f)(A) — k}g)‘)(A) is the composite 1, x o ¢ ,, for £ < p.

Note that 1,,,x is the embedding 1 from Lemma 7.3 and K$(A) = K}, (A).
If A\ is a limit ordinal and A < v, then let

kz(?)\)(A) = U I%I(?”)(A) (directed union), and
pn<A
Y 1= U W, i <A

p<e<\
Notice that a category theorists would say that, for a limit ordinal A\ < v,
Kz(?)\)(A) is the directed colimit of the functor F from the small category {u :
w < A} to V(T) such that F(¢) = f(z(;)(A) and F(v— p) =1, for v < p <A,
see Mac Lane [6, pages 67-68]. Finally, define

K(A) = K{(A) and KZ(A) = K75 (A).

It follows from the forthcoming Lemmas 8.3 and 8.4 that, up to isomorphism
over A, K£°(A) does not depend on the actual choice of the strong I'-sequence
p. The notion of I'-closures has been defined right before Theorem 2.3.

Lemma 8.3. If A€ H(T) and ) # T C I°(T), then the definition of K°(A)
makes sense, K°(A) belongs to H(T), and it is a L-closure of A.

Proof. For modes X and Y, X <Y will denote that X is a submode of Y.
Clearly, f(z(?o)(A) =AeHT). If f(gt)(A) € H(T), then Lemma 7.2 implies
that f(gHI)(A) =61 K,g?(f(g”(A)) belongs to H(T). Quasivarieties are
closed with respect to directed colimits since this construction clearly preserves
the quasi-identities. Hence, K3°(A) belongs to H(T).

Next, let p € I and let (a,b) € E,(K°(A)). We want to show that (a, b) is
p-closed in K2°(A). We know that v is a limit ordinal, so there is a least t < v

such that a,b € f(z(;)(A). Clearly, (a,b) = {abp : p € I°(T)} U {b} (both in
KI(;)(A) and in KP°(A)). Let z;, := abp. Then {z, : p € I°(T)} = (a,b) \ {b},
but b is not interesting from our perspective here. Since (a,b) is p-closed in
Kp°(A), for each p € I°(T) there is a y, € Kg°(A) such that b = xpy,p.
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Hence, there is a least ordinal A, such that ¢t <\, < v and y, € K I(;"’)(A). Let
Hab == S pero iy Mo Then ar] = X pepocry ol < 1T1- 1T1 = T, 50 pray < v.
Clearly, (a, b) is p-eligible in kz(?n)(A) for every n such that g, <71 < v. Since p
is cofinal in the I'-sequence, we can choose this 7 such that p, = p. Then, since
(a,b) is p = py-eligible in k}gn)(A), the construction (see (8.1) and Lemma 7.3)
yields a ¢ € kgﬂ)(A) C K°(A) such that b = acp, = abp. Thus, KZ°(4) is
I'-closed.

Finally, suppose that A < B < K°(A) such that B is a [-closed extension
of A. We have to prove that B = K°(A). It suffices to show, by induction on
14, that f(gt)(A) C Bfor all u < v. For s = 0, this is trivial since I%I(?O)(A) = A.
Assume that K ;")(A) C B. By the second part of Proposition 7.4, there is a
(unique) embedding ( of f(gtﬂ)(A) =61 K,(;i)(f(g‘)(A)) into B such that
acts identically on f(g‘)(A). This [ is also a f(gHI)(A) — Kp°(A) embedding.
On the other hand, a: f(gﬁl)(A) — K£°(A), © — =z, is also an embedding
that acts identically on K I(?”)(A). Hence, the second part of Proposition 7.4,
applied to K ;")(A) and K2°(A), yields that o and § are the same mappings.
Hence,

k;;t+1)(A) _ a(f(g“rl)(A)) _ 5(kéu+1)(14)) C B,

indeed. The induction step for limit ordinals is trivial. (I

Lemma 8.4. Let A € H(T), and let O # T' C I°(T). Then, in H(T), the
L-closure of A is unique up to isomorphism over A.

Proof. We know from Lemma 8.3 that K£°(A) is a I'-closure of A. Let
B € H(T) be another I'-closure of A. We are going to define a sequence
of embeddings £, : f(gt)(A) — B, p < v, by induction on p such that 3, is a
restriction of Gy for all ¢ < A < v. (Here f(g)(A) is understood as K7°(A).)
Let By be the identical mapping.

Assume that 3, is already defined. Then §, (f(z(?”)(A)) is a submode of
B. Since B is p,-closed, the second part of Proposition 7.4 gives a unique
embedding o

ars KiD(8, (KV(A)) — B,

Clearly, we can extend the isomorphism f,,: Kg‘)(A) — 5#([(1(?“)(14)) to a
unique isomorphism £, : K,gi)(k;")(A)) — K,gi)(ﬁlt (kg‘)(A))) in the natural
way. Since the domain of Bu is just K I(?”-H)(A), the composite mapping 8,41 =
Q0 Bu is an embedding that extends f3,,.

If A < v is a limit ordinal, then let 8y = UM<>\ B

Since 8, is a K°(A) — B embedding, (5, (Kl‘io(A)) is a I-closed submode
of B. Hence, since B is a [-closure of A, we conclude that (3, (Kl‘io(A)) = B.
Consequently, 5, is surjective, whence it is an isomorphism. O
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The proof of Theorem 2.3. Lemmas 6.1, 6.2, 8.3 and 8.4. O

9. When 7T is more or less a field

This section deals with the question whether p-closed members of C(T') are
necessarily g-closed, for given p,q € I°(T). Since p and ¢ can be algebraically
independent over @, we conjecture that the answer is negative in general.
However, if T' contains certain quotients of its elements, then we can give a
satisfactory answer.

Lemma 9.1. Let p,q € I°(T) with p < q. Suppose that

(1) 7(p,q) :== (¢ —p)/(1 —p)g) €T, and
(2) u(p,q):==p/(p+q €T.
Then every B-closed member of C(T) is g-closed,

Note that (1) and (2), on which the proof relies, do not hold automatically.
For example, let us consider D = Z[1/2] = {a/2* : a € Z, k € N}, the ring of
dyadic rational numbers. Then 1/4 and 1/2 are in I°(D), but #(1/4,1/2) =
2/3¢ D and 4(1/4,1/2)=1/3 ¢ D.

Proof of Lemma 9.1. Let A € C(T) be p-closed. Let r = #(p,q) and u =
i(p,q). They belong to T by (1) and (2), whence 0 < p < ¢ < 1 implies
that r,u € I°(T). We will use the fact that, under the assumptions p < ¢,
r =#(p,q), and u = 4(p, q), the identities (9.1) and (9.2) below hold in V(T).
Hence, they hold in A as well.

Let (a,b) be a g-eligible pair. We have to find a ¢ € A such that b = acq.
Let a1 = abr. We claim that (a1, b) is p-eligible. Suppose that = € (a1, b) and,
without loss of generality,  # b and a # b. By Lemma 2.2, x = a1bs for some
s € I°(T). Since abs € (a,b) and (a,b) is g-eligible, there exists a y € A with
absyq = b. Hence, the identity

(b) (absyg)u = (abrbsyp)(b) u (9.1)

together with the cancellativity of u yields the first equation of the following
formula:

b=abrbsyp = aibsyp = xyp.
Hence, (a1, b) is p-eligible. Since A is p-closed, there exists a ¢ with a;cp = b,
that is, abr cp = b. Hence, the identity

(abr cp) (b) u = (b) (acq)

9.2)

IS

and the cancellativity of u imply acq = b. (I

Proposition 9.2. Let T be subfield of R, let p € I°(T), and let A € C(T).
Then A is p-closed if and only if A is closed.
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Proof. Assume that A is p-closed. We have to show that it is g-closed for all
g € I°(T). In virtue of Lemma 9.1, we know that X := {q € I°(T) : A is
g-closed} is an order filter (in other words, up-set) in (I°(T'); <). Hence, it
suffices to show that whenever p € X is greater than 1/2, then 1 — p also
belongs to X. So, we assume that 1/2 < p € I°, A € C(T) is p-closed and
q :=1—p. We have to show that A is g-closed.

Let (a,b) be a g-eligible pair, that is, (a,b) € E4(A). We have to show that
(a,b) is g-closed. That is, we have to find a ¢ € A with b = acq. The case
a = b is evident, so we assume that a # b. Define

r:=gq/p € I°(T) and d := abr. (9.3)

Since (a, b) is g-eligible and A is cancellative, there is a unique e € A with
b= deg. (9.4)
With the notation h = 1/2 € I°(T") (coming from “half”) and w = 1/(2p+1) €
I°(T), and with the previous meaning of p, ¢, r, consider the following identity:
(abr) (b)h (deq) w = (d) (aer) b (b) w. (9.5)

This identity holds in V(T'). In the present situation, the first and the third
parenthesized subterms on both sides give the same elements by (9.3) and
(9.4). Hence, the cancellativity of w and h yields that

b= aer. (9.6)

We want to show that (a,e) is a p-eligible pair. Let = € (a, e), we can assume
that = # e. Then -
x =aes (9.7)
for some s € I°(T). Define
z: i =aaxrr. (9.8)

Since

=%aaar (aer)sr ="

we get that 2z € {a,b). In fact, 2 belongs to (a, b), because otherwise aaar r =
a=2z=9% gazrr, and the cancellativity of r would imply = = a, contra-
dicting = € (a, e). Therefore the g-eligibility of (a,b) yields an element y € A
such that

b= zyq. (9.9)
If h=1/2,qg=1—-pand r = q/p, as before, then the identity
(abr eq) (b)(zyp)g h = (b) (aazr ryq)(e)g b (9.10)

holds in V(T'). In the present situation, the first parenthesized elements (on
the left-hand and right-hand sides of (9.10)) are equal by (9.3) and (9.4). The
second parenthesized elements are equal by (9.8) and (9.9). Therefore, by the
cancellativity of h and ¢, the third parenthesized elements are also equal, that



28 G. Czédli and A.B. Romanowska Algebra univers.

is, zyp = e. This shows that (a,e) € E,(A). Hence, there exists an element
¢ € A such that
e = acp. (9.11)
Finally, for ¢ =1 — p and r = ¢/p as before, the identity
aacp r = acq (9.12)

holds in V(T'). Hence, we conclude that acqg = aacpr =011 gy =09:6) p,
This means that (a, b) is g-closed. ]

Proposition 9.3. If T is a subfield of R, A € C(T), and p € I°(T), then
K35(4) = K73, (A).

Proof. Apply Theorem 2.3 and Proposition 9.2. (I
10. Relating our closure to the topological one

Proof of Proposition 2.4. We will consider R™ as an affine space xgR™, which
is the full idempotent reduct of the vector space (denoted the same way). The
affine subspaces are exactly the cosets of the subspaces of the vector space.
The elements of the affine space gR™ will be called affine points while the cor-
responding elements of the vector space gR™ are called vectors. Sometimes we
consider R™ even as a Euclidean space. Let ag,...,ar € gRR™ be affine points.
We say that these points are independent, if they are pairwise distinct and
none of them belongs to the affine subspace spanned (generated) by the rest.
Alternatively, they are independent iff {ao,...,ar} is a free generating set of
the affine space gR™. Yet another definition is that aq, ..., ar are independent
iff they are the vertices of a k-dimensional simplex. Clearly, the independence
of ag,...,ar € RR™ implies k < n.

Let k denote the largest integer such that H contains k + 1 independent
affine points. Fix k + 1 independent affine points, say, vg,...,v; in H, and
let V' denote the affine subspace they span. We claim that H C V. Indeed,
otherwise we could take an arbitrary affine point v, in H\V, and, as an easy
consequence of the Exchange Axiom, vy, . .., vk, vg4+1 would be an independent
set of more than k + 1 elements.

The topological notion of an open set will be used within V, which we
consider a Euclidean space of dimension k& with the topology induced by the
usual metric. To emphasize this, we will say that a subset of V' is “open in
V. Let H' denote the interior of H, understood again in V. If k = 0, then
H is a singleton set, whence the statement of the proposition is trivial. Hence,
we can assume that & > 1. Then H’ is a non-empty open set in V since the
interior of the simplex determined by vy, ..., v is a subset of H’. Clearly,
H' C H C H'*®, whence H''¢ = Htc,

Since V is still subset of R”, we can form H! N S", which is a subset
of V. For short, we will denote the barycentric algebras (H ten §n: I° (T)),
(HNS™, I°(T)), and (H'NS™,I°(T)) by Hi = HE¢, Hg, and H{, respectively.
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All of them belong to Q(T) by Lemma 3.1, and therefore also to H(T') by
Lemma 6.2 (or by Theorem 2.3).
For p € I°(T), let

; 1
p® : R™ x R” — R", where (x,y) — e x4 =y
- p p
This operation is called the right inverse of p. Indeed, for any z,y, z € R",
TYp =2 = Yy :ng(i).

Note that H is not closed with respect to ]_)(i) in general. Note also that formally
p is 1/p. However, we will not use the notation 1/p, since 1/p ¢ I°(T) for

peI°(T).
First we show that, for every p € I°(T),

HY is p-closed. (10.1)

Let (a,b) € E,(HY) such that a # b. Then there is unique ¢ € R™ such that
acp = b, that is, ¢ = abg_)(i) . Assume for a contradiction that ¢ is not in HE.
Then there is a small neighborhood U of ¢ in V' such that UNHY C UNH'* = (),
because V' \ H' is open in V. (By a neighborhood of ¢ we mean a superset
of {c} that is open in V.) Since 2 — xb]_a(i) is a continuous V' — V mapping,
U :={x eV :2zbp¥) €U} is an open set in V. We get from abp®) =c e U
that a € U’. Since T is distinct from Z, I°(T) is everywhere dense in the closed
interval I(R) = {x € R: 0 < z < 1}. Hence, we can choose a sufficiently small
q € I°(T) such that xo := abq € (a,b)NU’. Let yo = xob]_)(i) , then zoyop = b.
It follows from the definition of U’ that yo € U. On the other hand, yo € HE
since (a,b) € E,(HY). This yields that yo € H**NU = (), a contradiction
proving (10.1).

Consider the mapping

a: Ey(Hs) — HY, (a,b) — abpV.

First of all, we have to check that (a,b) € E,(Hs) implies abp) € HY. Since
S is a field, abg_)(i) € S™. The p-eligibility of (a, b) yields that xb]_a(i) € Hg for
all z € (a,b). Since B(i) is continuous and H'® is closed with respect to limits,
ala,b) =abp® =(  lim  z)bp® = lim  (zbp®) e H"
- z—a, z€(a,b) - z—a, x€(a,b) -

Hence, a(a,b) € HY, indeed.

To show that « is a homomorphism, assume that (a1, b1), (az,b2) € Ep(Hg),
q € I°(T), and a(a;, b;) = aibi]_)(i) =c¢; € 8" for i = 1,2. Then b; = a;c;p
for ¢ = 1,2. Since blbgg = aic1pazc2p q =€ ajazqcicaq p, we obtain that
cic2q = aiazqbibag ]_)(i) . Hence, a((a1,b1) (a2,b2) ¢) = a(aiaz2q,b1bagq) =
cic2q = a(ay, by)a(az, ba) g, showing that a is a homomorphism.

Next, we show that « is surjective. For ¢ € Hg, c is clearly the a-image of
(¢, ¢), which belongs to E,(Hg) by Lemma 7.1. So, assume that ¢ € H \ HY,
and fix an element a € Hg. Then b:= acp € H!¢. The convexity of H'* easily
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implies that (a,b) € E,(HE). Take the hyperplane (that is, an affine subspace
of dimension k — 1) D of V through a that is orthogonal to the line £ through
a and c. Since H’ is an open set in V, there is a small positive p such that the
(k —1)-dimensional closed sphere G in D with center a and radius g is a subset
of H'. By the convexity of H', all points of the (bounded) cone determined
by ¢ and G (in V) belong to H®®. Since all points of ¢ strictly between a
and ¢ belong to the interior of this cone, and therefore to the interior of H?®®,
it follows in a straightforward way that these points belong to H. This fact
together with (a,b) € E,(HY) yields that (a,b) € E,(Hs). So, (a,b) is in the
domain of a, and a(a,b) = abg_)(i) = ¢ proves the surjectivity of a.

Next, we show that the congruence kernel Ker a of o coincides with the
congruence ~, on E,(Hg). Let (a,b),(a',V’) € E,(Hg), and denote «(a,b)
and a(a’,b") by ¢ and ¢, respectively. Then b = acp and b’ = da’¢’p. First,
assume that (a,b) ~, (a/,b’). Then - -

aa'pacp p = aa’pbp =1 ab'p=ad'dpp

="aapa'dpp=°adpacpp.

Hence, by applying the cancellativity of p twice, we obtain ¢ = ¢/. This means
that ~, is included in Ker . Conversely, assume that ¢ = ¢/, that is, Ker a
collapses (a, b) and (a’,d’). Then

aa'p bp = aa'g acp p =° aap a'cgg =’ aa'cgg = aa'c'gg =ab

(hs}

means that (a,b)~,(a’,b"). Thus, Kera is ~,.

Finally, taking the canonical embedding given by Lemma 7.3 into account,
the homomorphism theorem yields that K,(,l)(HS) =1 B,(Hg)/~, is isomor-
phic to H gc over Hg. This together with (10.1), where p was an arbitrary ele-
ment of I°(T), imply that K,(,l)(HS) is closed. In particular, K,(,l)(Hs) closes its
own p-eligible pairs. Either from Lemma 7.3 combined with Hg C K,(,l)(H s), or
from Lemma 7.1 applied for a = b := ¢, we obtain that for each ¢ € K,(,l)(HS),
there is a pair (a,b) € EP(K,(,I)(HS)) such that b = acp. Hence, K,(,l)(HS) ac-
curately closes its own p-eligible pairs. So we infer from Proposition 7.4 that
KP(Hs) = K3 ()Y (Hs)) = K§P(Hs). This implies K\ (Hs) = Ky"(Hs)
for all \. Therefore K3(Hs) = K,(,l)(HS) ~ HY, over Hg. O

Proof of Corollary 2.5. We are going to use Proposition 2.4, applied for T =
S =R. Since K3(H; I°(R)) is isomorphic to (H*; I°(R)) over H, we conclude
that (H;I°(R)) is closed in our sense iff (H;I°(R)) equals K2 (H;I°(R)) iff
(H;I°(R)) equals (H';I°(R)) iff H is topologically closed.

Let p € I°(R). We obtain from Proposition 2.4 again that (H;I°(R)) is
p-closed iff (H;I°(R)) equals K,(,l)(H ; I°(R)), and the statement follows from
K,(,l)(H; I°(R)) = Kg(H; I°(R)) and the first part of the proof. O
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Let A€ V(T) and a € A. Then a is called a wall element if
ryp = a implies x = y = a, for all p € I°(T), (10.2)
that is, if {a} is a wall according to [16].

Proof of Lemma 2.7. Let F denote (T)geq. Consider R? and S? as vector
spaces rR? and pS? over F, respectively. Let o and o denote the smallest
ordinal numbers whose cardinalities are the dimension of zR? and that of 752,
respectively. Then w < o by the assumption, and o < g, evidently.

Take a basis (ey : A < o) of the vector space 7S2. We can assume that
each ey belongs to C. Indeed, otherwise ey can be replaced by ey/m for a
sufficiently large m = m(\) e NC F.

Our plan is to construct a submode B of ($%;I°(T)) that is everywhere
dense in R? in the usual topological sense. A square in R? will be called a
rational square if both coordinates of each of the four vertices belong to Q.
There are countably many rational squares. Let (U; : ¢ < w) be an enumeration
of them. (Here U; is understood as a closed convex subset of R?.) We claim
that the vector space

75?2 has a basis (f, : ¢ < o) such that f; € U; for all i < w. (10.3)

Let fo € Uy \ {0} be arbitrary. Next, assume that ¢ < w, and fy,..., f; are
defined and they are linearly independent. Let W; denote the subspace of 52
spanned by {fo,..., fi}. Assume for a contradiction that U; 11 N pS? C W;.
Then since Q C S, the center point ¢;4+1 of U;11 belongs to 752 and also to
W;. For each v € pS2, there is a sufficiently large n € N such that w :=
Cit1 +%-U € Uis1. But w € pS?, whence w € W;. So, v =n-(w—ciy1) € W
We have obtained that 52 C W;. This is a contradiction, because the (i+1)-
dimensional vector space pW; cannot include the o-dimensional »S?. Having
seen that U;41 N pS? € Wi, we can select an fir1 € (Uip1 N pS?) \ W.
Clearly, the system fy,..., fi, fi+1 is still linearly independent. This way we
have defined a linearly independent system (f, : ¢ < o). Since this system can
be extended to a basis of 52, (10.3) follows.

Armed with the two bases, the bijection {e, : ¢ < o} — {f, : ¢t < o},
e, — f,, can be extended to an automorphism 7 of the vector space pS2.
Since (SQ;lO(T)) is a reduct of this vector space, m is an automorphism
of (S%I°(T)) as well. Define B := n(C), then (B;I°(T)) = (C;I°(T)).
Clearly, C**N S? has many wall elements, for example, (1,0), (0, —1) and, say,
(3/5,—4/5). Since C**N S? =2 K3(C) by Proposition 2.4, we get that K25(C)
also has wall elements. Therefore K55(B) also has wall elements, because
B =~ C and the uniqueness part of Theorem 2.3 yield that KS5(B) = K5(C).

On the other hand, {f; : ¢ < w} = {n(e;) : ¢ < w} is a subset of B
and it is everywhere dense in R2. Hence, B'® = R?, so BN S§? = S2.
Since S? = (SQ;lO(T)) has no wall elements, B* N S? is not isomorphic to
KX(B). O
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Solution of Exercise 2.6. No, they are not isomorphic. Let Cf = {(x,y) €
Q?:22+y* <1} and DY = {(2,y) €Q*:0< 2, 0<y, v +y < 1}. Assume
for a contradiction that the two groupoids in question are isomorphic. It is
well-known, see Theorem 6.6.1 in [16], that the modes (R?; k) and (R?; I°(D))
are term equivalent, that is, they have the same term functions. Therefore,
the same holds for their submodes. Hence, (C;h) is term equivalent with
(C;I°(D)), and (D;h) is term equivalent with (D;I°(D)). Thus, (C;I°(D))
is isomorphic to (D;I°(D)), and Theorem 2.3 yields that KJ(C;I°(D)) =
K2(D;1°(D)). Hence, applying Proposition 2.4, we get that

(Cle; I°(T)) = (D(th;lo(T)). (10.4)

Clearly, (D@C; I O(T)) has only three wall elements, see (10.2), the vertices
(0,0), (1,0) and (0, 1) of the triangle. On the other hand, (D@C;l‘)(T)) has at
least four wall elements, namely, (1,0), (—1,0), (0,1), (0, —1). (In fact, it has
infinitely many wall elements obtained from Pythagorean triples, for example,
(3/5,4/5).) This contradicts (10.4). O

11. Relating Theorem 2.3 to some results of [16]

Now, we are going to compare our results with some results of the reference
book on modes.

For a subfield F of R and a mode A € V(F), [16, Prop. 5.8.7] states that A
is cancellative iff at least one of the operations p € I°(F) is cancellative. (For
F =R, this was originally proved by Neumann [10].) This has motivated (but
seems not to imply directly) our Proposition 9.2.

The reader has surely observed that the case 1/6 € T is essentially simpler
than the case 1/6 ¢ T. The situation simplifies further when T = F is a
subfield of R. Then, by [16, Thm. 5.8.6], each (cancellative barycentric) algebra
A of C(F) is a convex set over F, that is, a convex subset of some affine
space over F in the obvious sense. Since affine spaces are closed members of
C(F), A clearly possesses a closed extension in C(F'), and the existence of a
closure (which is a minimal closed extension) follows trivially. Furthermore,
[16, Lemma 7.6.3] together with [16, Thm. 5.8.6] yield that B := C(F) is a
minimal subquasivariety of V(F'), provided F is a subfield of R. This yields
Q(F) = H(F) = C(F), which is much more than the corresponding part of
Theorem 2.3 for fields.

On the other hand, our construction and the aiming congruences are not
only for proving the existence of a closure. They are heavily used in proving
the uniqueness part of Theorem 2.3. Note that [16] does not have a proper
connection with this uniqueness (not even for subfields of R). In fact, no
concept similar to our closure is discussed there.
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