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Abstract

There is a well-known correspondence between varieties of algebras
and fully invariant congruences on the appropriate term algebra. A spe-
cial class of varieties are those which are balanced, meaning they can be
described by equations in which the same variables appear on each side.
In this paper, we prove that the above correspondence, restricted to bal-
anced varieties, leads to a correspondence between balanced varieties and
inverse monoids. In the case of unary algebras, we recover the theorem of
Meakin and Sapir that establishes a bijection between congruences on the
free monoid with n generators and wide, positively self-conjugate inverse
submonoids of the polycyclic monoid on n generators.

In the case of varieties generated by linear equations, meaning those
equations where each variable occurs exactly once on each side, we can
replace the clause monoid above by the linear clause monoid. In the case of
algebras with a single operation of arity n, we prove that the linear clause
monoid is isomorphic to the inverse monoid of right ideal isomorphisms
between the finitely generated essential right ideals of the free monoid on
n letters, a monoid previously studied by Birget in the course of work on
the Thompson group V' and its analogues.

We show that Dehornoy’s geometry monoid of a balanced variety is a
special kind of inverse submonoid of ours.

Finally, we construct groups from the inverse monoids associated with
a balanced variety and examine some conditions under which they still re-
flect the structure of the underlying variety. Both free groups and Thomp-
son’s groups Vj,,1 arise in this way.

2000 AMS Subject Classification: 20M18, 2005, 08B99.



1 Introduction

In [7], Patrick Dehornoy showed that an inverse monoid could be associated
with each variety that can be described by means of a set of of balanced equa-
tions, where a balanced equation is one in which the variables occurring on each
side of the equation are the same. This monoid, which Dehornoy termed the
‘structural monoid’, and later the ‘geometry monoid’, of the variety, acts on the
set of terms. The equivalence relation it determines is the fully invariant con-
gruence associated with the original variety. The geometry monoid is therefore
intimately connected with the structure of the variety. In addition, the univer-
sal groups of the geometry monoids are interesting. For example, the universal
group of the geometry monoid associated with the variety of semigroups is none
other than Thompson’s group F [8, 9, 10].

Dehornoy’s idea [7] relies on the notion of a ‘minimal presentation’ of a vari-
ety. He associates an inverse monoid with each minimal presentation, and then
proves that the inverse monoids associated with different minimal presentations
are isomorphic. It is this common inverse monoid that is defined to be the ge-
ometry monoid of the variety. Dehornoy states that it can be regarded as being
‘essentially’ the family of identities that hold in the variety.

The main goal of this paper is to show that the set of all identities that hold
in a balanced variety V can be used to construct an inverse monoid, which I
shall denote by Z(V), and call the ‘inverse monoid of the variety’. Dehornoy’s
geometry monoid will turn out to be a special inverse submonoid of Z(V).

2 Statement of the main theorem

We begin with some definitions from universal algebra; for standard results, 1
refer the reader to [2], [6] or [13].

Let X = {z;: ¢ € N}, our set of variables. If A C X then 14 denotes the
identity function defined on A. Let Q be the operator domain: that is, a list
of function symbols and their arities. We shall refer to Q-algebras or algebras
of type Q. We denote by T'(X) = Tq(X) the term algebra of type Q over X.
Operations of arity zero are called constants. Terms having no variables are
called ground terms. If A C X then T'(A) = Tq(A). The term algebra T'(A) is
itself an algebra of type Q. A wvariety of Q-algebras is a collection of 2-algebras
closed under arbitrary direct products, homomorphic images, and subalgebras.
If s is a term, then v(s) denotes the set of variables occurring in s. If s,t € T(X),
then I shall write s ~ t to be the equation they determine. I shall also feel free
to regard an equation s = t as an ordered pair (s,t). If I write s = ¢ then I
mean the terms s and ¢ are identically equal. A fully invariant congruence G on
Ta(X) is a relation ~ satisfying the following five conditions:

(Cl) s~ s € g for each term s € To(X).
(C2) f s~teGthent=seQG.
(C3) If s~t,t~uecGthens~uecg.



(C4) If s(z1,...,zn) = t(x1,...,2,) and uq, ..., u, € To(X) then

S(Uty ey Up) R (UL, ey Up).

(C5) If s; = t; € G for 1 <i<mn and pis an n-ary operation symbol in  then
P(51,~ . -,Sn) ~ p(th' . atﬁ)

The set of all equations that hold in every algebra of a variety forms a fully
invariant congruence, and the set of all algebras that satisfy all the equations
in a fully invariant congruence is a variety. In fact, the following result is true.
See Theorems IV.1.2 and IV.3.1 of [6] for a proof.

Result 2.1 (Birkhoff’s variety theorem) There is a bijection between vari-
eties of Q-algebras and fully invariant congruences on To(X). u

Let V be a variety and G its corresponding fully invariant congruence. A
presentation of V is a set of equations £ such that the smallest fully invariant
congruence on T'(X) containing £ is G. The proof of the following may be found
in [2].

Result 2.2 (Birkhoff’s completion theorem for equational logic) Let &
be a set of equations, and let G be the fully invariant congruence they generate.
Then the equation s =~ t belongs to G iff s = t can be derived from £ using the

following operations:
(EL1) EFs=t for eachs~te€.

EL2

EF s~ s for each term s.

EL4

)
)
EL3) IfEF-s~t thenEFt~s.
Yy IfEbs~tandEFt~u then £ s~ u.
)

(
(
(
(EL5) If EF s(xy, ..., xpn) = t(x1,...,x,) and uy, ..., u, € To(X) then

EFs(ur, ... up) & t(ur,. .., uy).

(EL6) IfEF s; = t; for 1 <i<mn and p is an n-ary operation then

EFp(st,...,sn) = p(ti,... tn).

An equation s = ¢ is said to be balanced if the set of variables occurring in
s is the same as the set of variables occurring in ¢. A presentation is balanced
if every equation in it is balanced. Using Result 2.2, it is easy to show that if
the fully invariant congruence G is generated by a balanced presentation then
every equation occurring in G is balanced; in this case, I shall say that the



fully invariant congruence G is balanced. Thus balanced varieties correspond to
balanced fully invariant congruences.

In this paper, an inverse monoid will be constructed from each balanced
variety by refining Result 2.1. We now review the basic definitions of inverse
semigroup theory, and describe the extra structure that the inverse monoids
associated with a balanced variety will have.

A semigroup is a set equipped with an associate binary operation, and a
monoid is a semigroup with an identity. A zero 0 in a semigroup S is an
element such that Os = 0 = s0 for all elements s. Monoid homomorphisms
preserve identities, and homomorphisms of semigroups with zero preserve zeros.
A semigroup S is said to be inverse if for each s € S there exists a unique
element, denoted s~! and called the inverse of s, such that s = ss~'s and
571 = 5715571, An element e of S is called an idempotent if €2 = e. The set of
all idempotents of S, denoted E(S), forms a commutative subsemigroup of S.
If s5,t € S we define the relation s < t if s = te for some idempotent e. It can be
proved that < is a partial order, called the narural partial order. With respect
to this order the set of idempotents becomes a meet semilattice.

If S is an inverse semigroup, then we can define a groupoid, in the sense of
category theory, denoted (S,-), where s -t is defined and equals st iff s71s =
tt~1. The groupoid of S and its natural partial order together determine the
semigroup multiplication, since

st = (se) - (et)

where e = s 1stt~! and se < sand et < t. If §: S — T is a function between two
inverse semigroups, then it is a homomorphism iff it is a functor for the groupoid
structure, order preserving, and is a semilattice map between the respective
semilattices of idempotents.

The symmetric inverse monoid I(X) is the set of all partial bijections of
the set X under composition of partial functions. It is an inverse monoid. An
action of an inverse monoid S on a set X is a monoid homomorphism from S
to I(X). Such an action induces an equivalence relation on the set X.

A subset A of an inverse semigroup S is said to be an order idealif s < a € A
implies a € A. If S is an inverse monoid and 7" an inverse submonoid of S, we
say that T is a wide inverse submonoid if the idempotents in .S and T' are the
same. If T is a wide inverse submonoid of S then T is also an order ideal. For
proofs of all the above assertions see [15].

An inverse Q2-algebra is an inverse monoid S which is also an Q2-algebra such
that the Q-operations are semigroup homomorphisms. For example, suppose
that Q consists of one binary operation symbol x. Then the inverse monoid
S is an inverse (2-algebra if in addition to its semigroup operation, denoted by
concatenation, it is also equipped with a binary operation, I shall denote by ®,
such that S x S — S given by (s,t) — s ®t is a semigroup homomorphism.
This means that if (s,), (s',t') € S x S then

(s@t)(s @t)=ss @t



Remark Observe that (s ®t)"! =s71 ®¢t~!, since
(st (s Tt Hsat)=ss sttt 't=s3t,
and
steotHeset)(stot ) =stss ottt =s ot !l

In addition,
st=(s)(1et)=1xt)(s®1).

These observations generalise to operations of arbitrary arity. Thus if 2 con-
sists of one operator symbol of arity n, then an inverse Q-algebra is equivalent
to an inverse monoid equipped with n semigroup endomorphisms 6; such that
0:(5)0;(t) = 0;(t)0;(s) for all s,t € S, and 6,;(1) = 6;(1) for all ¢ and j.

An inverse Q-subalgebra T of S is an inverse submonoid 7' which is also
an 2-algebra with respect to the induced operations. The intersection of any
set of inverse (2-subalgebras is again an inverse {2-subalgebra so we can talk
meaningfully of the inverse Q2-algebra generated by a subset.

We can now state the main theorem of this paper.

Theorem 2.3 (Correspondence Theorem) With each operator domain 2
we can associate an inverse Q-monoid CMgq, called the clause monoid over ).
There is a bijection between the balanced Q-varieties V and the wide inverse

Q-subalgebras Z(V) of CMqg. ]

3 Proof of the main theorem

Our main goal is to construct from each balanced Q-variety V an inverse monoid
denoted Z(V). The construction of this inverse monoid is in fact an application
of a general technique for constructing inverse monoids from categories acting
suitably on sets (or groupoids), described in [16, 19]. However, I shall pro-
ceed without reference to this more general theory except to call upon it to
substantiate results whose proofs would otherwise be tedious.

We begin by studying the properties of substitutions, since they play a big
role in our construction. If A and B are subsets of X, the set of variables,
we may consider homomorphisms f: T(A) — T(B) in the usual way. Every
homomorphism f: T(A) — T(B) is determined by the values of f restricted to
A, f|A, called a substitution. I denote the set A by dom(f).

Remark It is important to observe that in this paper a substitution will be
a partial function: it is the restriction of f to A. This is different from the
way that substitutions are usually handled, which is as functions defined on all
variables but the identity on all but a finite number of them. However, the
translation between the two approaches is straightforward.



A homomorphism f: T(A) — T(B) is said to be full if

B= |J v(f(s)).

seET(A)

Denote by C the set of algebras T'(A), where A is a finite subset of X, together
with the full homomorphisms between them. A full homomorphism f: T(A) —
T(B) is determined by a full substitution: the restriction f|A has the property
that each element of B occurs in f(a) for some a € A. Let f: T(A) — T(B)
and f': T(A") — T(B’) be two full homomorphisms. Suppose that A and A’
are disjoint. Then (f|A) U (f'|A’) is a function from AU A’ to T(B U B’) and
so extends to a homomorphism from T(AU A’) to T(BU B’). Tt is clearly full.
I shall denote this homomorphism by f + g, their disjoint union.

Lemma 3.1 The set C is a right cancellative category in which the isomor-
phisms are those full homomorphisms f: T(A) — T(B) such that f induces a
bijection from A to B.

Proof We begin by characterising the full homomorphisms. Let f: T(A) —
T(B) be full, and suppose that z, € v(f(s)) for some s € T(A), then z, €
v(f(z,)) for some z, € A. It follows that f: T(A) — T(B) is full iff for each
b € B there exists a € A such that b € v(f(a)).

To show that C is a category, it is enough to note that the identity homomor-
phism defined on T'(A) is full, and that the composition of full homomorphisms
is full follows from the characterisation of full homomorphisms above.

We now prove that it is right cancellative. Let

and )
7(C) & T(B) £ T(4)
be full homomorphisms such that fg = f’g. I shall prove that f = f’. Let

xp € B. Since g is full there exists x, € A such that the variable x; occurs in the
term g(z,). By assumption f/(g(z,)) = f(g(x,)). It follows that f/(zp) = f(xy).
Since x, was an arbitrary variable in B we deduce that f = f, as required.
The function f: T(A) — T(B) is an isomorphism if there is a function
g: T(B) — T(A) such that gf is the identity on A, and fg is the identity on B.
It follows that f induces a bijection between A and B. [ |

The isomorphisms in C are called renaming isomorphisms.
If f € C and s € T(X) then we define f-s = f(s) iff dom(f) = v(s). The
proofs of the following are straightforward.

Lemma 3.2

(i) If A=v(s) then 14 -s=s.



(ii) If f - s is defined and f: T(A) — T(B) then v(f -s) = B.

(iii) Let f: T(A) — T(B) and g: T(B) — T(C). Then (gf) - s is defined iff
g (f-s) is defined, and they are equal.

(iv) If f-s=g-s then f=g. n

Remark Parts (i)—(iii) of the above lemma tell us that the category C acts on
the set of terms T'(X).

We say that a pair of terms s and ¢ are disjoint if v(s) N v(t) = 0. Such a
pair of disjoint terms is said to be unifiable iff there exist substitutions f and g
such that f-s=g-t.

Lemma 3.3 Let s = p(uy,...,upy) and t = o(vy,...,v,) be a pair of disjoint
terms where p and o are in the operator domain, and where the u; are disjoint,
and the v; are disjoint. Then s and t are unifiable iff p = o, so that m = n,
and u; and v; are unifiable for 1 < i < m.

Proof Suppose that
We may write f = f1 +...+ f, and g = g1 + ... + gn, both disjoint unions,
such that

f'S:p(fl ULy ey m'um)
and

g-t=0(g1"V1,...,Gn V).
Thus f-s=g-timplies p =0, m =n and f; - u; = g; - v;. Hence, in particular,
fi and g; are unifiable. The converse is proved similarly. u

The next result is a special case of the unification algorithm [2], adapted to
our approach to substitutions.

Theorem 3.4 Let s and t be a pair of disjoint unifiable terms. Then there are
substitutions f and g such that f-s = g-t, and if f' and g’ are substitutions
such that f'-s = ¢ -t then there is a substitution h such that f' = hf and
/

g =hg. n

Notation We use the notation of the previous theorem. We put

f = mgul(svt) andg = mguZ(Sa t)

and
f-s=sAt=g-t.

It is easy to deduce, using the fact that C is right cancellative, that f and g are
unique upto a renaming isomorphism, and so s At is unique upto a renaming



substitution.

Let s be a term. Define

C-s={f-s fecC}

This is therefore the set of all terms that can be obtained from the term s by
using substitutions. The lemma below is crucial to our main construction.

Lemma 3.5 Let s and t be terms. If C-sNC -t # () then there is a term s At
such that
C-sNC-t=C-(sNt).

Proof By Lemma 3.2(iv), C- s = C - ¢’ iff s and s’ differ by a renaming isomor-
phism. Thus without loss of generality, we may assume that v(s) N v(t) = 0.
Since C-sNC -t # (0, the terms s and ¢ are unifiable. By Theorem 3.4, there are
substitutions f and g such that f-s = g-t, and if f’ and ¢’ are substitutions
such that f/-s = ¢’ -t then there is a substitution h such that f’ = hf and
g = hg. Put

sNt=f-s=g-t.

Then
C-(snt)CC-sNC-t.

Let u e C-sNC-t. Then u= f'-s=g -t for some substitutions f’ and ¢’. It
follows from the properties given above that u € C - (s A t). n

Remark Let s and ¢ be a pair of disjoint terms such that
C-snC-t=C-u.
Then there exist substitutions f and ¢ such that
u=f-s=g-t.
Suppose that f'-s=g¢ -t. Then f'-s =g’ -t = h-u for some h. It follows that
(hf)-s= f'-sand (hg)-t = ¢ -t. By Lemma 3.2(iv), we have that hf = f’ and

hg = ¢g'. We deduce that for disjoint terms s and ¢, we have that C-sNC -t # ()
iff s and ¢ are unifiable, in which case u = s A t, upto a renaming isomorphism.

We can now define the inverse monoid Z(V) associated with the balanced
variety V.

Proposition 3.6 With each variety V defined by a balanced presentation, we
can associate an inverse monoid Z(V).

Proof Let G be the fully invariant congruence corresponding to V. I shall
denote elements of G by ordered pairs (s,¢). Define a (partial) action of C on



G as follows: if (s,t) € G and f: T(A) — T(B) is a full homomorphism then
define

if A=v(s)(=v(t)). The pair (f(s), f(t)) belongs to G because the congruence
G is fully invariant. Define a relation < on G by

(s',t") = (s,t)

iff there exists a substitution f such that (s',¢') = f - (s,t). The relation < is a
preorder: it is reflexive because each term s is fixed by the identity substitution
defined on the variables occurring in s; it is transitive by composing full homo-
morphisms. It follows that the preorder induces an equivalence relation, which
I shall denote by =, on the set G. The =-equivalence class containing (s,t)
will be denoted [s,¢]. In addition, the set of =-equivalence classes is ordered
when we define [, t'] < [s,t] iff (s’,¢") < (s,t). Observe that by Lemma 3.2(iv),
[s,t] = [¢/, ] iff there is a there is a renaming isomorphism f such that

f-s=sand f-t =t

We define the set Z(V) to consist of all the equivalence classes [s,t] together
with an adjoined zero 0. We extend the partial order we have defined to the
whole of Z(V) by making 0 the smallest element.

We now prove that we can define a multiplication on the set Z(V) in such
a way that it becomes an inverse monoid. First, the zero 0 behaves like a zero
for the multiplication. Let [s,¢], [u,v] € Z(V), both non-zero. Without loss of
generality, we may assume that ¢ and v have no variables in common. There
are two possibilities:

(1) C-sNC-u=0. In this case, we define [s,t][u,v] = 0.

(2) C-sNC-u # 0. In this case, by Lemma 3.5, put f = mgu,(¢,u) and
g = mguy(t,u), and define [s,t][u,v] = [f - s,g - v]. Observe that, by
assumption, the variables in s and ¢ are the same as the variables in u
and v respectively, so that both f -s and g - v are defined. In addition,
from s~tandu~uvweget f-s~ f-tand g-u=g-v by (C4), and so
f-sx~g-veghby (C3).

We have to check that this multiplication is well-defined and associative: this
can be done directly, but it follows from the general theory described in [16, 19].
This definition gives us the semigroup (with zero) structure of Z(V).

It is straightforward to check that the nonzero idempotents of Z(V) are those
elements of the form [s, s], where s is any term,; this is a reflection of axiom (C1),
and that the idempotents commute. If [s,t] € Z(V) then [t,s] € Z(V) by (C2).
An easy calculation shows that

[s,t] = [s, t][t, s][s, t] and [t, s] = [¢, s][s, t][t, 5]

Thus Z(V) is an inverse semigroup in which [s,#]~! = [t, s]. The natural partial
order in this inverse semigroups agrees with the order we defined above. Thus



the form of the natural partial order is related to axiom (C4). Let z € X be any
variable. Then [s,s] < [z, z]. Tt follows that [z, z] is the maximum idempotent

and so is the identity of the semigroup. Thus Z(V) is an inverse monoid (with
z€ero). [

The monoid constructed above is called the inverse monoid of the (balanced)
variety V.

Remark It is interesting to observe that we have used all the axioms defining a
fully invariant congruence except (C5). We shall see below how this axiom can
be interpreted in terms of the structure of Z(V).

The set of all possible equations s ~ t where v(s) = v(t) is clearly a fully
invariant congruence. The corresponding inverse monoid is denoted CMgq and
is called the clause monoid (over Q). The monoid Z(V) is an inverse submonoid
of CMgq for any balanced variety of algebras of type 2. The clause monoid was
defined in [16], and was originally motivated by work of Girard in linear logic
[12].

We shall now show how (C5) comes into play.

Proposition 3.7 Let V be a balanced variety of Q-algebras. Then Z(V) is an
Q-algebra. In particular, for each n-ary operation p in ), we may define an
n-ary operation p on I(V) in such a way that the following two properties hold:

(l) ﬁ(f;h - ,fn)ﬁ(gl, e 7gn) = ﬁ(flgla ey fngn)'
(ii) p(fy,....f0) P =pE . fa ).

Where the f; and the g; are elements of Z(V). In addition, if any of the f; =0
then p(f1,...,fn) = 0. Finally, the function p is injective.

Proof It is enough to prove (i), since the proof of (ii) follows from inverse
semigroup theory and (i). We shall begin by showing how we may define the
stated operations.

Let p be an n-ary operation symbol in 2. We shall define an n-ary operation
ponZ(V). Let [s;,t;] € Z(V) where 1 < ¢ < n. Ishall assume that v(s;)Nv(s;) =
() for i # j. Since v(s;) = v(t;) for each 1 <14 < n, it follows that v(¢;)Nv(t;) = 0
for i # j as well. Define the n-ary operation

ﬁ([slatl]a EERR} [Snatn]) = [P(Sl, i '7Sn)ap(t17 s 7tn)}

Observe that the right-hand side is an element of Z(V) because from s; = t; for
1 <4 < n we have that p(s1,...,sn) = p(t1,...,t,) by (C5).

To show p is well-defined, we need only show that if s}, ¢;] = [s;, ;] are such
that v(s}) Nv(s}) =0 for i # j then

lo(s1,- -5 80), p(t1, .- ta)] = [p(sY, ..., 80), p(ty, - -, t0)].

10



Let f; be the relabelling isomorphism that maps s; to s; and t; to ¢;. Then the
disjoint union of the f; is a relabelling isomorphism that maps

(p(s1,---,8n),P(t1, -, tn))

to
(p(shy .. y8h), p(ty, ... th)).

It follows that p is a well-defined n-ary operation on Z(V).
It remains to show that (i) holds. We shall prove that

A[s1,t1], - -y [Sn, tn))p([ur, v1]s - - [tn, va]) = p([s1, t1][ur, v1], - -+, [Sns tn)[tn, V).
By definition

/3([317t1}7 LR [Snvtn]) = [p(slv o 'vsn)vp(tlv s 7tn)]

and
ﬁ([ul?vl]ﬂ cey [unavn]) = [p(ula s aun)vp(vlv cee ’Un)]'

We now consider the product

[p(Sl, . ~,3n)ap(t1, cee atn)][p(ula e 'aun)ap(vlv s 71)71)}'

Without loss of generality, we can assume that v(p(t1,. .., t,)) and v(p(v, ..., v,))
are disjoint. By Lemma 3.3, these two terms are unifiable iff ¢; and u; are unifi-
able for 1 <i <n. If f; -t; = g; - u; then we may define f = f1 +...+ f, and
g=g1+ ...+ gn, and it follows that

fepltr, ..., tn) =g - plvr,...,vp).

We deduce that the product
[p(s1y- vy 8n)yp(tr, - ta)][p(ur, - -« yun), p(v1, ... 05)]
is non-zero precisely when all the products
[si, tillwi, vi]

are non-zero. This non-zero product will be

[f-p(s1y-580),9 - p(v1, oy 0n)],
which is equal to

[p(f1- 8155 fo50),p(91 V15 ooy Gn - 0]

By definition this is just

ﬁ([fl * 81,91 'Ul}v"'v[fn *Snydn 'Un])

11



which is equal to
ﬁ([slvtl] [Ul,'Ul], ey [Snvtn] [unavn])v

as required. This proves (i).
It remains to prove that p is injective. Suppose that

ﬁ([817t1]7 ) [Snatn]) = /3([8/17t/1]7 AR} [S;wtil])

Then by definition

[p(815-s8n), p(t1, ... tn)] = [p(s], ..., sh), p(t), ... th)].

Thus

p(s1veysn) = [ -plsh...,sh) and pltr, ... t0) = [ p(th,...1})

for some renaming isomorphism f. From then proof of Lemma 3.3, we deduce
that [s;, ;] = [s},t}] for 1 <4 < n, as required. u

We can now prove the Correspondence Theorem.

Proof of Theorem 2.3 It is immediate from the definitions that for each
balanced variety V, the inverse monoid Z(V) is a wide inverse {2-subalgebra of
CMaq. Let V and V' be two balanced varieties such that Z(V) = Z(V’). Let (s,t)
be a balanced equation holding in V. Then [s,t] € Z(V) and so [s,t] € Z(V').
Thus (s',t') is a balanced equation holding in V’ where (s',t') = f-(s,t) and f is
a renaming isomorphism. Thus f~1-(s',#') = (s,t). By (C4), the equation (s, )
holds in V'. By symmetry, the varieties V and V' satisfy the same equations,
and so V =V’ by Result 2.1. We have proved that Z is injective. We now prove
that it is surjective. Let S be an inverse submonoid of C Mg, satisfying the given
conditions. Define

Gg={s~t: [s,t] € S}

We prove that G is a fully invariant congruence on Tq(X):

(C1) holds because S is a wide inverse submonoid.

(C2) holds because S is an inverse submonoid.

(C3) holds because S is a submonoid.

(C4) holds because S is a wide submonoid and so an order ideal; recall that
[s',t] < [s,t]iff & = f-sand t' = f -t for some element f of C.

(C5) holds because S is an Q-subalgebra.

Thus G is a fully invariant congruence. Clearly, S = Z(V) where V is the
Q-variety corresponding to G. u

Inverse monoids are the abstract counterparts of inverse monoids of partial
bijections. The clause monoid CMgq has been defined in terms of equivalence
classes of equations. To conclude this section, I shall show that it can be iso-
morphically represented by partial bijections on the term algebra.
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Let s and t be terms. A function
a:C-s—C-t
is called a C-isomorphism if it satisfies the following three conditions:
(IM1) It is a bijection.
(IM2) v(a(u)) = v(u), for each u € C - s.
(IM3) a(f-u)=f-o(u) forallueC-sand f €C.

Denote the set of C-isomorphisms of To(X) by In = I¢(Tq(X)). For each
n-ary operation symbol p in €2, define the n-operation p on Ig as follows. Let
fi--., fn be n elements of I. Then p(fy,..., fn) has as domain all terms of the
form p(uq,...,u,) such that all f; - u; are defined. When this occurs define

ﬁ(fl»"'ufn)(p(uly~~'7un)) :P(fl 'u17"'7fn un)
Lemma 3.8 I is an inverse (2-algebra.

Proof The proof that we have an inverse monoid is a special case of the results
to be found in [16]. It remains to be proved that this inverse monoid is actually
an inverse {2-algebra. We prove first that p(fi,..., f,) is a C-isomorphism. Let
fi:C-s; — C - t; be the C-isomorphisms. Without loss of generality, we may
assume that the v(s;) are disjoint. It follows that

p:Cp(s1,..58n) = C-p(ty, ... ty).
To prove that we have an inverse -algebra, we need to check that

ﬁ(fl?"'afn>ﬁ(glv"'7gn) = ﬁ(flgla-- -7fngn)7

which is straightforward. [ |

The semigroup-isomorphism part of the result below is just an application
of Theorem 2.7 of [16].

Proposition 3.9 There is an isomorphism
d): CMQ — IQ

of inverse monoids and Q-algebras. In addition, if V is a balanced Q-variety,
and if [u,v] € Z(V) then s = ¢([u, v])(t) iff s =t is an equation holding in V.

Proof Given [s,t] € CMgq, we define ¢([s,t]) to be the function with domain
C -t and codomain C - s, and mapping f -t to f-s. This function is well-defined,
because if w € C -t then v = f -t and f is uniquely determined by u using
Lemma 3.2(iv). If [¢/,t'] = [s,t] then 8 = ¢g-s and ¢ = ¢ -t for a renaming
isomorphism ¢g. Hence C-s' =C-sand C-t' =C-t. fu € C-t' then u = f'-t'.
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It follows that w = f’- (g -t) and so u = (f’g) - t. Thus by Lemma 3.2(iv), we
have that f = f'g. Now u +— f'-s'. But f'-s' = f'(g-s) = f-s. We have
shown that the function ¢([s,t]) is well-defined and independent of the choice
of representative from the equivalence class [s,t]. Observe that ¢([s,])(t) = s.

Suppose that ¢([s,t]) = ¢([u,v]). Then u = ¢([s,t])(v). Thus v € C - t and
sov=f-tand u= f-s for some f. Also s = ¢([u,v])(t). Thus t € C-v and so
t=g-vand s=g-u. Hence v=(fg) -vandt= (gf)- ¢t By Lemma 3.2(iv),
f is a renaming isomorphism and so [s,t] = [u,v]. We have proved that ¢ is
injective.

Let a: C-s — C -t be an arbitrary element of In. Let a(s) = ¢/, where
t' € C-t. Thust' = f -t for some f. Since « is a bijection, there is an element
g - s such that a(g-s) =t. It follows that (¢f) -t =t. Thus by Lemma 3.2(iv),
gf is the identity function on the variables of ¢. Now observe that

a((fg)-s)=alf-(g-8) = F-t =1 = als).

By injectivity, (fg) - s = s. Thus fg is the identity function on the set of
variables of s. Hence f is a renaming isomorphism. By (IM2), we have that
v(s) = v(t'). Thus [t/, s] € CMgq, and it is now immediate that ¢([t', s]) = a.
We have proved that ¢ is a well-defined bijection. It only remains to check
that ¢ is a homomorphism, but this can either be proved directly or follows
from [16].
To prove that ¢ is isomorphism of €2-algebras, we need to prove that

bp = po

where p is the n-ary operation on CMgq and p is the n-ary operation on Ig. But
this follows from the definitions and the proof of Lemma 3.8.

Finally, we prove the last claim. Suppose s & t holds in V. Then [s, t] € Z(V)
and s = ¢([s, t])(t). Now suppose that s = ¢([u, v])(t) where u =~ v holds in V.
Thent = f-v and s = f-u. By assumption, u ~ v holdsin V and so f-u = f-v
holds in V by (C4). Thus s ~ t holds in V, as required. ]

4 An example: unary algebras

In this section, I shall interpret the Correspondence Theorem in the simplest
interesting case: that of an operator domain €2 consisting only of unary operation
symbols. Let Q = {ly,...,l,} where n > 1. We begin by describing the term
algebra To(X). A typical term is

i (l2(l3(x)))

where z € X. The first point to note is that the brackets here are not necessary.
So this term can be written just as well as

lllglg(x)

14



Let L = {ly,...,l,}. The set L* is the free monoid on L, whose identity we
denote by €. Each term in To(X) can be written unambiguously as u(z) where
u € L* and x € X; if u = ¢ then () is simply z. An equation over T(X) is
balanced precisely when the variables ocurring on each side of the equation are
the same. Elements of CMgq have the form

[u1(z), uz(x)].

But x can be replaced by any variable in X. It follows that there is a bijection
between the non-zero elements of CMgq and pairs of strings (u1,us). Conse-
quently, define

P, = {(u1,u2): ui,ug € L*} U {0}

We shall now show that P,, can be endowed with a multiplication that makes it
isomorphic to CMgq. The key, of course, is to describe the unification algorithm
for terms in T (X) for our choice of .

Let u(z) and v(y) be a pair of terms where z # y. Then they are unifiable
iff there are terms u'(z) and v'(z) such that wu'(z) = vv'(z); this occurs iff u is
a prefix of v, or v is a prefix of u. It follows that we should define the following
product on P,:

(vyw,va) if v1 = usw
(u1,ug)(v1,v2) = (u1,vow) if ug = viw
0 else

The set P, equipped with this product is called the polycyclic monoid on n
genemtors.lA The monoid CMg is also an -algebra. By Proposition 3.7, we
may define [; on P, by

Li(ur, u2) = (Liua, liug);

it maps zero to zero. Observe that in this case

Li(ur, uz) = (I €) (ur, uz) (liye) ™
We have therefore proved the following theorem.

Proposition 4.1 Let Q be an operator domain with n unary operation sym-
bols. Then the clause monoid CMgq is isomorphic to the polycyclic monoid on
n generators. u

We now have to determine what the fully invariant balanced congruences on
Ta(X).

Proposition 4.2 There is a bijection between the fully invariant balanced con-
gruences on To(X) and the semigroup congruences on L*.

You can find out more about this monoid in my book [15]. The multiplication there is
defined in terms of suffixes rather than prefixes, but this yields an isomorphic monoid.
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Proof Let p be a fully invariant balanced congruence on T (X). Define
p¢ ={(u,v) € L* x L": u(z) = v(z) € p for some variable z}.

Since p is an equivalence relation, it follows that p¢ is an equivalence relation;
since p is fully invarient, p© is a right congruence; since p is an 2-congruence,
p¢ is a left congruence. Thus p© is a congruence on L*.

Let a be a congruence on L*. Define

o ={u(z) =~ v(x): x € X and uav}.

It is easy to check that a® is a fully invariant congruence on To(X), and that
()¢ =« and (p°)® = p. ]

We shall now characterise the wide, inverse 2-subalgebras of CMgq where Q)
consists only of unary operation symbols. An inverse submonoid S of P, is said
to be positively self-conjugate if

(1,6 (0, w)(w,¢) " € §
for each (v,w) € S and (u,e) € P,.

Proposition 4.3 The wide inverse submonoids of P,, that are also Q-subalgebras
are precisely the wide, positively self-conjugate inverse submonoids.

Proof This follows from our description of the unary operations [; defined on
P,, prior to Proposition 4.1. u

If we combine Propositions 4.2 and 4.3 with Theorem 2.3, we obtain the
following version of the Correspondence Theorem for the case where the operator
domain consists solely of unary operation symbols.

Theorem 4.4 Let L* be the free monoid on n generators. Then there is a
bijection between the congruences on L* and the wide, positively self-conjugate
inverse submonoids of P,,. u

Remark Theorem 4.4 was first proved by Meakin and Sapir [20]. It follows
that our Theorem 2.3 can be viewed as a generalisation of their result to all
balanced varieties. Explicitly, if p is a congruence on L* then the corresponding
inverse submonoid of P, consists of those pairs (u,v) such that u pwv. u

5 The linear case

The theory developed in Section 3 dealt with arbitrary balanced varieties. In
this section, I shall concentrate on a class of balanced varieties called the ‘linear’
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varieties. These have nicer properties than arbitrary balanced varieties and so
it will make sense to develop a version of the general theory tailored to this case.

A term s is said to be linear if each variable that occurs occurs exactly once.
I shall denote by T'(X) = T (X) the set of all linear terms. An equation s ~ t
is said to be linear if in addition to v(s) = v(t) we have that each variable
that occurs in s (respectively t) occurs exactly once. Thus linear equations are
balanced equations in which both terms are linear. A variety is said to be linear
if it has a presentation by means of linear equations.

Remark The fully invariant congruence associated with a linear variety need
not consist entirely of linear equations. For example, if {2 consists of a single
binary operation *, then the variety determined by the equation = xy ~ y x x
is linear. However x * x = x * x belongs to the corresponding fully invariant
congruence, and is clearly not linear.

In this section, a refinement of the Correspondence Theorem will be proved
which holds for linear varieties. The Remark above shows that it is not an
immediate corollary of Theorem 2.3.

Lemma 5.1 Let s and t be a pair of disjoint linear terms. If they are unifiable
with f = mgu,(s,t) and g = mguy(s,t) then f-s and g -t are linear terms. In
particular, the only obstruction to such terms being unifiable is that there is a
mismatch between operators at some point.

Proof The key to the proof of this lemma is Lemma 3.3 and the unification
algorithm described, say, in [2]. I shall write a given pair of disjoint linear terms
thus: s =7¢. This indicates that we are trying to find substitutions that unify
them. We now define an operation decompose:

o If s = p(u1,...,uy) and t = p(v1,...,v,) then we can carry out the
operation decompose to obtain the set u; =7wvq,...,u, =7v,. Observe
that each pair of terms we get is linear and disjoint, and that all the u;
are disjoint from each other, as are the v;.

o If s = p(u1,...,um) and t = o(vy,...,v,) where p # o, then I shall say
that the operation decompose fails

Let s and t be a pair of disjoint linear terms. Carry out the operation decompose
on s =7t and then iteratively on their results. This process will terminate in
one of two ways: either decompose fails along the way — in which case it is clear
that s and ¢ are not unifiable — or there comes a point when the procedure de-
compose can no longer be applied. Let us suppose that the latter occurs and we
end up with the following set of pairs of disjoint terms: u; =?vy,...,uy, =7 v,.
Each equation must have one of the following forms: x =7y where x and y are
constants; x =7y where x and y are variables; z =7 v where z is a variable and
v is a term; u =7y where u is a term and y is a variable. In the first case,
if the constants are the same there is nothing to do, otherwise they fail to be
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unifiable (a special case of a mismatch of operators); in all other cases, reorient
the pairs so that a variable is on the left-hand side. It is immediate that the
variables on the left-hand side are all distinct, and none of them occurs on the
right-hand side. It follows from Section 4.6 of [2], that s and ¢ are unifiable.
Indeed, the substitutions f and g doing the job can be constructed from the set
up =?v1,...,u, =7v, and so f-s (and g -t) will be linear. |

Remark It follows from the above lemma that when the operator domain con-
sists of a single operation every pair of disjoint linear terms is unifiable.

The following is immediate from Lemma 5.1.

Lemma 5.2 Let [s,t],[s',t'] € CMq be such that s =t and s’ = t' are both lin-
ear. Then if their product is nonzero it equals some [u, v] where u = v is linear®

Lemma 5.2 implies that the set of all elements of CMgq of the form [s, 1],
where s ~ t is linear, forms an inverse submonoid; we call it the linear clause
monoid (over Q), denoted by LCMgq. The linear clause monoid is used by
Abramsky [1] in formulating a theory of reversible computation.

Proposition 5.3 The linear clause monoid over §2 is an inverse §2-subalgebra
of the clause monoid over ).

Proof It is enough to prove that the -algebra operations on CMgq restrict to
LCMgq. But this follows from the way these operations are defined in the proof
of Proposition 3.7. u

Remark In the case where Q consists only of unary operation symbols (see
Section 4), the clause monoid and the linear clause monoid are the same since
a term cannot have a repeated variable. In all other cases, they are different.

For the purposes of this paper, I shall define an equation s & ¢ to be strongly
balanced if it is balanced and the number of times a variable appears in s is
equal to the number of times the same variable appears in t. In other words,
we count occurrences according to their multiplicities.

Lemma 5.4 Let £ be a set of strongly balanced equations, and let G be the
fully invariant congruence generated by £. The every equation in G is strongly
balanced.

Proof We use Result 2.2. New equations are introduced by (EL1) and (EL2).
In both cases, the equations introduced will be strongly balanced.

If s =~ t is strongly balanced, then clearly t = s is strongly balanced.

If s = t and t =~ u are both strongly balanced then s ~ u is strongly balanced.

If s = ¢ is strongly balanced then f(s) ~ f(t) is strongly balanced for every
substitution f.
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If s; & t; is strongly balanced for 1 < i < n then p(s1,...,8,) = p(t1,...,tn)
is strongly balanced.

The result now follows by induction on the length of a derivation of an equa-
tion from &. [ ]

We shall now modify some of the derivations introduced in Result 2.2:
(LEL2) &+ s~ s for each linear term s.

(LEL5) If £+ s~ t then £ f(s) = f(t) where s &~ t is a linear equation and
for every substitution f where f(a) is linear for each @ in the domain of f

and v(f(a)) Nv(f(b)) =0 for a #b.

(LEL6) If £ F s; = ¢t; for 1 < i < n where s; = t; is a linear equation for
each ¢ and v(s;) Nv(s;) = 0 for i # j and p is an n-ary operation then
EFp(s1y..oysn) = p(ty, ... tn).

Let € be a set of linear equations. If £ - s ~ t where only the operations
(EL1), (LEL2), (EL3), (EL4), (LEL5), (LEL6) are used then I shall write

EH s~ t.

It is evident that
EFH s~timpliesE Fs~t

and
EF s~ timpliess ~ tis linear.

Lemma 5.5 Let € be a set of linear equations, containing all equations of the
form s ~ s where s is linear, and let s ~ t be a linear equation such that
Ers~t. Then EH s~t.

Proof We shall prove that every equation appearing in the proof of s = t is
linear and that £ ' s ~ t. We shall prove the result by induction on the length
of the derivation of the equation. A linear equation derived in one step must
be proved using either (EL1) or (EL2). In the case of (EL2), we are deriving a
linear equation in one step and so we need only apply (LEL2).

Our induction hypothesis is that if s &~ ¢ is a linear equation such that
£+ s ~tin n or fewer steps then £ F s =~ t and all equations that occur in
this derivation are linear.

Let s &= t be a linear equation such that £+ s~ t in n + 1 steps. There are
three possibilities to be considered.

Suppose that s & ¢ is derived by (EL3) from equations s ~ u and u =~ t
which occur earlier in the proof. Observe that linear equations are strongly
balanced. Thus by Lemma 5.4, every equation appearing in the derivation of
s =~ t from &£ will be strongly balanced. Hence both equations s ~ u and u ~ ¢
are strongly balanced. By assumption, s & ¢ is linear. It follows that s ~ u and
u =~ t are both linear. By the induction hypothesis, £ ' s ~ u and £ H u ~ t.
Hence £+ s ~ t.
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Suppose that s & ¢ is derived by (EL5) from an equation s’ =~ ' occurring
earlier. It follows that s = f(s’) and ¢t = f(¢') for some substitution f. We
know that s’ and ¢’ contain the same variables counting multiplicities, and that
s (and t) are linear. Hence s’ and ¢’ must be linear. By the induction hypothesis
EFH ¢ =t Tt follows that we must in fact be applying (LEL5).

Suppose that s =~ ¢ is derived by (EL6) from earlier equations. Then
s = p(s1,...,8,) and t = p(t1,...,t,) where & F s; = t;. Since s = t is
linear then all the s; ~ t; must be linear and, in addition, the variables in the
s; must be disjoint from each other. By the induction hypothesis, £ V' s; ~ ;.
In addition, s & ¢ is derived by applying (LEL6). n

If V is a linear variety we put
LINV)=LCMaqgNZI(V).
It is a wide inverse 2-subalgebra of the linear clause monoid.

Lemma 5.6 Let S be a wide inverse {)-subalgebra of the linear clause monoid.

Put E={s~t: [s,t] € S}. IfEFH ur v then [u,v] € S.

Proof This follows by Lemma 5.5. We prove the result by induction on the
length of a derivation £ H' s =~ t.

(EL1) and (EL2) come for free, the latter because our monoid is wide in the
linear clause monoid.

(EL3) is closure under inverses.

(EL4) is a special case of closure under products.

(LEL5) follows from the fact that S is an order ideal of the linear clause
monoid.

(LEL6) follows from the fact that S is an Q-subalgebra. n

We have the following refinement of Theorem 2.3 in the case of linear vari-
eties.

Theorem 5.7 (Linear Correspondence Theorem) With each operator do-
main ) we can associate the linear clause monoid LCMgq. There is a bijection
between the linear Q-varieties V and the wide inverse Q-subalgebras of LCMgq.

Proof Observe first that [s,¢] € LI(V) iff s ~ ¢ is a linear equation holding in
V. Let £ be the set of all linear equations holding in V. By assumption they
generate the fully invariant congruence that determines V. Let £ be the set of
all linear equations holding in V’ and generating the fully invariant congruence
that determines V'. Suppose that £LZ(V) = LZ(V’). Let s ~ t € £. Then
[s,t] € LZ(V) = LZ(V'). Thus s = t € £. By a symmetrical argument it
follows that £ = &’. Thus V =V'.

We now prove that L£Z is surjective. Let S be an inverse submonoid of
LC Mg that satisfies the conditions of the theorem. Let

E={sm~t: [s,t] €S}
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and let V be the variety generated by the linear equations €. Clearly, S C LZ(V).
So it is enough ot prove that the reverse inclusion holds. To do this, we have
to show that for every linear equation s = ¢ that holds in V, we must have that
[s,t] € S. But this follows from Lemmas 5.5 and 5.6. u

We shall now modify Proposition 3.9 to obtain an isomorphic representation
of the linear clause monoid by means of partial bijections.
Let C' denote those full substitutions

fi A— Tl(B)
(note codomain) such that the variables in f(a) and f(b) are disjoint when a # b.

Lemma 5.8 The set C is a category such that the following properties hold.
(i) If s€ T'(A) and f: A — TY(B) then f-s € TYB).
(ii) Given f: A — TYB) and s,t € T'(A). Then f-s= f -t implies s = t.

(iii) Let s and t be disjoint linear terms such that C' - s N C' -t # (). Then there
s a linear term s At such that

closncl-t=Cl(sAt).

It follows that C' is cancellative.

Proof It is straightforward to check that C' is a right cancellative category.

(i) Clear.

(ii) We have to prove the following. Let s,t be a pair of terms such that
v(s) = v(t) and such that no variable is repeated in s or in ¢, and suppose that
f is such that f-s = f -t = v where v has no repeated variable. Then s = t.
We shall prove the result by induction. If s is a ground term then ¢ is a ground
term and the result holds. If s is a variable then ¢ is the same variable and
the result holds. Suppose now that s = p(si,...,8,). Then because s and ¢
are unifiable we must have that ¢ = p(t1,...,t,). Let the variables occurring
in s (and so in t) be z1,...,2y. Let f = fi + ...+ fin where fi(z;) = u;.
By assumption, v(u;) N v(u;) = 0 if ¢ # j. Write f = f{ + ... + f so that
fs=p(fi-s1,...,fl-sn),and f = f{'+...+f sothat f-t = p(f{t1,..., fl/-tn).
It follows that f/-s; = f/’ - t; for each i. Now f/ is a disjoint union of some of
the f;, as is f/’. From the definition of the f; it follows that f] and f;’ must
each be disjoint unions of the same f;. Hence f/ = f/. But then it follows that
s; and t; must contain the same variables. By induction s; = t;, and so s = t,
as required.

(iii) This is just a restatement of Lemma 5.1 combined with Lemma 3.5.

The fact that C' is left cancellative, and so cancellative, follows from (ii). B

The action of C on T(X) which follows as a result of Lemma 3.2 restricts
to an action of C' on T,(X) by Lemma 5.8. We define a C!-isomorphism in
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an analogous way to a C-isomorphism. Denote by I}, = Ip(TL(X)) the set
of all Cl-isomorphisms. This forms an inverse monoid ([16]) and an Q-algebra
(Lemma 3.8). The proof of the following follows from Lemma 5.8, Theorem 2.7
of [16], and Proposition 3.9.

Proposition 5.9 There is an isomorphism of inverse 2-algebras

¢: LCMq — 1Y,

6 An example: linear clause monoids with one
operation

In this section, 2 will be an operator domain with a single function symbol
of arity n. The linear clause monoid over 2 will be denoted LCM,,, and its
isomorphic copy via Proposition 5.9 by I. Our goal is to show that these linear
clause monoids are isomorphic to some monoids introduced by Scott [21] and
developed by Birget [4] in the course of his work on the Thompson groups. We
begin by defining precisely what these monoids are.

Let M be a monoid. A subset R of M is a right ideal if RM C R. A
function §: R — R’ is called a right ideal isomorphism if R and R’ are right
ideals of M and 6(rm) = 0(r)m for all r € R and m € M. The collection of
right ideal isomorphisms of M is an inverse monoid. A right ideal R of M is
said to be essential if RN R’ # () for all right ideals R’. The collection of right
ideal isomorphisms between the essential right ideals of M is an inverse monoid.
The proofs of the following can be found in Appendix A and Lemma 3.3 of [4].

Result 6.1 Let M be a free monoid.

(i) Each right ideal R is of the form R = ZM where Z is a uniquely determined
prefix code.

(ii) Each essential right ideal R is of the form R = ZM where Z is a maximal
prefix code.

(iii) FEach essential finitely generated right ideal R is of the form R = ZM where
Z s a maximal finite prefix code. u

Birget’s paper is a good source of information on (maximal) prefix codes.

The collection of right ideal isomorphisms between the essential finitely gen-
erated right ideals of the free monoid on n generators is an inverse monoid,
which I shall denote by T;,. The goal of this section can now be stated: to prove
that LCM,, is isomorphic to T,,. By Result 6.1, the structure of 7T, will be
bound up with the properties of maximal prefix codes in the free monoid on n
generators. We begin, therefore, by obtaining some properties of such codes.
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Let A, = {a1,...,a,} be a finite alphabet with n letters. The free monoid
on A, is A}. Its elements are called strings. The empty string is denoted by e.
If x = uwv where z, u, and v are strings then w is called a prefix of x; it is proper
if v is not empty. A pair of strings is said to be prefix comparable if one of the
strings is a prefix of the other. Let C' and D be (maximal) prefix codes in A¥.
We define C' < D iff each element of C' is a prefix of an element of D, and each
element in D has an element of C as a prefix.

Lemma 6.2 The relation defined above is a partial order on the set of (maxi-
mal) prefix codes.

Proof It is clear that the relation is reflexive and transitive. Suppose that
C<Dand D<C. Let x € C. Then z is a prefix of some y € D. In its turn,
y is a prefix of some z in C. Thus z is a prefix of z and z,z € C. Since C is a
prefix code, it follows that = z and so, in particular, x = y. We have therefore
shown that C' C D. The reverse inclusion follows by symmetry. Hence C = D,
as required. [ ]

Lemma 6.3 Let C and D be mazimal prefix codes. Then there is a mazimal
prefix code C' N\ D which is a least upper bound of C and D with respect to the
ordering <.

Proof If z and y are strings define x A y to be x if y is a prefix of =, and y if
x is a prefix of y, otherwise it is not defined. Observe that both x and y are
prefixes of x A y. Put

E={xAy: z€C,ye D}

By construction and our observation above, each element of F has an element
of C (resp. an element of D) as a prefix. In addition, each element of C' (resp.
D) is a prefix of an element of E. Let € C. Since D is a maximal prefix code,
there is a string y € D such that z and y are prefix comparable. Thus z A y
is defined and belongs to E. But z is a prefix of x A y. By symmetry, every
element of D is a prefix of an element of F.

Our proof that F is a maximal prefix code is in two steps. We begin by
showing that F is a prefix code. Let u,v € E such that u is a prefix of v. By
definition, u = z Ay and v = w A z where z,w € C and y,z € D. There are
four cases to be considered:

e z is a prefix of y, and w is a prefix of z. Thus u = y and v = 2. But
y,z € D and so y = z, since D is a prefix code, giving u = v.

e z is a prefix of y, and z is a prefix of w. Thus v = y and v = w. Let
y = za and w = zb. Since y is a prefix of w, we have that y and z are prefix
comparable. Thus y = z since y,z € D, a prefix code. Hence w = zab
and so w = z since z,w € C. Thus w = z and so y = w, as required.
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e yis a prefix of z, and w is a prefix of z. Thusu =z and v = z. Let x = ya
and z = wb. Now « is a prefix of wb. So x and w are prefix comparable.
But x,w € C, a prefix code. Thus z = w. It follows that z = xb = yab.
But y,z € D and so z = y. Thus z = x, as required.

e y is a prefix of x and z is a prefix of w. Thus u =  and v = w. Since
z,w € C' we have that x = w, and so u = v, as required.

Thus F is a prefix code. To show that F is a maximal prefix code, let z be
any string. We show that z is prefix comparable to a string in E. Since C'is a
maximal prefix code, there is an x € C such that x and z are prefix comparable.
Suppose that z is a prefix of z. Then we know that x is a prefix of an element
of F and so z is a prefix of an element of . Now suppose that z is a prefix
of z. Since D is a maximal prefix code, z is prefix comparable with an element
y € D. It follows that x and y are prefix comparable and so x Ay is defined and
belongs to E. Clearly z and = A y are prefix comparable.

We have therefore proved that C, D < E.

To finish off, let E’ be any maximal prefix code such that C, D < E’. We
shall prove that F < E’. First, let 2 € E. Then z = x A y for some z € C' and
y€ D. If x Ay = x then z is a prefix of some element of F’; if x Ay = y then
y is a prefix of some element of E’. Thus in both cases, z = z Ay is a prefix of
an element of E’. Second, let z € E’. Then there exists x € C such that z is
a prefix of z, and there exists y € D such that y is a prefix of z. Thus x and y
are prefix comparable and so z A y is defined and belongs to E. But z Ay is a
prefix of z. u

Lemma 6.4 Let Z and Z' be mazimal prefizx codes in A%. Then Z' < Z iff
ZA* C Z'A*

Proof Let Z' < Z and z € ZA}. Then x = zy where z € Z and y is a string.
By asumption, there exists 2/ € Z’ such that z = 2’u for some string u. Thus
x=zy = z'uy and so x € Z'A%.

Let ZA} C Z' A} and z € Z. Then z = z'u for some 2z’ € Z’' and string u.
So z has as a prefix an element of Z’. Now let 2z’ € Z’. Because Z is a maximal
prefix code, there exists z € Z such that z and 2z’ are prefix comparable. If 2’
is a prefix of z then we are done. We therefore suppose that z is a prefix of 2’.
So let 2/ = zu for some string u. By our subset inclusion, we have that z = 2"v
for some 2’ € Z' and string v. Thus 2z’ = z"vu. But Z’ is a prefix code and so
2/ = 2" giving u = ve. Thus 2z’ = z and so 2’ is a prefix of an element of Z in
this case as well. [ |

The following is now immediate by Lemmas 6.3 and 6.4.
Proposition 6.5 Let Z and Z' be finite maximal prefix codes. Then
ZAINZ' Ay, =(ZNZA].
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Under our assumption on the operator domain, a linear term s can be re-
garded as a rooted tree in which every interior vertex has outdegree n. Thus
we may associate with s a maximal prefix code Z; over the alphabet A,,. Each
element of Z, describes the position of a leaf and so of a variable.

Example The linear term (z ® y) ® z is mapped to the maximal prefix code
{ara1, a1a2,as}.

Lemma 6.6 Let s and t be linear terms. Then Zs < Zy iff t = f - s for some
substitution f.

Proof Let s be a linear term and f a substitution such that f-s is linear. Then
it is easy to check that Z; < Zy..

Conversely, let ¢ be a linear term such that Z; < Z;. We shall show that we
can define a substitution f such that ¢ = f-s. Let x € Z,. Define Z to be that
subset of Z; consisting of all strings y such that x is a prefix of y. We assume
that Z is non-empty. Let 271Z be the elements of Z with the common prefix
x removed. We prove that x~!'Z is a maximal prefix code. From the fact that
7, is a prefix code, it is easy to see that 27! Z is a prefix code. To show that it
is a maximal prefix code, let w be any string. Consider the string zw. Since Z;
is a maximal prefix code there is a string v € Z; such that zw and v are prefix
comparable. Suppose that zw is a prefix of v. Then x is a prefix of v. Thus
v € Zandsozr v €xr!Z and wis a prefix of x~!v. Suppose that v is a prefix
of zw. If x is a prefix of v then we are back to the previous case. Thus v is a
prefix of x; we show that this case cannot occur. Since Z; < Z;, there exists
2’ € Zg such that z’ is a prefix of v. But then %’ is a prefix of x and so ' = =
giving v = x. This implies 7' Z is empty, contradicting our assumption.

For each z in Z, define Z, to consist of all those strings in Z; that have = as
a proper prefix. For those sets Z, which are non-empty, we know by the result
above that 2717, is a maximal prefix code. For each = € Z, for which 2717,
is non-empty define f’(z) to be a linear term whose underlying tree is x71Z,;
in addition, if z # ' ensure that the variables in f/(z) are all different from the
variables in f’(z’). Now ¢ and f’(s) will differ only by a renaming isomorphism
g. Define f = gf’. This gives t = f - s as required. |

Proposition 6.7 Let the operator domain ) consist of a single function symbol
of arity n. The semilattice whose elements are the sets C' - s, where s is a linear
term, under the order of subset inclusion, is isomorphic to the semilattice Z A},
of finitely generated essential right ideals of A} under subset inclusion.

Proof Define
o(C! - s) = Z, Az,

This is well-defined since two linear terms which differ by a renaming isomor-
phism give rise to the same underlying maximal prefix code. It is evident that
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O is a bijection. Now observe that C' -t C C'- s iff t = f - s for some substitution
f which, by Lemma 6.6, holds iff Z; < Z;. But by Lemma 6.4, Z, < Z; iff
Z Ay C Z A . It follows that the partially ordered sets are isomorphic and so
the semilattices are isomorphic. [ |

The proof of the following lemma is easy.

Lemma 6.8 Let Z; be n mazximal prefiz codes in A’,. Then

n
n
U a;Z;
i=1

s a mazimal prefix code. u

Let

be n right ideal isomorphisms between finitely generated essential right ideals.
By Lemma A2 of [4], 5; determines and is determined by the bijection it induces
between Z; and Z.. Define an n-ary operation p on T, as follows. The partial
bijection p(f1,...,0,) has domain (|Ja;Z;)A}, codomain (|Ja;Z!) A} and rule
pla;z;) = a;fBi(z;). By Lemma 6.8 and Lemma A2 of [4], it is a well-defined
element of T,.

Proposition 6.9 With the above definitions, T,, is an inverse 2-algebra.

Proof Let §;: Y;AX — Y/AY and v;: Z; A — Z!AZ be two sets of n elements
of I,,. We prove that

ﬁ(ﬁla v 75n)p~(’717 o afY’rL) = ﬁ(61717 e 7ﬁn’7n)

By Lemma 6.3, we can deduce that

(Jav) A, A (| aiz) 45 = Jas(Yi A Z)).
Thus the domain of
ﬁ(ﬁl? e 7ﬁn)ﬁ(’yl7 e 7771)
is

(Jair'(Yin Z))))A;

-

=1

It is easy to check that this is also the domain of (5171, . .., B3nVn). The equal-
ity of the two functions is now readily checked. u

The main result of this section is the following.

Theorem 6.10 The linear clause monoid LCM,, is isomorphic to T, both as
an inverse semigroup and as an Q-algebra.
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Proof The proof is via the isomorphism of Proposition 5.9.

Observe that if a: C' - s — C! - t is a Cl-isomorphism then we may assume
without loss of generality that «(s) = ¢. To see why, suppose that a(s) =t = f-t
for some f. Since « is surjective there exists g - s such that a(g - s) = t. Hence
t = (gf)-t. But then f is a renaming isomorphism by Lemma 3.2(iv). Thus
Cl-t=Cl-¥ and a(s) =t

Let

o Clos—Clt

be a Cl-isomorphism such that a(s) = t. By assumption, s and ¢ are linear
terms with the same variables. Relabelling if necessary, I shall assume that the
variables are x1,...,x,,. Denote by w(s); the string in Z; that describes the
position of the variable z;. Denote by w(t); the string in Z; that describes the
position of the variable x;. I shall define a right ideal isomorphism

a: ZAr — ZLAY.
To do this, it is enough to define a bijection from Z, to Z;. Define
a(w(s);) = w(t);.

We shall prove that « +— @ is an isomorphism of monoids. It is clearly a well-
defined function. Observe that this map induces the isomorphism of semilattices
established in Proposition 6.7.

Prove of injectivity: suppose that o: C'-s — C'-t and 3: C'-u — C'-v are such
a(s) =t and B(u) = v, and that @ = 3. Clearly Z, = Z, and Z; = Z, so the
terms s and u (resp. ¢t and v) have the same underlying trees. Let the variables
occurring in s be z1,...,2,;,. By definition, if w(s); is the string labelling the
position of x; in s, then @(w(s);) is the string labelling the position of x; in
t. Let the variables occurring in w be y1, ..., Y. By definition, if w(u); is the
string labelling the position of y; in u, then B(w(u);) is the string labelling the
position of y; in v. If w(s); is the string labelling the position of z; in s then it
labels the variable jt¢;) in u. By abuse of notation, f induces a bijection from
the x; to the y;. Thus f-s = u. Now a(w(s);) = w(t);, w(s); = w(u)sy),
and a = 3. Hence a(w(s);) = B(w(u)s)) = w(v)s). We therefore have that
f-t=w. It is now clear that a = .

Proof of surjectivity: let o/: Z1Af — Z3 A% be an element of I,,. Observe
that o’ induces a bijection from Z; to Z,. Let s be any linear term such that
Zs = Z1 over the variables x1 ..., x,,. Let t be a linear term such that Z; = Z,
and if o/ (w) = w’ where w € Z; and w is labelled with the variable z; in s then
t is labelled by z; at w’. Define a: C'-s — C' -t by a(s) =t. Then & = «'.

The function o — @ is order preserving: let a: C'-s — C'-t and B: C'-u — Cl-w
be Cl-isomorphisms such that f3 is a restriction of . Then there is a substitution
f such that w = f-s and v = f-t¢. Thus by Lemma 6.6, we have that
Z AY C Z AL and Z,AY C ZyAY. Let z € Z,,. Then z = 2'p for some 2’ € Z;
and string p. Let z; be the variable in s that the string 2" indicates. The string
p picks out a variable y; in f(x;). Thus w(s); = 2’ and w(f(x;)); = p. By
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definition B(w(u);) = w(v);. a(w();) = a(w(s)p) = a(w(s))p = w(t)p.
However, from (3 a restriction of o we get that v = f-¢. Now z; occurs uniquely
in f(z;). Hence w(v); = w(t);p, as required.

The function o« — @& preserves the groupoid product: let a: C'-s — C' -t
and §: C'-t — C'- u be C'-isomorphisms. The proof that fa = S& is immediate
from the definition.

To finish off, we have to show that the Q-algebra structures are isomorphic.
To that end, we need to prove that

ﬁ(fl""?fn) :p(f_lav.fn)

This is straightforward and hinges on the fact that

Zpsnsn) = UaiZsi =p(Zsys.. . Zs,).

7 Dehornoy’s geometry monoid

In Section 1, Dehornoy’s geometry monoid constructed from a balanced variety
V was briefly introduced. In this section, the relationship between the geometry
monoid and the inverse monoid Z(V) will be described.

Our starting point is Proposition 3.9, where an isomorphism

d): CMQ — IQ

was established. In addition, for each balanced variety V, and each [u, v] € Z(V),
we have that s = ¢([u,v])(t) iff s ~ ¢ is an equation holding in V. We deduce
that the action of CMgq on the set of terms induced by ¢ leads to an action of
Z(V) on the set of terms whose corresponding equivalance relation is ~ — the
set of equations that hold in V.

Notation I shall use ¢ to denote the restriction map to Z(V), and write ¢, 4
for ¢([s,t]) in what follows.

In view of our observation above, we shall now characterise those inverse
submonoids of Z(V) that induce the equivalence relation ~ on Tq(X) via the
homomorphism ¢.

Proposition 7.1 Let S be an inverse submonoid of Z(V) where V is a balanced
variety whose associated fully invariant congruence is G. Then S induces the
congruence = via the homomorphism ¢: Z(V) — Iq if and only if for each
element f € Z(V) there exists s € S such that f < s.

Proof Suppose that S induces the congruence ~. Let [s,t] € Z(V). Thus
s ~ t € G. By assumption, there exists [u,v] € S such that ¢, ,(t) = s. By
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the definition of ¢, it follows that there is an element f € C such that s = f - v
and t = f-v. Thus [s,t] < [u,v], as required.
The converse is almost immediate. u

Proposition 7.1 suggests the following definition. Let S be an inverse sub-
monoid of an inverse monoid 7. We say that S is a dominating inverse sub-
monoid of T if for each ¢ € T there exists s € S such that t < s. Using this
terminology, we may paraphrase Proposition 7.1 in the following terms: the
dominating inverse submonoids of Z(V) are precisely the ones that induce the
equivalence relation ~ under the given action. We shall express this by say-
ing that the dominating inverse submonoids of Z(V) are the ones that are still
‘closely linked’ to the structure of the variety V.

We now reconsider the inverse monoid Z(V). It contains a substantial
amount of information about the balanced variety V and so could be used as
an algebraic tool for studying the variety. It has the practical drawback, how-
ever, that it is defined in terms of all equations holding in V. We would like to
find a smaller inverse monoid that is still ‘closely linked’ in to the structure of
the variety. We shall eventually show that this leads naturally to Dehornoy’s
geometry monoid.

Let S be an inverse Q-algebra. It follows that for each subset X of S we can
define (X) to be the inverse (2-subalgebra generated by X. We shall now give
an explicit construction of (X). Let S be an inverse Q-algebra, and let X be a
subset of S. Define

(X)a
to be the Q-subalgebra generated by X U {1}, where 1 is the identity of S. For
each subset Y of S define

Inv(Y)

to be the inverse submonoid generated by Y.
Lemma 7.2 Let S be an inverse Q-algebra, and X a subset of S. Then
(X) =Inv((X)q).

Proof We may paraphrase the result by saying that the inverse (2-algebra gen-
erated by X is obtained by taking the inverse submonoid generated by the
Q-subalgebra generated by X.
Clearly
X € Inv((X)a) € (X).

Since Inv((X)q) is an inverse submonoid of S, the theorem will be proved if we
can show that it is an (2-subalgebra of S. Let p be an n-ary operation on S,
and let sq,...,s, € Inv((X)q). We shall prove that

,(3(81, ey Sn) S IDV(<X>Q).

By assumption,
Sij = Si1---Sim
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is a product where s;; € (X)q. The fact that each s; is written as a product of
m elements is no loss in generality since we can pad products out to the requisite
same length by using the identity of S. Now

P(81,. -y 8n) = P(S11 - Slmy- -3 8n1 - Snm)-

But this can be written as the product

ﬁ(sllw-')sml) --~ﬁ(51ma--~75nm>

since p is a semigroup homomorphism from S™ to S. But

,(3(81_77 .o ~75nj) = [)(Slj, 1, ey 1) .o ﬁ(l, ey 175nj)~

Thus we have shown that p(sy,...,s,) can be written as a product of elements
of the form p(1,...,1,s,1,...,1) where s € (X)q. But then

p(1,...,1,81,...,1) € (X)q.

It follows that

as required. [ ]

Let € be a non-empty subset of G. We write [£] to denote the set of elements
[s,t] where s ~ ¢t € £. Define Z(V,€) to be the inverse Q-subalgebra of Z(V)
generated by [£]. The action of Z(V) on To(X) induces an action of Z(V, £) on
To(X).

Proposition 7.3 Let V be a balanced variety with fully invariant congruence
G, and let £ be a non-empty subset of G. Then £ is a presentation of G if and
only if the equivalence relation that Z(V,E) induces on Tq(X) is precisely =.

Proof Suppose first that £ is a presentation of G. It is enough to prove that
for each u =~ v in G there exists [s,t] € Z(V, &) such that ¢, (u) = v. The
equations of G are obtained from those of £ by using the rules of equational
logic described in Result 2.2. To prove the result we shall use the following
observations. The identity of Z(V, &) is denoted by 1.

e For any term u we have that 1(u) = u, and 1 belongs to Z(V, &).
e We have that ¢, 4 (t) = s for each [s,t] € Z(V, ).

If d)[s,t] (U) = v then (b[;’lt] (’U) = u.

If ps4(u) = v and ¢y p1(v) = w then ¢y s (u) = w.

Suppose that ¢4 (u) = v and that f € C such that f-u and f - v are
defined. Then ¢ (f-u) = f-v.
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e Suppose that ¢, ¢,1(u;) = v; for 1 <i < n and p is an n-ary operation.
Put [s,t] = p([s1,t1], .-, [Sn,tn]). Then

Pl (p(urs - un)) = p(vr, ..., vn).

Let u v € G. Then £ F u = v. We have to prove that there is [s,t] € Z(V, )
such that ¢, ,(u) = v. We prove this result by induction on the length of a
derivation. Assume result holds for all equations that can be derived in n or
fewer steps. Then the above items show that we can prove the result for an
equation that is derived in n + 1 steps.

Conversely, suppose that the equivalence relation that Z(V,&) induces on
Tq(X) is precisely ~. We prove that £ is a presentation of G. Observe first that
if [u,v] € Z(V, ) then £ - u ~ v. This follows by Lemma 7.2. Next, let s ~ ¢
be an element of G. Then [s,t] € Z(V). By assumption, and Proposition 7.1,
we have that [s,t] < [u,v] for some element [u,v] € Z(E,V). It follows that
EF s~ t. Thus £ generates G, and so is a presentation. u

By Propositions 7.1 and 7.3, we have the following.

Corollary 7.4 Let V be a balanced variety with fully invariant congruence G,
and let £ be a non-empty subset of G. Then £ is a presentation of G if and only
if Z(V, &) is a dominating inverse submonoid of Z(V). u

Let £ be a presentation of G with the property that for each s = t belonging
to £ the element [s, ] is a maximal element of Z(V). Following Dehornoy, I shall
say that such a presentation is minimal — the conflict in terminology comes
about simply from the way that the order is defined in the inverse semigroup
V).

Proposition 7.5 Every balanced variety has a minimal presentation.

Proof Let V be a balanced variety, and G its associated fully invariant congru-
ence. We claim that every element of Z(V) lies beneath a maximal element. To
see why this is sufficient to prove the proposition, let £ be all those equations
s &~ t such that [s, ] is maximal in Z(V). Then by our claim, Z(V, £) is a dom-
inating inverse submonoid of Z(V) and so by Corollary 7.4, £ is a presentation
of V. Hence £ is a minimal presentation.

To prove the claim we need some definitions. Let s ~ ¢ be a balanced
equation. Its operator complezity is the sum of the total number of operators
occurring in s and t. Its wvariable complexity is the number of distinct vari-
ables occurring in s. A full substitution f: A — T(B) is said to be a variable
substitution if f: A — B. In which case, f is a surjection. Observe that if
(s',t') = f - (s,t) then the operator complexity of (s',t') is greater than or
equal to the operator complexity of (s,t) since operators cannot be erased by a
substitution.

Let (s,t) € G, and consider the set U of all (u,v) € G such that (s,t) =
f - (u,v) and where the operator complexity of (u,v) is a minimum. Amongst
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these (u,v) pick one where the variable complexity in w is as large as possible. I
claim that such a (u,v) is a maximal element of Z(V). To see why, suppose that
[u,v] < [u/,0]. Then (u,v) = f - (u,v"). Now there is a substitution f’ such
that /- (v/,v") = (s,t). Thus the operator complexity of (u,v’) is less than or
equal to that of (u,v). But from the choice of (u,v), the pairs (u,v) and (u,v")
have the same operator complexity. Since operators cannot be erased by a sub-
stitution and none are inserted in this case, f must be a variable substitution.
Now the variable complexity of (u,v) is as large as possible. Thus the variable
complexities of (u,v) and (u’,v") are the same. It follows that the domain and
codomain of f have the same number of elements. But f is a surjective function
between two finite sets with the same cardinality. Hence f is bijective, and so
a renaming isomorphism. Thus [u, v] = [u/, v'], as required. |

Lemma 7.6 Let £ be a minimal presentation of G. Then Z(V,E) is contained
in every dominating inverse Q-subalgebra of Z(V).

Proof Let S be a dominating inverse Q-subalgebra of Z(V) and let s & t be an
element of £. By assumption, there exists [u,v] € S such that [s,¢] < [u,v]. But
[s,t] is maximal and so [s,t] = [u,v]. Thus each generator of Z(V, E) belongs to
S. It follows that Z(V, &) is a subset of S. n

By Lemma 7.6 and Corollary 7.4, we deduce the following.
Corollary 7.7 If £ and &' are two minimal presentations of V. Then

I(V,E) =T(V,&).

Let £ be a minimal presentation of a balanced variety V. Define
D(V) =Z(V, &),

the geometry monoid associated with the balanced variety V. Corollary 7.7 shows
that this monoid is independent of the minimal generating set used. In addition,
we have shown that D(V) is a dominating inverse 2-subalgebra of Z(V) contained
in ever other dominating inverse Q-subalgebra of Z(V). Thus it is the minimum
dominating inverse Q-subalgebra of Z(V).

We may summarise by saying that the monoid Z(V) is the most natural one
attached to V in the sense that it uses all the identities, whereas the monoid
D(V) is likely to be more useful for calculational purposes.

Proposition 7.8 Let £ be a minimal presentation of a variety V consisting of
linear equations. Then the geometric monoid D(V) is an inverse submonoid of
the linear clause monoid, and a dominating inverse submonoid of LI(V).
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Proof We prove that each element [s,t] € D(V) is such that s = ¢ is linear.
By Lemma 7.2, the proof of this result comes in two parts. First, ([€])q con-
sists of linear elements: this follows by the proof of Proposition 3.7. Second,
Inv({[€])q) consists of linear elements: the inverse of a linear element is linear,
and the product of linear elements is linear by Lemma 5.2. By the above, we
clearly have that D(V) is an inverse submonoid of £Z(V) and so the result fol-
lows by Corollary 7.4. u

8 From inverse monoids to groups

With each balanced variety V, we have associated inverse monoids Z(V) and
D(V) whose actions on the set of terms yield the fully invariant congruence
associated with V in both cases. The goal of this section is to find some sufficient
conditions for these inverse monoids to be replaceable by a group which is still
tied to the structure of the original variety in the sense that the group can be
made to act on the set of terms and induce by this action the associated fully
invariant congruence. To do this, we need to outline first how groups (and their
actions) may be constructed from inverse semigroups (and their actions).

We begin by summarising how to obtain groups from inverse semigroups;
see [18] for details. If S is a semigroup, we write S* = S\ {0}.? Let S be inverse
(with zero). A function a: S* — H to a group such that a(st) = a(s)a(t)
whenever st # 0 is called a prehomomorphism. It can be proved that s < s’
implies that a(s) = a(s’). With each inverse semigroup S, we can associate a
group G(S) and a prehomomorphism 7: S* — G(S), which is characterised by
the following property: if a: S* — H is any prehomomorphism to a group then
there exists a unique group homomorphism 8 G(S) — H such that 7 = «a.
We call G(S) the universal group of S. Define the relation o on S by sot iff
a < s,t for some a € S. Then o is a congruence on S called the minimum group
congruence. If S does not have a zero, then G(S) = S/o.

An inverse semigroup S is said to be E*-unitary if 0 # e < s, where e
is an idempotent, implies that s is an idempotent. It is said to be strongly
E*-unitary iff 71 S* — G(S) has the property that 7(s) = 1 implies that s
is an idempotent. Every strongly E*-unitary inverse semigroup is E*-unitary.
An inverse semigroup without zero that is strongly E*-unitary is said to be
E-unitary.

We shall also need a slight weakening of the notion of a group action. Let G
be a group and X a set. We say that G acts partially on the set X [14] if there
is a partial function from G x X to X, denoted by (g,z) — ¢ -z, satisfying the
following three conditions:

(PA1) J1 -z forallz € X and 1 -z ==
(PA2) dg- (h-z) implies that 3(gh)-x and g - (h-z) = (gh) - x.

2The reader is not going to be confused over this usage and the one in Section 6 where it
was used to denote free monoids.
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(PA3) dg -z implies that 3g~1 - (¢g-2) and g~ ! - (g - ) = .

If G acts partially on X, the action determines an equivalence relation on X
just as in the case of a usual group action.

The following provides sufficient conditions for the action of an inverse
monoid on a set to be replaceable by a group whose partial action yields the
same equivalence relation.

Proposition 8.1 Let ¢: S — I(X) be an injective monoid homomorphism from
the inverse monoid S that maps the zero of S to the zero of I(X), and let ~ be
the equivalence relation induced on X by S. Suppose that 71 S* — G(S) is the
universal group of S, and that S is strongly E*-unitary. Put G = G(S). For
each g € G and x € X define

dg-x

iff there exists s € S such that 7(s) = g and x € dom(¢(s)), in which case we
put
gz =0(s)(x).

Then G acts partially on the set X, and this partial action induces the equiva-
lence relation ~ on X.

Proof We show first that ¢g-x is well-defined. Suppose that 7(s) = 7(t) = g and
that = € dom(¢(s)) and x € dom(¢(¢)). I claim first that st~ # 0. Suppose to
the contrary that st~! = 0. Then s~ 'st~'t = 0. Since ¢ is a homomorphism
mapping the zero of S to the zero of I(X) this implies that ¢(s~1s)gp(tt) is
the empty function. But by assumption we have that € dom(¢(s~1s)) and
x € dom(g(t1t)), which implies that ¢(s~1s)p(t~1t) is not the empty function.
It follows that st~! # 0. Hence

r(st™1) = 7(s)r(t™) = T(s)r(H) " = gg ' = 1.

By assumption, we have that st~! is a non-zero idempotent. Let ¢(s)(x) = y
and ¢(t)(z) = z. Then

$(st™)(2) = ¢(s)d(t) " (2) = d(s)(2) = y.

But since st~! is an idempotent, we must have that z = y. Thus our definition
of g - x is well-defined.

We now have to check that the three axioms for a partial action hold. Axiom
(PA1) is immediate. To show that (PA2) holds, suppose that 3¢ - (h - ). Let
7(s) = gand 7(t) = h. Then ¢(s)(¢(t)(x)) is defined. But ¢ is a homomorphism
and so ¢(st)(x) is defined. Clearly st # 0 and so 7(st) = 7(s)7(t) = gh. It
follows that 3(gh)(x) and it equals g- (h-2). Finally, we show that 3¢ -z implies
that 3g=!-(g-z) and g~ - (g-z) = z. Let 7(s) = g. Then g-x = ¢(s)(z). Clearly
#(s)"(p(s)(x)) is defined. But 7(s71) = 7(s)"t = g=1. Thus Ig~!- (g - z).
The result is now clear.

We now calculate the equivalence relation the partial action of G determines
on X. Suppose that g -z = y. Then if 7(s) = g we have that ¢(s)(z) =y and
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so x ~ y. Conversely, suppose that = ~ y. Then there exists s € S such that
¢(s)(z) =y. Put g =7(s). Then gz =y. u

The theorem above puts the spotlight on those inverse monoids that are
strongly E*-unitary. It is known that the problem of whether an inverse semi-
group is strongly E*-unitary or not is undecidable [22].

Examples

1. When the operator domain consists only of unary operations, the clause
monoid and the linear clause monoid are the same. If there are n unary
operations, then the linear clause monoid is isomorphic to the polycyclic
monoid on n generators by Proposition 4.1. Such monoids are strongly
E*-unitary [17].

2. Consider the clause monoid in the case where there is a single binary
operation symbol &. Observe that

®z,zz|<[zBy,yd ],

where [z @ z, 2z ® z] is a non-zero idempotent, and [z ® y,y P 2] is not an
idempotent. Thus in this case the clause monoid is not E*-unitary.

The two examples above tell us that if we are looking for strongly E*-unitary
clause semigroups, we should concentrate on the linear clause monoids. We are
interested in such monoids because of Proposition 8.1. As a first step we have
the following.

Proposition 8.2 The linear clause monoid is E*-unitary.

Proof Let [u,u] < [s,f] in LCMgq. Then there is an f € C is such that
f(s) = f(t) = u. Thus the result follows by Lemma 5.8(ii). n

The question is: can we strengthen the above result to strongly E*-unitary?
An E*-unitary semigroup without a zero is automatically strongly E*-unitary.
So we consider this case first.

Let S be an inverse semigroup with zero. We say that the zero is removable
if st = 0 implies that s = 0 or t = 0. If the zero is removable, then S* = S\ {0}
is itself an inverse semigroup. Observe that the zero is removable in S iff for all
non-zero idempotents e and f the idempotent ef is non-zero.

Example If the operator domain consists of at least two symbols, then the cor-
responding linear clause monoid does not have a removable zero. For example,
if there are two unary operation symbols then the linear clause monoid is the
polycyclic monoid on two generators and it is easy to check that its zero is not
removable.

Because of the above example, the following result is the best we can hope
for in general.
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Proposition 8.3 The linear clause monoid over an operator domain consisting
of a single operation has a removable zero.

Proof It is enough to prove the following: let s and ¢ be two terms on T (X)
such that v(s) Nv(t) = ) and such that neither s nor ¢ contains any repeated
variables; then s and ¢ are unifiable. But this is true by the Remark following
Lemma 5.1. u

The proof of the following is now immediate by Propositions 8.2 and 8.3.

Theorem 8.4 The linear clause monoid over an operator domain consisting of
a single function symbol is E-unitary. u

The following question is open but natural.

Question Are the linear clause monoids over operator domains consisting of at
least two function symbols always strongly E*-unitary?

Examples

1. The universal group of the (linear) clause monoid over an operator domain
having n unary function symbols is the free group on n generators [17].

2. The universal group of the linear clause clause monoid over an operator
domain consisting of a single function symbol of arity n is the Thompson
group V,, 1 by Section 6 and [4, 21]. In this case, the linear clause monoids
are actually F-inverse [15].

3. The universal group of the geometry monoid is called the geometry group
by Dehornoy. The equation z ® (y © z) = (z ® y) ® 2z is linear and
generates the variety of semigroups. The geometry group in this case is
the Thompson group F' [8, 10].

Lemma 8.5 Let S be a dominating inverse submonoid of an E*-unitary inverse
monoid T'. Then S and T have the same universal groups.

Proof Let ¢, ¢’: T* — G be two prehomomorphisms to a group G that agree
on S*. Then they are equal. Let t € T*. By assumption, there exists s € S*
such that t < s. Now ¢(t) = ¢(s) and ¢'(t) = ¢'(s) and ¢(s) = ¢'(s). Thus
p=9¢".

Let 0: S* — G be a prehomomorphism to a group G. Then there is a unique
prehomomorphism ¢: T* — G such that ¢ restricted to S* is #. Uniqueness
follows by the above once we have proved existence. Let t € T*. Then by
assumption, ¢ < s for some s in S*. Define ¢(t) = 6(s). We show first that ¢
is a well-defined function. Suppose that ¢t < a,b where a,b € S*. Then a~1b
and ab~! are non-zero idempotents since T is E*-unitary. Put s’ = aa"'b € S.
Then

aa™'b=a(a™'b) = a(a™'b) "' = ab"ta = (abY)a.
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Thus s’ < a,b. Hence 6(a) = 0(b). It is now straightforward to check that ¢ is
a prehomomorphism.

Let v: S* — G(5) be the universal prehomomorphism to the universal group
of S. Let I': T* — G(S) be the unique extension of v to T*. We prove that it
is universal for prehomomorphisms from 7™ to groups.

Let a: T* — H be a prehomomorphism to a group H. Then («|S*) the
restriction of a to S* is a prehomomorphism to H. Thus there exists a unique
group homomorphism g: G(S) — H such that Sy = («|S*). Now observe that
O = «; to prove this, let t € T*. Then t < s for some s € S. Then by definition
I'(t) = v(s). Hence

(BT)(X) = BI(#) = B(v(s)) = (alF)(s) = a(?).

To finish off, we have to prove that (3 is unique such that '8 = a. Let
B': G(S) — H be a group homomorphism such that 8T = a. To prove that
B’ = [ it is enough to show that B’y = («|S*), but this is almost immediate
from the definitions. [ ]

By Propositions 7.8 and 8.2 and Lemma 8.5, we now have the following.

Corollary 8.6 Let V be a linear variety. Then LZ(V) and D(V) have the same
universal groups. u

An inverse Q-algebra is said to be injective if each of the Q-operations is an
injective function. By Proposition 3.7, the inverse Q-algebras Z(V) are injective
and so, therefore, are the £LZ(V) when the variety V is linear.

Proposition 8.7 Let S be an (injective) inverse Q-algebra which is E-unitary.
Then the universal group G(S) is an (injective) group Q-algebra.

Proof I shall prove the result for the case where {2 consists of a single function
of arity 2. The general case is proved similarly. Let ® denote the 2-algebra op-
eration on our inverse semigroup S satisfying the conditions of the proposition.
We define an operation e on G(S) as follows: if g, h € G(S) where g = o(s) and
t = o(t), the define goh = o(s®t). We show that this operation is well-defined.
Suppose that ao b and cod. Now (a®c) "t (b®d) = a " 'b®@c d and a~'b and
¢ 1d are both idempotents. Thus (a ® ¢)~1(b® d) is an idempotent. Similarly
(a®c)(b®d)~t is an idempotent. Hence a ® cob ® d, as required. Thus the
operation is well-defined. That the group becomes a group 2-algebra is now
straightforward to prove.
Now suppose that S is injective and that

o(s)eo(t)=oc(u)eoc(v).
Then
sRtouRw.
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Hence s7'u @ t7'v and su™! ® tv~! are both idempotents. By injectivity,
s7lu,t7 v, sut tv~! are all idempotents. Thus o(s) = o(u) and o(t) = o(v).
Hence G(S) is an injective -group. u

If Q is an operator domain consisting of one operation symbol of arity n, then
an inverse Q-algebra (respectively group Q-algebra) will be called an inverse n-
algebra (respectively group n-algebra).

By Theorem 8.4, Corollary 8.6 and Proposition 8.7 we deduce the following.

Theorem 8.8 The geometry group of a linear variety over an operator domain
consisting of a single operation of arity n is an injective group n-algebra. u

Remark Consider the above theorem in the case n = 2, and the linear variety
of semigroups. The Thompson group F' is known to be the geometry monoid
of this variety. By the theorem above it is therefore equipped with an injective
binary operation which is also a semigroup homomorphism from F' x F' to itself.
It is this binary operation which is used by Brown in computing the homology
of F' [5].
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