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Abstract

The variety of quasigroups is universal for varieties of algebras of the most general kind in the
sense that each such variety can be interpreted in a natural way in a suitably chosen subvariety of
quasigroups. More precisely, for any algebra (A, f,, f,, f-.- - -) where fo, f,, f>, - - - is an arbitrary finite
or infinite sequence of operations of finite rank, there exists a quasigroup (B, -) and polynomial
operations F,, F\, F,, - - - over (B, - ) such that (A, f,, f,, - - ) is a subalgebra of (B, F,, F,, - - -) satisfying
exactly the same identities. Moreover, if there are only finitely many fo, f,, - - -, then (B, -) can be
taken so that its identities are recursive in those of (A, fo, fi, - ). If (A, fo, fi,- ) is a free algebra
with an infinite number of free generators, then B can also be taken to coincide with A. This
universal property of quasigroups has a number of consequences for their equational metatheory.

Introduction

A quasigroup is a groupoid in which each of the equations a - x = b and
y - a = b has a unique solution for every pair of elements a and b. Quasigroups
have also been called ‘‘non-associative groups’’ because groups can be character-
ized exactly as those quasigroups whose multiplication is associative. In view of
this it seems reasonable to expect that an attempt to develop a general theory of
quasigroups along the lines of the theory of groups would prove profitable, and
to a certain extent this has been borne out. (More success in this direction
however has been obtained with the theory of loops.) On the other hand, there
exists considerable evidence supporting the somewhat surprising conclusion that
the general theory of quasigroups might have more in common with the theory
of arbitrary groupoids than it has with that of groups. In this paper we shall
attempt to bring this conclusion into sharper focus by proving a result that in a
certain sense establishes the whole of the equational metatheory of algebraic
structures of the most general kind as a part of the equational metatheory of
quasigroups.

' The research reported on here was supported in part by the National Science Foundation.
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2] The variety of quasigroups 195

The source of the parallelism between the theories of quasigroups and
arbitrary algebras seems to lie mainly in the strong embedding results that have
been obtained for quasigroups. For example, it is well known that every
cancellation groupoid can be embedded in a quasigroup while the class of
cancellation semigroups embeddable in groups is quite restricted; cf. Mal’cev
(1939). Evans (1951) has shown that every partial loop can be embedded in a
loop and uses this result to show that the general word problem for loops is
solvable. In the same way it can be shown that every cancellation partial
groupoid can be embedded in a quasigroup; thus the word problem for
quasigroups is also solvable. This again is in marked contrast to the situation for
groups. Evans (1971) formulates another criterion under which a partial
groupoid on an infinite universe can be embedded in a loop with the same
universe. Using this result he constructs a number of loops satisfying special
identities, and then uses them to obtain various results about the lattice of loop
varieties. In Bol’bot (1972) a closely related embedding lemma, although not
explicitly formulated, is used to obtain other results on the structure of the lattice
of quasigroup varieties. Finally, in Mal’cev (1966) a third version of the
embedding lemma is used to prove that there exists a finitely based variety of
quasigroups, in fact, commutative loops, whose set of identities is not recursive.
The corresponding problem is still open in the case of groups.

The main result of this paper also assumes the form of an embedding result
— one that in a restricted sense comprehends most of the known results of this
kind for quasigroups. Loosely speaking it says that, if the notion of embedding
one algebraic structure in another is generalized in a certain natural way, then
the variety of quasigroups is universal with regard to embedding all other
varieties in the following sense: every algebraic structure A of arbitrary
countable similarity type can be embedded in a quasigroup B in a way that
preserves all the identities of (. More precisely, for any algebra (A, fo, fi, f2, - - *)
where fo, f1, 2, - - - is an arbitrary finite or infinite sequence of operations of finite
rank, there exists a quasigroup (B, -) and polynomial operations F,, F\, F>, - - -
over (B, -) such that (A, fo, f;,- ) is a subalgebra of (B, F,, F,, - - -) satisfying
exactly the same identities. Moreover, if there are only finitely many of the f,,
then (B,-) can be taken so that its identities are recursive in those of
(A, fo, fi, - - -); the quasigroup (B, -) can also be chosen so that it fails to satisfy
any finite number of identities specified beforehand, so long as they are not
quasigroup identities. Finally, if (A, f,, f:,- - -) is a free algebra with an infinite
number of free generators, then B can be taken to coincide with A.

This result has a number of consequences for the equational methatheory of
quasigroups that provide simpler proofs and often considerable generalizations
of many of the known results in this area. Several of these are presented in
Section 3.
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The variety of quasigroups is just one of many known examples of varieties
with the universal embedding property described above. Other examples are the
varieties of commutative groupoids and of bisemigroups, that is, algebras with
two independent associative operations. Although loops fail to form a universal
variety, in Section 4 we discuss a partial result that has significant consequences
for their metatheory. A general theory of universal varieties is developed in
Pigozzi (a), (b). In particular, the first paper includes a test for universality that
has wide applicability; although, unfortunately, it does not apply to quasigroups.
Many of the results for quasigroups we shall present here are special cases of
results of the general theory that are proved in detail in Pigozzi (b);in the sequel
this paper shall be referred to by the mnemonic U%€J.

Let I" be a fixed but arbitrary set of defining identities for the variety of all
quasigroups. In another paper, Pigozzi (b), we give a proof based on the results
of the present paper that there exists no recursive algorithm for deciding
whether or not a given finite set of identities, when taken together with I', defines
a Schreier variety of quasigroups; a similar result is obtained for the amalgama-
tion property. These results seem to be interesting in light of the fact that, in the
case of groups, it is quite possible that algorithms exist for both these properties;
cf. Neumann and Wiegold (1964) and Neumann (1967), Problem 6 and the
following remark. We refer to the introduction of Pigozzi (b) for a more
complete discussion of this problem.

1. Preliminaries

Our discussion shall be carried on within the context of the general theory
of varieties as that theory is presented in Tarski (1968) and, in somewhat more
detail, in U€TJ. We shall explain all notation and terminology unless we are
pretty sure it is commonly understood. But the discussion will be minimal and we
refer the reader to the above mentioned papers for a more detailed exposition.

We shall be dealing with algebraic structures of the most general kind; in
particular, algebras of arbitrary (similarity) type. In constructing the equational
languages of all these various types we shall assume that the operation symbols
are taken from a fixed universe of symbols and that a fixed positive rank has
been assigned to each symbol in advance. Notice that we are excluding from
consideration operation symbols of rank 0, i.e., constant symbols, and hence by
extension algebras which contain distinguished elements. Constants are treated
in Tarski (1968) and U%J, but not having to consider them here permits
considerable technical simplification and their exclusion causes no real loss of
generality; in this connection see the remarks immediately preceding Theorem
2.1.
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It proves convenient to identify each similarity type with the set of
operation symbols used in constructing the language of the type. Thus, if I is an
arbitrary type, the set of terms of type I is the set of all strings of symbols one can
form by starting with an infinite set v, v, v, -+ of variable symbols and
applying the operation symbols of I over and over in a manner consistent with
their ranks. The set of all such terms is denoted by Te,, We use the prefix
notation of Jan Lukasiewicz which allows us to avoid parentheses. For example,
if I={P,Q} where P and Q are of rank 3 and 2, respectively, then typical
elements of Te; would be v,, Quv,v,, OQPv;Ovov(;v(;Ovovovo; for brevity the last
term can be written Q°Pv;(Qv3).

The left-most operation symbol of a non-variable term is called its principal
operation symbol. If T = Qo - - o._,, where « is the rank of Q, then oy, - -, 7.,
are referred to as the principal subterms of r; if Q is binary so that 7 = Qo,0,,
then we write 7. and 7z for o, and o, respectively. We shall write ¢ < 7 to
indicate that o is a subterm of 7; o < 7 means o < r but ¢# . The length of a
term, in symbols | 7|, is just the total number of occurrences of operation and
variable symbols. The set of all variable symbols is denoted by Va. Thus

Va = {ve, 01, 02, - - *}.

We also write x,y, and z for v, 1, and v,, respectively. For any term 7, Va 7
denotes the set of all variable symbols that have at least one occurrence in 1.

To indicate that a function f is a mapping from a set A into a set B we shall
write either f: A— B or fE”B; if A =B, f is called a transformation of A.
Associated with each transformation f of the set Te; of terms is another
transformation f* of Te,; defined by the conditions that f*v = v if v € Va and

f*Qoo- - 0y = Qfoo- - - fo

for all Q €I and o, - - -, 0.-1 € Te.. (In this situation it is understood that « is
the rank of Q.)

The substitution operators are important transformations of terms; there is
one such operator associated with each assignment. By an assignment we mean
any function from a subset of Va into Te,. For any assignment ¢ and term r we
use suy7 to denote the result of simultaneously replacing each occurrence in 7 of
a variable v in the domain of ¢ by ¢v; su,t is called a substitution instance of .
If the domain of ¢ is the single variable v and ¢v = o, we write su )7 in place of
sugyT. Also, if T is any term and o, - - -, 0.—; any sequence of terms, we shall write
7(00, - - -, 0«-1) for the particular substitution instance su,7 of 7 where the
assignment ¢ is given by ¢v, = 0, for A <k and ¢v, = v, for all u = «.

The equality symbol in all of our languages shall be =, and an equation of
type I is any formula of the form 7 = o where 7, o € Ter. The set of all equations
of type I is denoted by Eq..
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We choose a special binary operation symbol M and reserve it exclusively
to denote the multiplication operation of quasigroups. It is well known that the
class of quasigroups forms a variety only when the two division operations are
included along with multiplication as fundamental operations. Thus we also
select two binary operation symbols D, and Dy to denote the division operations
and fix them throughout the discussion. We shall denote the similarity type of
quasigroups by T; thus

T = {M, DL, DR}

Formally then, by a quasigroup we mean any algebra of type T in which the
following four equations are identically satisfied

(Ia) MxD.xy =y (Ib) MDgyxx =y
(Ila) D.xMxy =y (IIb) DMyxx =y.
Each of the following two equations is easily seen to hold identically in every
quasigroup
(I1la) DrxDiyx =y (ITIb) D, Drxyx = y.

Let J be any class of algebras of the same similarity type I. By the theory of
X, in symbols @, we mean the set of all equations which hold identically in
every member of ¥. If = {%} we write @ in place of @¥. The theory of the
class of quasigroups shall be denoted by QG. We often write o = ¢ 7 instead of
(0 =71)EO.If I' C Eq,, then the theory generated by T, in symbols @,[I'], is the
theory of the class of models of I"; the set I' is called a base of @,[I']. For brevity
we write o =7 in place of o = e 7. Thus QG = O[I'] where T is the set of
four equations (Ia), (Ib), (Ila), (IIb).

There is a well known purely syntactical characterization of ©,[I'] in terms
of I' that is due to Garrett Birkhoff. This characterization has many forms; the
one we give here is particularly useful for our purposes. For every I' C Te, we
define a binary relation 2 on Te, in the following way: for all o, 7 € Te, we
have o = ;7 iff there exist a w € Te,, a v € Va, a ¢ € Y“Te,, and a pair of terms
& n € Te, such that (=m)ET or (n=¢)ET and

o =su;m and T = SULTT.

where { = su,é and x = sugm.

Then @,[I'] can be characterized as the transitive closure of the relation =,
i.e., @;[I'] is the set of all equations o = 7 such that there exists a sequence of
terms &, -+, & such that & =0, & =7, and & =+ &, for all A <«k.

A normal-form function for an arbitrary theory © of type I is a transforma-
tion f of Te,; such that (i) fr = o 7 for every 7 € Te,; (il) 7 = o implies fr = fo
for all 7,0 € Te,; (iii) o < fr implies fo = o for all o, 7 € Te,. A normal-form
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function f for a theory © is said to be variable-minimizing if, for each v € Te,,
Va fr C Var U{v,}, and fr € {1, v} if 7 € Va. It is proved in ¥€T, Theorem 2.5.
that every theory © has a variable-minimizing normal-form function. If the type
of I is finite, f can be taken to be recursive in @; notice that in this case f and ©
must have the same Turing degree of unsolvability.

Let I and J be arbitrary types. By a definition of I in J we shall mean any
function p: I — Te; such that, for each Q € I, Vap® C{v,, - - -, v.-1} where « is
the rank of Q. Let p be a definition of I in J and let A = (A, R™)ge, be an
arbitrary algebra of type J where A is the universe of % and, for each R € J,
R® is the fundamental operation of U corresponding to R. By the p-transform
of A we shall mean the algebra

31',,%1 = (A, plw(PQ))OEI

where pla(pQ) is the polynomial operation over U of the same rank as Q that is
defined in the natural way by the term pQ. Clearly S, ¥ is of type I. Algebras
are represented by capital German letters and their universes by the corre-
sponding Roman letters.

DeFINITION 1.1. Let J be any type and ¥ a variety of type J. ¥ is called
universal if, for each countable type I, a definition p of I in J can be found such
that, for each algebra U of type I, there exists a B € ¥ satisfying the following
conditions :

(i) A is a subalgebra of Tt,*V;

(ii) OA=0Z1,B; ie., A and 81,V satisfy exactly the same identities.

Assume now that I i; finite. If B can always be taken so that, in addition to
(i) and (ii),

(iii) OB is recursive in O and O together whenever U is a free algebra
over some variety,
then ¥ is said to be effectively universal.

A theory is universal, or effectively universal, if the variety of all its models
has the property. In the sequel we shall pass back and forth between varieties
and theories without hesitation, using whichever concept is the most convenient
to deal with in each particular context.

If I and J are disjoint types and p is a definition of I in J, then for any pair
of theories ® and ® of types I and J, respectively, we define the p-coupling
0%€,P of ©® and ® by the equality

®(€p¢:®1u][®uq)u{ovo' -t v,(4|=pQ: O (= I}]

Observe that an arbitrary algebra % = (A, Q®)ge,u; of type I U J is a model of
06, iff (i) (A, Q™)oe,.is a model of O; (ii) (A, Q™)oe, is a model of ®; and
(i) (A, Q™ oer = T1,(A, Q™)oes.

https://doi.org/10.1017/51446788700017791 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700017791

200 Don Pigozzi 71

DerINITION 1.2. A definition p of I in J is said to be non -overlapping if the
following three conditions hold for every Q € I where k is the rank of Q.

(i) Vap@ ={vs;" -+, ve-i}; _

(ii) pQ (&, - - -, &) # d(no, - -, Mm-1) for every non-variable o < pP and
all &, -, €1, Mo, -, a1 € Teyu; where P is any operation symbol of I distinct
from Q and A is its rank; ‘

(iii) pQ (&, -+, &) # d(No, * * *, Ne-1) for every non-variable o < pQ and all
§o, Tt §x—1, Mo, **s M1 € Teros.

It is shown in McNulty (to appear), Theorem 2.9 (v) (see also 4€J, Lemma
4.22) that, if J contains at least one operation symbol of rank = 2, then for each
countable type I there exists a non-overlapping definition p of I in J. For
example, if I = {P, Q} where P and Q are binary operation symbols, and if we
take

pP = M’x’>MyMy?>, pQ = M*xMx*M?y>,

then it is easy to check that p is a non-overlapping definition of I in {M}.

For the purposes of the following definition, two types I and I’ are said to
be isomorphic if there exists a one-one rank-preserving correspondence between
them.

DermTioN 1.3. A non-overlapping definition p of { in T is said to be special
if all the following conditions are satisfied.

(i) LetI' ={Q’: Q € I} be a type isomorphic to I but disjoint from it, and let
7 be the definition of TV I’ in T such that, for each Q €I, wQ = pQ, and
7Q’' = pQx where pQ, and pQk are the left- and right-hand principal subterms of
pQ, respectively. Then 1 is also non-overlapping.

Let Q be any operation symbol in I and let k be the rank of Q.

(ii) M is the principal operation symbol of each of the terms pQ, pQ,, and
POR-

(iii) pQ contains no subterm of the form D v€ or Drév with v € Va.

(iv) For every non-variable o < pQ we have

0'(507 Ty gx—l) # 7(1” g)

forall &, - -+, &1, m, £ € Terur and for every y which occurs as the left-hand side
of one of the equations (la)-(IIIb).

Observe that, for every special non-overlapping definition p, conditions
1.2(1) and 1.3(i) together imply
VapQ. = VapQr = VapQ = {v,," -, 01}
for each Q€1
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The particular example of a non-overlapping definition p considered in the
remarks preceding 1.3 is not special. But special non-overlapping definitions are
easy to construct as we see from the proof of the following lemma.

Lemma 1.4. For every countable type I there exists a special non-overlapping
definition of I in T ; moreover it can be taken so that its range is included in Te ;.

Proor. Let I'={Q’: Q € I} be a type isomorphic to I but disjoint from it.
By U%J, Lemma 4.22, there exists a non-overlapping definition 7 of I U I’ in
{M}. Moreover, from the proof of 4.22 given in U €T it is imnmediately seen that,
for every Q € I UI', wQ has the following property.

¢1) Ho <pQ and o & Va, but at least one of the two.principal subterms of o is
a variable, then ¢ must be in one of the three forms Mv?, M*v?, or MoMv>.

For each Q €I take
@) pQ = MzQ=nQ'".

Conditions 1.2(i) and 1.3(i)-(iii) are immediate consequences of the fact 7 is a
non-overlapping definition of I U I' in {M}. Consider any non-variable o < pQ
where Q € I and suppose

3) o(&o, " &1)=v(n{)

where y =y is one of the equations (Ia}-(IIIb). Because the principal operation
symbol of o is necessarily M, y = y must be (Ia) or (Ib). If ¥y = y is (1a), then, as
o contains no occurrence of Dy, the right-hand principal subterm of o must be a
variable. From (1) and (3) we could then conclude that for some A < «,

A < k; MyD n{ € {ME, M?E, MEME3).

This is clearly impossible, and a similar result is obtained if ¥y = y happens to be
(Ib) instead of (Ia). Thus 1.3(iv) holds.

To verify 1.2(ii) consider any two distinct Q,P € I of ranks x and A,
respectively, and let o be any non-variable subterm of pP. Assume that for some
&o, s Ecm1y Moy -+ M1 WeE have

(4) po(&)’ T gk—l) = 0-(1’0’ Y nl\*l)'

If o =pP, then (2) and (4) .imply wQ (&, - -, &) = TP (Mo, * - -, Mr—1) which
contradicts the fact that « is non-overlapping. Thus o < 7P or o < 7P’. But in
this case (4) together with the non-overlapping property of 7 implies that o is of
the form Mou with v, u € Va. Applying (1) with P in place of Q we get v = u,
and thus finally, from (2) and (4), 7Q (o, - - - ,&-1) = mQ'(&,, - - -, &-1). This again

2 This result was first announced in Pigozzi (1973).
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contradicts the fact that « is non-overlapping, so we conclude that 1.2(ii) holds.
Condition 1.2(iii) is verified in the same way. Thus the lemma is proved.

The special non-overlapping definitions constructed in the preceding proof
are probably the simplest available. Others can be found however that are more
complicated but have additional properties that prove to be useful for various
purposes. For example the special non-overlapping definitions obtained in the
following lemma are used in Pigozzi (b) to prove that there exists no recursive
algorithm for deciding whether or not a given finite set of equations to type T
defines the variety of groups when (la)-(IIb) are adjoined.

LeMMA 1.5. Let I be any countable type and let P be a binary operation
symbol not contained in I. Let GR be the theory of groups of type T, i.e., the theory
generated by (Ia)—(Ilb) together with the associative law M’xyz = MxMyz.

There exists a special non-overlapping definition p of I U{P} in T such that
pP = ¢r x.

Proor. Let I' and 7 be as in the proof of 1.4 and assume P& I'. For each
Q €I take pQ as in (2) and take

pP = M’DixMx’M*y*MyMy’MPMx*>M’y*MyMy”.

The proof that all the conditions of 1.2 and 1.3 are satisfied is straightforward; we
shall omit the details. Also it is easy to check that pP=ggx.

2. Main Lemma

The central lemma of this paper, from which all our results follow, has a
purely combinatorial character. Among other things it says that, for each
countable similarity type I, there exists a definition p of I in T (in fact in {M})
such that, for every theory @ of type I, the process of p-coupling ® with QG
does not lead to any new identities of type I, i.e.,

(®%,0G)N Eq, = ©.

We prove this result by constructing a normal-form function for @ 6,QG which
when restricted to equations of type I becomes a normal-form function for ©.
But this normal-form function has additional properties which make it a
powerful tool in studying the properties of the polynomial embedding of
arbitrary algebras in quasigroups. The particular method of construction we use
results from combining methods of Evans (1951) and the author %¥9.

In order to simplify our combinatorial arguments we shall assume, as
indicated in the Preliminaries, that all operation symbols under consideration
are of positive rank. This amounts to no real loss of generality since constant
unary operations can in a natural way be interpreted as operations of rank 0.
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More precisely, given an arbitrary theory @ of type I, the constant symbols of
(relative to @) will be identified with those unary operation symbols Q of I such
that ® contains the equation Qx = Qy.

THEOREM 2.1. Assume I is any. countable type disjoint from T and © any
arbitrary consistent theory of type 1. Assume also that p is a special non-
overlapping definition of I in T. Then there exists a transformation m of Te,ur
satisfying all of the following conditions.

(i) m is a normal-form function for ®%€,QG.

(ii) m restricted to Te, is a normal-form function for ©.

(iii) Consider any 1, 7' € Te,; and assume that Vat U Var' C{vo, " - -, 0._1}.
Let oy, - - -, 0.—1 be a sequence without repetitions of terms in Teiur such that, for
each A <k, mo, = o, and o, is either a variable, or has its principal operation
symbol in T. Then

m(r(oo, -+, 0_))= m(7'(00, -+, 0.-1)) T mr=mr'.
In addition, if I is finite, then
(iv) m is recursive in 0.

Before beginning the proof we introduce some useful notions of a rather
technical nature. Consider an arbitrary term 7€ Te;ur and a sequence
09, -, 0«1 Of disjoint occurrences of subterms of 7. We shall want to have
available a canonical method for replacing the o, in 7 by variables so as to
obtain a new term 7' with the property that 7 can be retrieved from 7’ by
substituting terms for variables in the usual way. The most convenient way to do
this is to enlarge our language by adjoining a new variable for each of the old
non-variable terms in' Te;,r. Let Va"* be the set of variables with these new
variables adjoined, and let y be a one-one recursive function from Va* onto
Terur such that Xv = v for each v € Vig; x is assumed to be fixed throughout
the whole discussion. Let Ter denote the set of all terms of type I that possibly
contain occurrences of new variables as well as old ones; let Te;* be the set of all
7 € Tej such that for each v € Va”®, if v < 7, then either xv € Va (and hence
XU = v) or the principal operation symbdl of xv is contained in T. The following
lemma is now immediate.

(1) Let 7 € Te,ur. Then there exists a unique o € Te; " such that v = su,0.
Let
O ={o(uo, -, )= 7(UUo,* ", Uer): o =T7EO and u,,- -, U, € Va'}.

Clearly ®" is a theory of type I in the extended language such that ®* N Eq, =
0. Furthermore ©" is obviously recursively isomorphic to ®. As was mentioned
in the Preliminaries it is proved in %#%J, Theorem 2.5, that there exists a
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variable-minimizing normal-form function for ®* that is recursive in ®” in case J
is finite. Let f be one such function which we assume to be fixed throughout the
discussion. Notice that, since f is variable-minimizing, it becomes a normal-form
function for ® when restricted to Te,. Finally, let f be the transformation of
Te;,r whose value at each 1 € Te,r is given by
fr = sufo

where o is the unique term in Te;” such that 7 = su,0.

We are now ready to construct the transformation m of Te,,r whose
existence is asserted in the statement of 2.1. Let p be any special non-
overlapping definition of I in T. For each Q € I we shall write

pQ = MpQ.pQk.
Observe that, because p is both special and non-overlapping, both pQ, and pQx
contain at least one occurrence of v, for each A less than the rank of Q. The
transformation m is defined by recursion on the length of terms. If r € Vg, then

we take mt = 7. Assume |7|> 1. The definition of mr separates into six cases
which we shall later show to be mutually exclusive.

Case 1: m*r =o0(&m) where o =y is one of the six quasigroup identities
(Ia)—(11Ib) given in the Preliminaries. Take mt = 1.

CasE 2: m*t =DpQc(&, -, &1)fQ& - - - £ where Q is some operation
symbol of I and « is the rank of Q. Take mt = pQgr (o, - -, &-1).

CasE 3: m*r = De(fQ& - -+ £..)pQr (&0, * - , £.-1) where Q is some opera-
tion symbol of I and « is the rank of Q. Take mr = pQ. (&, - -, &1)-

Case 4: m*7r = pQ(&,, - - -, &-1) where Q is some operation symbol of I and
K is the rank of Q. Take mt = fQé& - £._1.

Case 5: m*tr = Q-+ &1 where Q €1 and « is the rank of Q. Take
mr = fm*r.
CAse 6: None of the five previous cases apply. Take mr = m*r.

To show that m is well defined we must first show that the six cases are
mutually exclusive. Assume first of all that Case 1 applies so that m*r = o(n, )
where o =y is one of the six identities (Ia)}-(IIIb).

Suppose Case 2 also applies so that

(2) m*r = D pQ. (&, -, gk‘l)fofﬂ' e

Then o =y must be either (Ila) or (IIIb). In the first case we would have
m*7 = D,qMn{, and hence n = pQy (&, - -, &.-1) and

(3) f—oéﬂ e gK*l = M"If = MpQL (50’ Y gx—l){'
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Let Q& - - - &_i = suyy with y € Te;*. Then fQ& - - - £._i = su,fy. It follows that
fy € Va* since, by (3), the principal operation symbol of fQ&, - - - £,y is M. Thus

@) fOQ& - £, <§& for some A <«.

But & < pQ.(&, - - -, &-1) since p is special ; combining this with (3) and (4) we
obtain a contradiction. Therefore, o =y must be (IIIb) and hence m*r =
D, Drn{n. Together with (2) this implies that Den¢ = pQy (&, - - -, &.—1) Which is
impossible since pQ, has M as its principal operation symbol by 1.3(ii). Thus
Cases 1 and 2 cannot simultaneously apply and by symmetry neither can Cases 1
and 3.

It is also not possible for Cases 1 and 4 to apply simultaneously since Case 4
implies that M is the principal operation symbol of m *r and both its principal
subterms, but this is obviously not possible in Case 1. Finally, again considering
the principal operation symbol of m *r we see that Cases 1 and 5 are mutually
exclusive. Similar considerations easily lead to the conclusion that each of the
Cases 2, 3, and 4 exclude the remaining five cases.

To complete the argument that m is well defined we must show that, for
each of the six cases, when a particular case applies the value of mr is uniquely
determined. In Cases S and 6 this is obvious. In Case 1 it amounts to showing
that if ¢ and o' are the left-hand sides of distinct equations among (Ia)-(IIIb),
then o (£, m) # o'(£',n') for all ¢ n, &', n' € Te,ur. But this non-equality is easily
checked. For instance, considering the equations (Ia) and (Ib) we have o (¢, n)=
MED én and a'(€', 'Y= MDen'£'E’; then o (£, 1) = o'(£', ') implies the obvi-
ous contradiction D Drn’é'n = £'.

To show that mr is uniquely defined if Case 2 applies it clearly suffices to
show that, for each Q € I and all &, - - -, &.-1 € Terur, pQ(&, - - -, €-1) and hence
pOr (&, - -, é.-1) are uniquely determined by pQ.(&, - -, &-1). This result
however follows immediately from the assumption that the definition 7 defined
in 1.3(i) is non-overlapping. By symmetry mr is uniquely defined in the event
Case 3 applies, and the non-overlapping property of p also leads immediately to
the conclusion that mr is uniquely determined in the event of Case 4. This
completes the demonstration that m is well defined. Also it is not difficult to see
that, when I is finite, m is recursive in f, and hence also in © since f is taken to be
recursive in @. This verifies condition 2.1(iv).

We now turn to the task of verifying the first three conditions of the
conclusion of 2.1. This will be done in a sequence of lemmas, 2.2 through 2.9. In
these lemmas I, ©, and p are assumed to be as in the statement of 2.1, f is a
variable-minimizing normal-form function for ®*, recursive in ® in case I is
finite, and m is constructed from f and p by Cases 1-6.

Lemma 2.2. Consider any Q € I and let x be the rank of Q. Then for any
o < pQ we have
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m (o (o, &)= 0 (o, -, &c-1)
for all &, - - -, &1 € Te,ur such that mé, = &, for all A < k.

Proor. by induction on the length of o. If o is a variable, the result is
obvious. Assume

o = Ryé
with R € T. Let

(5) T= 0'(60’ Y gx*l) = R7(§0’ Tt §,(,1)6(§0, T g,(,,),

By the induction hypothesis we have m*r = 7.
In the definition of mr Case 1 cannot apply because of 1.3(iv). Suppose Case
2 applies so that

(©) 7= DpPr(Mo, -, M) fPmo -+ s

for some P € I. Then from (5) we get y(&, - - -, &—1) = pPL (10, - - -, ma—1). By 1.3(i)
this is impossible unless y is a variable; but, by 1.3(iii), y cannot be a variable
since R = D, by (5) and (6). Hence, Case 2 cannot apply, and by symmetry,
neither can Case 3.

Case 5 is excluded because the principal operation symbol of ¢ is in T, and
Case 4 is excluded because p is non-overlapping. Thus Case 6 applies and we
have mr = m*r = r as was to be shown.

Lemma 2.3. o < mrt implies mo = o for all o, 7 € Te,ur-

ProoF. by induction on the length of 7. The desired result clearly holds if
T € Va, and we assume that 7 = Pmy- - - 7., for some PEIUT. Then
) m*r = Pmmy- - mam_,.

If Case 1 applies, then o <mm, for A €{0,1}, and hence mo = o by the
induction hypothesis. If Case 2 applies, then

(8) m*r = DipQy(éo, -+, &-)fO& - - £y
and
9) o < pQr (&, &-1).

From (7), (8), and 1.3(i) (see the remark immediately following 1.3) we have
& < mm, for each A < «. Hence, by the induction hypothesis, mé, = &, for every
such A. The desired conclusion mo = o now follows immediately from (9) and
2.2. By symmetry we obtain the same result if Case 3 applies.

Suppose now that Case S applies so that P in (7)is contained in {. Then

(10) mr = f_m *r = su,fy
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where vy is the unique term in Te; " such that m*r = su,y. By (7) we have that,
for each v € Vavy, there exists a A <« such that yv < mm,.. Hence by the
induction hypothesis and the fact that f is variable-minimizing we get

11) myv = xv for all v € Vafy.

From (10) we have that o < su,fy; thus either o < yv for some v € Vafy, or
o = su,o' for some o' < fy. In the first case we have mo = o by (11) and the
induction hypothesis; in the second case the same result can be obtained, using
(11), by a simple induction on the length of o’.

Finally, we assume that Case 4 holds. Then m*7 = pQ (&, - - -, £&.—1). Thus,
since mé, = & for all A < x by (7) and the induction hypothesis, we can also
apply Case S and get

mr = mQé& - - - &1 = su,fy
where Q& - - - -1 = su,y with y € Te7". The argument now proceeds as in the
treatment of Case 5. This completes the proof of the lemma.
LEMMA 2.4. msuy,m = M SUp.o7 for every 1 € Te,ur and every ¢ € V*Tey .

ProOOF. by induction on the length of 7. If 1 € Va, then, by 2.3, msu,r =
meoT = mmaor = M Stp.oT. Let T=Qmo" " Te-r. Then m*su,t =
QmSuymo - - - M SUT—1 = QM SUpopTo " * * M SUpmop T3 = M *SUm.47. The equality
M SUyT = M ST NOW follows directly from the definition of m.

LEMMA 2.5. m(pQ(&, -, é&-1)=mQ¢&---&-, for all Q€EI and
&o, -5 &1 € Terur

ProoF. By 2.3 and 2.4 we assume without loss of generality that mé&, = &,
for all A <«. Then by 2.2 we have

m *(PQ(&» Y §K—1)) = PO(&O, ) g"‘l)'
Thus by Cases 4 and 5 we have that
m(pO(Eo, tt fx—l)) = fofo ct §K—1 = m0§0 et §x~1

LEMMA 2.6. msuyT = fStn.o7 for all T € Te; and ¢ € V*Terur.

ProOOF. by induction on the length of 7. Before starting the proof we show
that

(12) fmo = ma for all o € Teur.

To see this observe that, if the principal operation symbol of ma is in I, then by
Case 5 and 2.3 we have
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mo = mmo = fm*mo = fmo;
otherwise we get fmo = mo directly from the definition of f.
If r € Va, then, by (12), m susr = mér = fmdpr = fsup.,7. Assume that 7
has length 2 or more. Then the principal operation symbol of su,r is in I, and
thus Case 5 applies in the definition of m su,7. Hence by the induction hypothesis

we have
msu,t = fm*sust = ff*Sttpm.sr.

Since f is a variable-minimizing normal-form function, it is easy to check that
ff* StmesT = fSthm.o7. This completes the proof of the lemma.

LEMMA 2.7. For all £, m,{ € Te,,r such that mé = ¢ mn =7, and m{ = {
the following three conditions are equivalent:
(i) mMén ={;
(i) mD&L =n;
(iii) mDein = &
Proor. We shall only prove the equivalence of (i) and (ii); the equivalence
of (i) and (iii) will follow by symmetry.

Assume that (i) holds and observe that m*Mén = Mén by hypothesis. In
the evaluation of mM¢n the cases that can apply are Case 1 with o= y either
(Ia) or (Ib), and Cases 4 and 6. We consider each case separately.

Case 1-(Ia). Then Mén = MED,EL so that D £ = 7, and thus (ii) holds since
mn = n by hypothesis.

Case 1-(Ib). Then Mén = MDg{nm so that § = Dr{n. Then D ¢ =
D, Dr{n{. Hence since

(13) m *DLfg = Dng
holds by assumption, Case 1—(I1Ib) applies in the evaluation of mD £, and thus

we again get (ii).
Case 4. Then for some Q €1 and &, - -, &1 € Terur we have

(14) Mf"l = Po(fo’ ) fx—l) = MpQL (§0’ T ngl)pQR (60’ Ty gx-l)
and ¢{ = mMén = fQ& - - - &.. Then
Dng = DLPOL(&]’ Tty §~—1)f0§o ot §x—l-

Thus, since (13) holds, Case 2 applies in the evaluation of mD,£{, and, by (14),
mD. &L = pQr (&, - - -, €&.-1) = 7, so (ii) holds again.

Case 6. { = mMgn = Mén. Thus D &l = D EMéx. Hence Case 1-(ITa) holds
in the definition of mD.£&n, and once again we get (ii).

This proves that (i) implies (ii), and the implication in the opposite direction
is proved analogously; we shall omit the details.
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LemMA 2.8. Let'a =y be any one of the four equations (1a)-(IIb). Then for
all ¢ ¢ € Teiur we have

m(o (¢ {))=md.

Proor. Because of 2.3 and 2.4 we can assume that m{ = {, m¢ = £ Suppose
o =y is (Ia) so that o (&, ¢) = MEDEL. Let mD £ = . Then using 2.4 and 2.7(i),
(ii) we get

m(o(§ )= mMimD £l = mMén = [ =m{

as desired. The proofs for the other three equations are similar.

LEMMA 2.9. The following two conditions are equivalent for all , 7’ € Terur:
(i) 7 =47 where ®=0%,QG;
@ii) mr = ms'.

ProoF. It is a simple matter to prove by induction on the length of 7 that
mr = o1 for all 7 & Te;,r. This shows that (ii) implies (i).

To prove the implication in the opposite direction it suffices in view of the
characterization of the relation =, described in the Preliminaries to prove that
T 2 r7' implies mT = m7’ where I is the set consisting of the equations (Ia)~(IIb),
all of the equations of ©, and the definitions Qoo - - v.—1 = pQ for all Q € I
Suppose that 7 2 r7'. Then there exist a 7 € Teiur, a v € Va, an assignment
¢ € ¥Te;ur, and an equation” o =0’ such that either (c =¢’)ET or
(0'=0o)€ET, and

T=suim and 7' = suiw where § = sus,o and £' = su,o’'.

Thus, by Lemmas 2.4-2.6, 2.8, and the fact that f is a normal-form function for
0%, we have

MT = MSUpeT™ = MSU e = M1,

This proves the lemma.

Lemmas 2.3 and 2.9 together show that m is a normal-form function for
0%,Q6G. From 2.6 we get that m coincides with f on Te;. Hence 2.1(ii) holds.
Finallyy to see that 2.1(iii) also holds, consider any 7, 7' € Te; and o, - - -, 01 €
Te,,r satisfying the hypothesis of 2.1(iii). Clearly mr =ms’ implies
m(7(oo, " -+, 0u1)) = m(7'(00, - - -, 0«-1)). To prove the implication in the oppo-
site direction let o, w' € Te; be obtained from 7, 7', respectively, by simultane-
ously replacing all occurrences of vo; - * -, V.1 by x 0o, - - -, X 01, TESpECtively.
Then we have

(15) (G0, " *y Oua1) = SUT, T'(0o, " -+, Tusy) = SUTT'.
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Since oy, - - -, 0., are distinct by hypothesis, the variables x “'ao, - - -, x 0w, are
distinct from one another. Thus

(16) mm = mw' implies mr = mr'.

Furthermore, by hypothesis the oy, - - -, ._; are either variables or have their
principal operation symbols in T, and mo, = o, for all A < k. This immediately
gives m, 7' € Te;*. Hence, by the definition of f,

a7 fsuym = sufm; fsuym’ = su,fm'.

When combined with Lemma 2.6, conditions (15) and (17) show that the equality
mt (oo, - -+, Ouy) = m1'(00, -+, 0—1) implies su,frr = su fw’. But, since f is
variable-minimizing, fw, fr' € Te;" because 7, w’' € Te;*. Thus from (1) and 2.6
we conclude that

ma = fr = fn'=mn’;

hence mr = m7’ by (16). Therefore, 2.1(iii) holds and the proof of Theorem 2.1 is
complete.

3. Applications

In this section we apply Theorem 2.1 to obtain the universal embedding
results for quasigroups discussed in the Introduction. We then state without
proof a number of consequences of this universal property of quasigroups that
are established in U%J for universal varieties in general. We also outline the
proof of a certain improved version of 2.1 and discuss briefly its consequences.
The section closes with some remarks on the possibility of extending the results
of this paper to certain subvarieties of quasigroups.

For any variety % and any positive cardinal « we take Fr.¥ to be the free
algebra of ¥ with a generators. In our first theorem we make use of the fact the
larger of any two cardinals a and 8 coincides with their union a U 8. The first
infinite cardinal is denoted by w.

THEOREM 3.1. Let I be any countable type and assume that p is a special
non-overlapping definition of I in T. Then for every variety X of type I there exists a
variety £ of quasigroups such that

grp %I’afg = Rl'a Un%
for every positive cardinal a. Moreover, if L is finite, then © ¥ is recursive in O X.

Proor. Let @ be the theory of #. Clearly we can assume that @ is
consistent. We also assume for simplicity that @ = @ and thus that a U = w;
the proof for an arbitrary cardinal is analogous. Let

= (0€6,Q0G)N Eqgx,
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and take £ to be the variety of all models of ®. Clearly QG C ® so £ is a variety
of quasigroups. Notice also that by 2.1(iii) we have

1) ® is recursive in O

if I is finite.

Let M be the variety of all models of ®4,QG. The theory O%€,QG is the
extension of ® obtained by adjoining the definition Qp,- - - v._, = pQ for each
Q € I Thus any algebra 9 € £ can be made into an algebra in 4 by adjoining,
as the fundamental operations corresponding to the operation symbols Q of I,
the polynomials over 2 defined by the terms pQ; furthermore, every element of
M can be obtained in this way. It is now easy to see that

2 Frof =RdrFraM
Q) T, RO Frafl = RO, FroM

where Ry Fr..# and R D1 Sty the T- and I-reducts of Jr..H, are the algebras
of type T and I respectlvely that are obtained from Fr,.# by disregarding all
fundamental operations except those corresponding to symbols'in T and L

It is well known how to construct the free algebras of a variety by means of a
normal-form function for the theory of the variety; indeed, free groups and rings
are usually constructed in this way. Thus we can use the normal-form function m
given in 2.1 to construct Jr... Let

4) A = R0, FraM

The elements of 9, which are also the elements of Fr.., are taken to be the
m-closed terms of type I U T, that is,

A={r:reTey,r,mr =1}

For every Q€I and all &, --,&.EA we have Q®(&, -, &)=
mQé&, - - - £€.-1. Let X be the set of all m-closed terms in Teyor which are either
variables or have their principal operation symbol in I. Clearly X generates U
and condition 2.1(iii) says that a relation can hold in & between elements of X
just in case it holds identically in every member of J#. Therefore, since X is of
cardinality w, we have that % is isomorphic to Fr,X. The conclusion of the
theorem now follows directly from (1)-(4).

THEOREM 3.2. The variety of quasigroups is effectively universal.

Proor. Let I be any countable type and let ¥ be an algebra of type I
Assume first of all that I is finite and U is a free algebra over some variety X, say

) A =Fr. A

We assume without loss of generality that

https://doi.org/10.1017/51446788700017791 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700017791

212 Don Pigozzi [19]

©6) oY = 8.

Let p be any special non-overlapping definition of I in {M }; such a p exists by
1.4. Then by 3.1 there exists a variety £ of quasigroups such that 31, §r.¥ =
vl and OZF is recursive in OF. Take

B = 3r‘.u‘..$-

Then it follows immediately from (5) and (6) that all three of the conditions of 1.1
hold (with ®% replaced by QG in 1.1(iii)).

We now drop the assumption that I is finite and ¥ is free. To complete the
proof we must find a quasigroup B satisfying conditions 1.1(i), (ii).

Let J be a type disjoint from I and consisting exclusively of unary operation
symbols, in fact, one such symbol P, for each a € A. Let A C Egq; be the set of all
the equations

QOP,x ---P,._x=Px

where Q €1, ao,- -, a1, b € A,and Q™(ay, - - -, a.-1) = b. For each finite ' C A
let Jr be the set of all P, which occur in at least one member of I', and let ¥ be
the variety of type I U Jr consisting of all models of

ONUT U{P.x=P.y: P, €EJ}.
Clearly we have
7 O3 N Eq; = OU.

Since I UJr is countable, there exists for each finite 'CA a special
non-overlapping definition 7 of I U Jr- in {M}. Furthermore, it is clear that these
definitions can be chosen so that they all coincide on I; let p denote this common
restriction to I. By 3.1 there exists for each finite  CA a variety %r of
quasigroups such that

) Frodr= T, FruPr.
Observe that from (7) and (8) we get
) O = O3, Fr. L for each finite T C A.

Let £ be the least upper bound, in the lattice of quasigroup varieties, of the Zr
for all finite I' C A. It follows from (9) that

(10) U = 0%, Fr.%.

It is clear that every finite partial subalgebra of ¥ can be isomorphically
embedded in R, Fr.Hr for a suitably chosen finite I' C A. Thus, by (8), each
such finite partial subalgebra is isomorphically embeddable in the p-transform of
a model of £. Applying the compactness theorem of first-order predicate logic
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we conclude finally that there exists a 8 € £ satisfying condition 1.1(i); in view
of (10) it follows automatically that 1.1(ii) is also satisfied. This completes the
proof of the theorem.

A result somewhat stronger than 3.2 can be obtained. Consider the new
notion of an effective universal variety that is obtained from 1.1 by deleting the
condition “whenever ¥ is a free algebra over some variety” in the statement of
1.1(iii). As indicated in the Introduction, the variety of quasigroups is effectively
universal in this stronger sense. This result however cannot be obtained directly
from 3.1, or even 2.1. The reason for this stands out rather clearly in the proof of
3.2. In order to obtain an isomorphic embedding of an arbitrary algebra ¥ in a
definitional transform of some quasigroup by means of 3.1 alone, we are
required to interpret the elements of U as (constant unary) polynomials in some
relatively free quasigroup 8. Consequently, the theory of identities of B must
necessarily include an interpretation of the word problem for %. Thus, in
general, the theory of identities of B cannot be recursive in the corresponding
theory of U since, for example, it is easy to construct an U such that the latter
theory is recursive while the word problem for 2 in unsolvable.

The difficulty can be overcome by extending our basic lemma 2.1. It is useful
to think of this extension as a kind of parametrized version of 2.1. Although the
version we now describe is not the most general one available, it suffices for the
purpose at hand. Compare Theorem 4.20 of U%T.

Let I, O, and p be as in the hypothesis of 2.1. Let ¥ be any model of ©. For
each a € A let P, be a new unary operation symbol and let J and A be defined
as in the proof of 3.2. Let

Ou=0,,[UAU{Px=Py:a EA}],

QGs =0:,,[QG U{P.x=P.y: a € A}].

Finally let py be the extension of the definition p to I U J that is obtained by
setting pP, = P,x for each a € A. Then we can conclude that there exists a
transformation m of Te;urus satisfying conditions 2.1(i}-(iv) with I, ®, p, and QG
replaced respectively by 1 U J, O, ps, and QGq. In addition, the following
condition is satisfied provided I is finite.

(v) m restricted to Tey.r is recursive in ©.

The proof of this result is a straightforward modification of that of 2.1.

In %€J a number of results about universal and effectively universal
varieties are obtained. We shall state several of them here for quasigroups
without proof and refer the reader to the corresponding theorems in %%J.

THEOREM 3.3. There exist a continuum number of universal varieties of
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quasigroups any two of which have only trivial one-element quasigroups in

common.
See Theorem 3.9 of UZET.

THEOREM 3.4. For each recursively enumerable degree of unsolvability &
there exists a variety ¥ of quasigroups defined by a single equation such that ©OX is
of degree 8. Furthermore, X can be taken so that 8 is also the degree of the set of all
e €O such that |Vae|=12

For arbitrary effectively universal varieties this result is established in
Theorem 3.10 of U€T. The following interesting consequence of this result was
pointed out by Boone and Rogers (1966); see U%€J, Theorem 3.11.

THEOREM 3.5. Let T' be the set of all € € Eqr such that

(i) every model of ¢ is a quasigroup, and

(ii) O-[e] is decidable.
Then T is a maximal Xs-set in the Kleene-Mostowski hierarchy. In particular, T’
fails to be recursively enumerable.?

Some of the results obtained in &7 are established only for a special class
of universal varieties — the so-called normal universaf, or m-universal, varieties.
Most of these results, however, are essentially consequences only of the
following property of an arbitrary n-universal variety .#: for each countable type
I there exists a definition p of I in the type J of ¥ such that the conclusion of
Theorem 2.1 holds with QG and T replaced by ©®% and J, respectively. In
particular, the proofs of these results given in U€J can with little difficulty be
modified so as to apply to the variety of quasigroups. Some results of this kind
are formulated in the next two theorems. The first one, Theorem 3.6, further
describes the relationship between the structures of the free algebras &r..# and
¥1eH discussed in Theorem 3.1. Cf. Theorem 5.2 of UET.

Let I p, and & be as in the statement of 3.1. It is easy to see that the
particular variety £ constructed in the proof of 3.1 is the largest one possible
satisfying the conclusion of the theorem in the sense that it includes every variety
with this property as a subvariety. We denote this particular variety £ by pX. It
follows easily from 3.1 together with its proof that, for any positive cardinal a,
any one-one mapping from the free generators of Fr.% onto the free generators
of 31. (%) can be extended to an isomorphism from Fr.¥ into Tt, Fr. B¥K). In
the following theorem we shall identify Jr.% with its isomorphic image in

Ttp B1a (X ).

THEOREM 3.6. Let I be any countable type and assume p is a special
non-overlapping definition of I in T. Let X be any variety of type I and a any
positive cardinal. Then for each subalgebra N of Fr.X there exists a subquasi-
group B of the relatively free quasigroup Fr.(p¥) such that B N Fr.% = A.

https://doi.org/10.1017/51446788700017791 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700017791

[22] The variety of quasigroups 215

This theorem plays a principal role in the proof that there does not exist a
recursive algorithm for deciding whether or not a given finite set of equations
defines, together with the equations (Ia)-(IIb), a Schreier variety of quasi-
groups. This result is established in Pigozzi (b). The analogous result for the
amalgamation property is also established there; it depends on the next theorem
which corresponds to Theorem 5.3 of UE&JT.

Let % be an arbitrary variety and let p be a special non-overlapping
definition of the type I of ¥ in T. It is easily seen that the p-transform £,
becomes the object map of a functor from p¥ into X when these two varieties
are considered as categories in the natural way. It is well known that the functor
21, possesses a left-adjoint. A construction of this left-adjoint is given in UET
where it is denoted by li,, the universal inverse p-transform.

THEOREM 3.7. Assume I, p, and X are as in Theorem 3.6, and assume
A, BeH. If N is a subalgebra of B, then Ui, A is isomorphic to a subalgebra of
Ui, B. More generally, if h: A — B is an isomorphism, then so is

h: 1,9 — i, B

where h is the image of h under the functor Ui,.

CoroLLARY 3.8. Let I, p, and X be as in 3.6. If pH has the amalgamation
property, then so does X.

Our final theorem is easily seen to be a generalization of Theorem 2.1, and
we shall only outline its proof since it is an extension of the proof of 2.1.

THEOREM 3.9. Assume T is any finite set of equations of type T that fail to be
in QG. Then there exists a finitely based extension ® of QG satisfying the following
conditions.

(i) ® and € are mutually inconsistent for each ¢ €T.

(ii) Let I be any countable type. Then there exists a definition p of I in T such
that, for each theory ® of type I, there exists a transformation m of Terur satisfying
conditions 2.1(i}-(iv) with QG replaced everywhere by ®.

Proor. We shall assume that I consists of a single equation vy, = v;; the
argument in the general case is more complicated in details but presents no
essentially new difficulties. We also assume without loss of generality that for
pn=0,1.

(11) Y. =oc & implies |y, |=|8]| for all §°€ Ter.

Let A be the largest natural number yx such that the variable v, occurs in
either y, or v,. Let S, P,, - - -, P, be operation symbols distinct from each other
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and from the symbols in T and such that S is of rank 4 and Py, - - -, P, are all of
rank 1. Let

J= {S, Po’ . .’PA}

and let m be a special non-overlapping definition of J in {M} having the
following two properties:

(12) YO(WPO(x)’ s, P, (x));é ‘)’1(7TP0(X'), e, Py (x»;

for each countable type I disjoint from J there exists a definition p of I in {M}
such that p U o is a special non-overlapping definition of I UJ in {M} and

(13) (o Um)Q|>|v0l, |v:|] for every QETULJ

That such a definition 7 exists follows without difficulty from Lemma 1.4.
Let

(14) 80 = Yo(7Po(x), - - -, wPA(x)), 8: = yi(7Po(x), - -, mP, (X)),

and let @ be the theory of quasigroups generated by (Ia)~(IIb) together with the
equations

7P, (x)=7P.(y) for p =0,---,A,
wS(x,x,y,2)=y, and 7S(80, 8:,y,2)=z.

It is clear that @ and 8, = 8, are mutually inconsistent, so (i) holds. Let I be any
countable type disjoint from T; we assume without loss of generality that I is
also disjoint from J. Let p be any special non-overlapping definition of I in {M}
such that p U & is a special non-overlapping definition of I U J in {M} satisfying
(13). Finally, let ® be any consistent theory of type I. We shall construct a
transformation m satisfying the conclusion of (ii).

The construction of m follows closely the construction given in the proof of
2.1. In particular, we begin by choosing a variable-minimizing normal-form
function for the extended theory ®. Observe that by (11) we have:

(15) forall & n € Ter, 0(& 1) X yo, v, for every o € Ter such that o = y is one
of the equations (Ia)-(IIIb)

The transformation m is constructed by recursion on the length of
7 € Terur. mr = 7 if 7 € Va. Assume | 7| > 1. The definition now separates into
fifteen cases. The first five cases are identical to Cases 1-5 of the proof of 2.1.

CASE 6: m*fr = 7P, (§) for some u = A. Take mt =7wP.(x).
Case 7: m*‘-r = Dy (7P, ) (€)7wP.(x) for u = A. Take mt = (7P, )= (£).
CaSE 8: m*r = DewP,. (x) (7P, )r(£€) for u = A. Take m7 = (P, ). (§).
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CASE 9: m*1 = uS(§ €& 1, £). Take mr = 1.

Case 10: m*7 = D.wS; (& & m, {)n. Take mr = wSe(§ & 7, {).

Case 11: m*r = Den(wSc (£, & 1, 0)). Take mr = wS. (& £ m, {).
CAse 12: m*r = wS8(80, 81, m, {). Take mr = {.

Case 13: m*r = D, S, (80, 81, m, {){. Take mr = 7Sk (8o, 81, M, L).
CASE 14: m*1 = Dr{(7wSr (80, 81, M, {)). Take mr = 7S (8, 81, M, {).
Case 15: None of the first fourteen cases apply. Take mr =m*~.

The demonstration that m is well defined by these conditions follows closely
the corresponding demonstration in the proof of 2.1. In particular it relies
heavily on the fact that p U 7 is a special non-overlapping definition. The only
real novelty occurs in showing that Cases 9 and 12 (also Cases 10 and 13 and
Cases 11 and 14) cannot simultaneously apply; this of course depends on the fact
that 8., 8, are distinct terms by (12) and (14).

The proof that m is a normal-form function for ® €, ® is also very similar to
the proof of the same result in 2.1 with &= QG. Lemmas 2.2-2.8 and their
proofs transfer mutatis mutandis to the present case. The proof of 2.9 however
requires that we show the following hold for all £, ¢ € Teror:

(16) m(wP,(§))= m(wP.(n)) for all u =4,
(17) m(7wS(& & m, {)) = mn,
(18) m(ﬂs(ao, 81’ ’fl, g)) = m{

The proofs of (16) and (17) are straightforward, and the proof of (18) depends on
the fact that mé, = 8,, m8, = 6,. But these equalities are easily proved using (13)
and (15); in particular, observe that, because of (13) and the non-overlapping
property of p U m, no substitution instance of any (p U w)Q with Q €I U J can
occur as a subterm of 8, or 8, unless it is one of the terms #P, (x) that were
substituted for the variables in vy,, v, to form &, 8.

Lemma 2.9 is now proved in the same way as before and this immediately
gives 2.1(i) (with QG replaced by ®). Conditions 2.1(ii}~(iv) now follow easily as
in the proof of 2.1; we omit the details. This completes the proof of the theorem.

Theorem 3.1 can now be improved by requiring that every non-trivial
quasigroup in the variety & fail to satisfy identically each member of any finite
set of non-identities of quasigroups given in advance (additional restrictions
must be put on the definition p however). Analogous improvements of
Theorems 3.2-3.8 are readily formulated. As an immediate corollary of the
improved version of 3.2 we get the following theorem originally proved by
Bol'bot (1972).

THEOREM 3.10. Let L be any finite set of proper subvarieties of the variety of
all quasigroups. Then there exists a continuum number of equationally complete
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quasigroup varieties % such that X N £ contains only one-element quasigroups for
each £ € L.

Theorems 3.9 and 3.10 also hold for all normal universal varieties, in
particular, commutative groupoids and bisemigroups.

In our final remarks we would like to discuss the possibility of extending the
results of this paper to important subvarieties of quasigroups. The most natural
one to consider is that of loops; a loop is a quasigroup which satisfies the identity

D.xx = Dryy.

The variety of loops is not universal since, like all varieties each of whose
members includes a one-element subalgebra, all constant unary polynomials
over an arbitrary loop are identical. However, as should be expected, loops do
inherit some universal-like properties from quasigroups. For example, we know
that loops are universal for non-constant multi-unary algebras in the sense that
Theorem 2.1 continuous to hold after the following changes are made in its
statement: (I) I is restricted so as to contain only operation symbols of rank 1;
(II) ® contains no equation of the form r(x)=o(y); (III) QG is replaced
everywhere by the theory of loops. The proof of the modified version of 2.1
follows pretty closely the proof of the original.

This partial result allows some of the consequences of 2.1 given in Section 3
to be extended to loops; this applies in particular to Theorems 3.4 and 3.5. We
have not systematically investigated the universal properties of loops, however,
and we think this would be an interesting problem to consider.

The variety of commutative groupoids is known to be universal and we
think that it is very probable that the same is true of commutative quasigroups.
The result for commutative groupoids is obtained in U&7, Theorem 4.25. The
method of proof differs considerably from that of Theorem 3.2, but it seems
likely that the two proofs can be combined to give the universality of commuta-
tive quasigroups.

A quasigroup is totally symmetric if its three fundamental operations of
multiplication, left-division, and right-division all coincide. These quasigroups
form an important subvariety of quasigroups but we have not investigated their
universal properties and have no feeling at all as to how extensive they may be.
Bol’bot (1967) has shown, however, that there exists a continuum number of
equationally complete varieties of totally symmetric quasigroups.

The variety of groups fails to be universal in a very strong sense. For it
appears that even the weakest kind of universal property implies the existence of
a continuum number of complete subvarieties, but it is well known that there
exist only countably many complete group varieties. As to be expected the
associative law seems to be highly destructive of universal properties, and thus it
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would be particularly interesting to investigate the universal properties of a
variety of quasigroups, such as Moufang loops, which satisfy a quasi-associative
identity. We have not as yet done any work in this direction.
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