J. Aust. Math. Soc. 87 (2009), 227-252
doi:10.1017/S144678870900010X

GRAPH PRODUCTS OF RIGHT CANCELLATIVE MONOIDS

JOHN FOUNTAIN™ and MARK KAMBITES
(Received 2 May 2008; accepted 14 November 2008)

Communicated by M. G. Jackson

Abstract

Our first main result shows that a graph product of right cancellative monoids is itself right cancellative.
If each of the component monoids satisfies the condition that the intersection of two principal left ideals
is either principal or empty, then so does the graph product. Our second main result gives a presentation
for the inverse hull of such a graph product. We then specialize to the case of the inverse hulls of
graph monoids, obtaining what we call ‘polygraph monoids’. Among other properties, we observe
that polygraph monoids are F*-inverse. This follows from a general characterization of those right
cancellative monoids with inverse hulls that are F*-inverse.

2000 Mathematics subject classification: primary 20M10.
Keywords and phrases:  graph product, right cancellative monoid, graph monoid, inverse hull,
Fx-inverse monoid.

0. Introduction

Graph products of groups were introduced by Green in her thesis [14] and have since
been studied by several authors, for example, [15] and [8]. In these two papers, passing
reference is made to graph products of monoids, which are defined in the same way as
graph products of groups and have been studied specifically by, among others, Veloso
da Costa [31, 32] and Fohry and Kuske [13].

In this paper we are interested in graph products of right cancellative monoids. Free
products and restricted direct products are special cases of graph products, and a free
or (restricted) direct product of right cancellative monoids is again right cancellative.
In Section 1, in our first main result, we generalize these observations to obtain a
corresponding result for graph products.

We then concentrate on right cancellative monoids in which the intersection of two
principal left ideals is either principal or empty. This property holds if and only if any
two elements which have a common left multiple have a least common left multiple
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(see the end of Section 1), and so, following the terminology from ring theory (see, for
example, [1]) we call these monoids left LCM monoids. A useful concept in the study
of such monoids is the notion of the inverse hull of a right cancellative monoid. In
Section 2, after generalities on inverse hulls, we give several (known) characterizations
of inverse hulls of left LCM monoids and use them to show that a graph product of
left LCM monoids is itself left LCM. We then consider presentations for inverse hulls
of graph products of left LCM monoids. In Section 3 we specialize the presentation to
the case where each component monoid is free on one generator, obtaining what we
call polygraph monoids, generalizing the polycyclic monoids discussed in [18, Ch. 9].

In the final section, we concentrate on left LCM monoids with two-sided
cancellation. Among these monoids we characterize those with an inverse hull that is
F*-inverse (see Section 4 for the definition), and observe that, in particular, polygraph
monoids are F*-inverse.

We assume that the reader is familiar with the basic ideas of semigroup theory (see,
for example, [7, 16, 18]).

1. Graph products

For us, a graph I' = (V, E) is a set V of vertices together with an irreflexive,
symmetric relation £ C V x V whose elements are called edges. In particular, T’
is loop free. We say that 4 and v are adjacent in T if (u, v) € E. For eachv eV,
let M, be a monoid; whenever necessary we can, without loss of generality, assume
the monoids M, are disjoint. We denote the free product of the M, by [[* M, and
write x . y for the product of x, y € [* M,.

We define the graph product Tyey M, of the M, to be the quotient of []* M,
factored by the congruence generated by the relation

Rr={m.n,n.m)|me M,,ne M, and u, v are adjacent in I'}.

Alternatively, if for each M, we have a presentation (A, | R,), then I'ycy M, is the
monoid with presentation (A | R) where

A=UAU and R = U {ab:ba|aeAu,beAv}UURv.
veV (u,v)eE veV

For the rest of this section we will write M for I'yey M,. The M, are called the
components of M, and we denote multiplication in both M and its components by
concatenation. It follows from Theorem 1.1 below that the latter embed naturally in
the former, and so there should be no cause for confusion.

If the graph has no edges, M is the free product of the M, and at the other extreme,
if the graph is complete, M is their restricted direct product.

A special case of interest is when all the M,, are isomorphic to the additive monoid
of nonnegative integers. The graph product is then called a graph monoid and denoted
by M(I'"). Graph monoids are also known variously as free partially commutative
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monoids, right-angled Artin monoids, and trace monoids. These monoids and the
corresponding groups have been extensively investigated (see, for example, [12] for
monoids and [4] for groups).

Now let X be the disjoint union of the M\ {1}, and for m € M, \{1} write C (m) = v.
We denote the product in the free monoid X* by x oy to distinguish it from the
products in M and the M,. Clearly there is a canonical surjective homomorphism
o : X* — M so that each element a of M can be represented by an element of X*,
called an expression fora. If x; o xp o - - - 0 x, € X* is an expression for a € M, the x;
are the components of the expression, and if C (x;) = v, then x; is a v-component. If x;
and x; are both v-components, then we may obtain a shorter expression for a by, in
the terminology of [15], amalgamating x; and x;41: if x;, x;41 € My and x;x;41 =1,
delete x; o x;1; otherwise replace it by the single element y; of M, where y; = x;x; ]
in M,.

If (C(xj), C(xj41)) € E for some j, then we may obtain a different expression for
a by replacing x; o x;41 by xj41 o x;. Again we follow [15] and call such a move a
shuffle. Two expressions are shuffle equivalent if one can be obtained from the other
by a sequence of shuffles.

A reduced expression is an element xj oxp o---0x, € X* which satisfies the
following condition: wheneveri < j and C(x;) = C(x;), there exists k withi <k < j
and (C(x;), C(xx)) ¢ E. Notice that no amalgamation is possible in a reduced
expression, and that a shuffle of a reduced expression is again a reduced expression.
The following is the monoid version of a result of Green [14] which can also be
deduced easily from [31, Theorem 6.1].

THEOREM 1.1. Every element of M is represented by a reduced expression. Two
reduced expressions represent the same element of M if and only if they are shuffle
equivalent.

The length of an expression is its length as an element of the free monoid X*;
it is clear that shuffle equivalent expressions have the same length, and so, in view
of the theorem, all reduced expressions representing a given element of M have the
same length. We shall use this observation without further comment, but we note
that it also allows us to define the length of an element of M to be the length of any
reduced expression representing it. An easy consequence of the notion of length is the
following corollary which we record for later use. First, we recall that a subset U of a
monoid M is right unitary in M if, for all elements m € M and u € U, we have m € U
if mu € U. There is a dual notion of left unitary, and U is unitary in M if it is both
right and left unitary.

COROLLARY 1.2. Each M, is a unitary submonoid of M.

PRrROOF. If ce My, a € M and ac € M,,, then ac must have length 1 (or 0) and it
follows that a € M,,. Thus M, is right unitary in M and, similarly, it is left unitary. O
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It is natural to ask how properties of M are related to the corresponding properties
of the M,,. Several such questions are considered in [13, 31, 32]. Our interest is in right
cancellative monoids which do not seem to have been studied in this context. If M is
right cancellative, then so too are the M, since they are submonoids of M. Our first
aim is to show the converse, that is, if all the M, are right cancellative, then so is M.
Towards this end we introduce the following terminology.

Leta,a’ € M, v €V and ¢ € My\{1}. We say that a has final v-component ¢ and
final v-complement a’ if a admits a reduced expression a; o aj o - - - o a,, o ¢ such that
aiay . ..ay =a’. We say that a has final v-component 1 and final v-complement a if
a has a reduced expression aj o - - - o ay, such that either
(i) C(aj)#vforall j,or
(ii) there exists k with (C(ax), v) ¢ E and C(a;) # v forall j > k.

Of course, we may define the dual notions of initial v-component and initial
v-complement in the obvious way.

PROPOSITION 1.3. For each vertex v, each element of M has exactly one final
v-component and exactly one final v-complement.

PROOF. For existence, suppose that x € M and let
ajo---odpy

be a reduced expression for x. If condition (i) or (ii) applies, then, by definition, x has
final v-component 1 and final v-complement x. Otherwise, there is a largest integer j
with C(a;) =v. If (C(ax), v) ¢ E for some k > j, then condition (ii) holds. Hence
(C(ak), v) € E for all k > j, and it follows easily that one can shuffle a; to the end to
obtain a reduced expression

a=dy0---0dj-10dj4+10---0ay O0dj

so that x has final v-component a; and final v-complement ay ... a;_1ajy1 ... an.

For uniqueness, suppose first, towards a contradiction, that x has distinct final
v-components 1 and d £ 1. Then x has reduced expressions a =aj o - - - oa,, and
b=b|o---0b, od where either

(i) C(aj)#vforall j,or
(ii)  there exists k with (C(ay), v) ¢ E and C(a;) # v forall j > k.

By Theorem 1.1, b can be obtained from a by a sequence of shuffles. But clearly in
case (i) such a shuffle can never introduce a v-component, while in case (ii) no such
shuffle can change the fact that there exists ax with (C(ay), v) ¢ E and C(a;) #v
for all j > k. Since b does not satisfy either of the conditions (i) or (ii), this gives a
contradiction.

Suppose now that x has reduced expressions

a=ajo---oampoc
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b=bjio---0b, 0d

where ¢, d e M, c# 1, d #1. By Theorem 1.1, b can be obtained from a by a
sequence of shuffles. It is clear that no such shuffle can change the value of the last
v-component, so we must have ¢ =d.

We now turn our attention to showing that final v-complements are unique. If
the (unique) final v-component of x is 1 then, by definition, x is the (unique) final
v-complement of itself, so there is nothing to prove. So suppose that x has final
v-component ¢ # 1, and that there are reduced expressions

a=dajo---o0ayuoc

and
b=bjo---0b,oc

for x. Now by Theorem 1.1, there is a sequence of shuffles which takes a to b.
Clearly, just by removing those applications which involve the final v-component ¢
of the word, we obtain a sequence of shuffles which can be applied to aj o - - - o ap,
to yield b1 o - - - o by,. Since these expressions are reduced, it follows by Theorem 1.1
again that aj o - - - oa,, and b o - - - o by, represent the same element. Thus, x has
exactly one final v-complement. o

LEMMA 1.4. Let a € M and c € M. Suppose that a has final v-component d and
final v-complement a’. Then ac has final v-component dc and final v-complement a’.

PROOF. Suppose first that @ has final v-component d = 1. Then a has a reduced
expression of the form
aioayo---oamod €))

where aj o - - - o a,, is a reduced expression for a’. If dc # 1 then clearly
ajoazo---oayo (dc)

is a reduced expression for ac, from which the required result is immediate. On the
other hand, if dc = 1 then
ayodazo:---o0dpy

is a reduced expression for ac = a’dc = a’. 1t follows easily from the fact that (1) is
reduced that either this expression contains no v-components, or there exists k such
that (C(ax), v) ¢ E and a; ¢ v for all j > k. Thus, ac has final v-component 1 and
final v-complement a’, as required.
Now consider the case in which a has final v-component d = 1. Then a has a
reduced expression
apoayo---0dapy

where a =a’ =ajaz . . . a,, and either
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(i) C(aj)#vforall j,or
(ii)  there exists k with (C(ax), v) ¢ E and C(a;) # v forall j > k.

In both cases, it is easy to check that aj oaz o--- o0 ay, oc is a reduced expression
for ac, from which it follows that ac has final v-component dc =c and final
v-complement a = a’ as required. O

THEOREM 1.5. A graph product of right (left, two-sided) cancellative monoids is
right (left, two-sided) cancellative.

PROOF. We prove the result for right cancellative monoids. The corresponding
result for left cancellative monoids is proved similarly using initial v-components and
complements, and the result for cancellative monoids is an immediate consequence of
the one-sided results.

First observe that, since the graph product monoid is generated by elements from the
embedded components, it suffices to show that elements of the embedded components
are right cancellable, that is, that ac = bc implies a = b whenever ¢ belongs M, for
somev e V.

Suppose that a and b have (unique) final v-components d and e respectively, and
(unique) final v-complements a’ and b’ respectively. Then by the preceding lemma, ac
has final v-component d¢ and final v-complement a’, while bc has final v-component
ec and final v-complement &'

Since ac = bc, we deduce from Proposition 1.3 that dc = ec and ¢’ =b'. But d, e
and c lie in M,, which by assumption is right cancellative, so we deduce that d = e,
and hence that a = a’d = b’e = b as required to complete the proof. O

We next consider the question of whether a graph product of monoids each of
which is embeddable in a group is itself embeddable in a group. A positive answer
is a consequence of the next proposition which gives a universal property defining the
graph product. We retain the notation of this section.

PROPOSITION 1.6. Let N be a monoid and suppose that for each v € V there is a
homomorphism ¢, : M, — N such that

(@) (you) = (ypu) (x@y)  forall (u, v) € E and allx € My, y € M. (%)

Put M =T yeyM,. Then there is a unique homomorphism ¢ : M — N such that
xp=xqy forallx e My andallveV.

PROOF. Foreachv e V,let (A, | Ry) be a presentation for M,, and let (A | R) be the
presentation for M as at the beginning of the section. Let 6 : A — N be the function
given by a6 = ag, where M, is the unique monoid containing a. Since each ¢, is a
homomorphism, 0 respects the relations in each R,, and, by hypothesis, 6 also respects
all the other relations in R. Hence there is a unique homomorphism ¢ : M — N which
restricts to 8 on A and hence to ¢, on each M,. O

An immediate consequence is the first part of the following result.
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PROPOSITION 1.7. Let T" be a graph, V be its set of vertices and {My,},cy and
{Ny}lvev be families of monoids. Let M = T"yey My and N = T'ycy Ny. Then, given
homomorphisms ¢, : My, — N, for each v €V, there is a unique homomorphism
@ : M — N such that myp = my@, forallveV.

Moreover, if each ¢, is injective, then so is ¢.

PROOF. All that remains is to prove the final paragraph. Let a, b € M with ap = by
and suppose that a, b have reduced expressions ajo---oay, and bjo---ob,
respectively, where a; € M, and b; € M, i Then

(alﬁaul) cee (amﬁaum) =ap=bp= (blﬁf)vl) ces (bnﬁf)vn)

and, since the ¢, are injective, both (aj@y,) oo (amey,) and (b1, )o---o
(bny,) are reduced expressions for ap. Hence they are shuffle equivalent so that
m = n and, for some permutation o, a;¢,; = b;j;¢y,, for all i. Since im ¢, C N, for
all v, we see that u; = v;, for each i, and so a; = b;, since ¢, is injective. It is now
clear thataj o - - - o ay and by o - - - o by, are shuffle equivalent so that @ = b and hence
@ is injective. O

The following corollary, which can also be easily proved directly, is now immediate.

COROLLARY 1.8. Let T" be a graph with vertex set V. If, for each v € V, the monoid
M, is embeddable in a group G, then the graph product I' M, is embeddable in the
group I'G,,.

In the next section we use ideas about inverse hulls to demonstrate another result
about the closure of a class of right cancellative monoids under graph products.
Specifically, we consider right cancellative monoids which satisfy the condition that
the intersection of two principal left ideals is either principal or empty. A right
cancellative monoid satisfying this condition is called a left LCM monoid. We show
that a graph product of left LCM monoids is again a left LCM monoid.

The reason for the terminology, which is borrowed from ring theory, is that
the defining condition may also be expressed in terms of divisibility. For a right
cancellative monoid C and a, b € C, we say that a is a left multiple of b (and that
b is a right factor or divisor of a) if a = c¢b for some ¢ € C. If m is is a left multiple
of both b and d, we say it is a common left multiple of these elements, and such a
common left multiple m is a least common left multiple of b and d if every common
left multiple of b and d is a left multiple of m. Equivalently, m is a least common left
multiple of b and d if and only if

CbNCd=Cm.

Least common left multiples are sometimes known as left least common multiples. We
note that a left LCM monoid is a right cancellative monoid in which any two elements
having a common left multiple have a least common left multiple.
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In ring theory (see [1]), an integral domain (not necessarily commutative) is called
a left LCM domain if the intersection of any two principal left ideals is principal. Thus
an integral domain R is a left LCM domain if and only if the cancellative monoid of
its nonzero elements is a left LCM monoid.

Similarly, one defines common right factors and highest common right factors. An
element d of C is a highest common right factor of @ and b in C if and only if Cd is
the least upper bound of Ca and Cb in the partially ordered set of principal left ideals
of C.

We remark that least common left multiples and highest common right factors are
not uniquely determined in general, being defined only up to left multiplication by a
unit.

If C is actually cancellative, common right multiple, common left factor, least
common right multiple and highest common left factor are defined symmetrically.

Examples of right cancellative LCM monoids abound: the right locally Garside
monoids of Dehornoy [10] which, as he points out, include all Artin monoids and
all Garside monoids; from ring theory, we have already mentioned the multiplicative
monoid of nonzero elements of any LCM domain. Examples of LCM monoids which
are right cancellative but not left cancellative are provided by principal left ideal right
cancellative monoids; specific examples are the monoids of ordinal numbers less than
o (where « is any ordinal number greater than 1) under the dual of the usual operation
of ordinal addition.

2. Inverse hulls

To any right cancellative monoid C, one can associate an inverse monoid called the
inverse hull of C. Before giving the definition we recall some of the basic concepts of
inverse monoids. For more on the general theory of inverse monoids see [16, Ch. 5]
and [18].

An inverse monoid is a monoid M such that, for all a € M, there is a unique b € M
such that aba =a and bab =b. The element b is the inverse of a and is denoted
by a~l. It is worth noting that (@ '=aand (ab) ' =b"'a ' foralla, b e M.
The set of idempotents E(M) of M forms a commutative submonoid, referred to as
the semilattice of idempotents of M. In fact, a monoid M is an inverse monoid if and
only if E(M) is a commutative submonoid and, for every a € M, there is an element
b € M such that aba = a (that is, M is regular).

An inverse submonoid of an inverse monoid M is simply a submonoid N closed
under taking inverses.

For a nonempty set X, a partial permutation is a bijection o : Y — Z for some
subsets Y, Z of X. We allow Y and Z to be empty so that the empty function is
regarded as a partial permutation. The set of all partial permutations of X is made
into a monoid by using the usual rule for composition of partial functions; it is called
the symmetric inverse monoid on X and denoted by .#x. That it is an inverse monoid
follows from the fact that if ¢ is a partial permutation of X, then so is its inverse (as a
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function) o ~1, and this is the inverse of o in .#x in the sense above. The idempotents
of Fx are the partial identities ey for all subsets Y of X where ¢y is the identity map
on the subset Y. It is clear that, for Y, Z C X, eyez = eynz and hence that E (%) is
isomorphic to the Boolean algebra of all subsets of X.

The concept of an inverse hull was introduced by Rees [28] to give an alternative
proof of Ore’s theorem about the existence of a group of fractions of a left (or right)
Ore cancellative monoid C. The name was introduced in [7], where the inverse hull
of a right cancellative semigroup C is defined. A detailed study of the inverse hull is
carried out in [5] where the authors use a definition slightly different from that in [7].
However, the two definitions coincide in the case of inverse hulls of right cancellative
monoids, the only case that we consider.

After defining what we mean by an inverse hull and recalling some general results,
we show that a graph product of left LCM monoids is also a left LCM monoid, and
continue by finding a presentation for the inverse hull of a such a graph product in
terms of presentations for its constituent monoids. As a special case we obtain a
presentation of the inverse hull of a graph monoid.

2.1. Generalities about inverse hulls As well as being significant in the question
of embeddability in a group, the inverse hull of a right cancellative semigroup is also
important in describing the structure of bisimple, 0-bisimple, simple and O-simple
inverse semigroups.
Let C be a right cancellative monoid. For an element a of C, the mapping p, with
domain C defined by
Xpg = Xa

is the inner right translation of C determined by a. It is injective since C is right
cancellative, and so it can be regarded as a member of .Z¢. The inverse submonoid
of .Z¢ generated by all the inner right translations of C is the inverse hull IH(C) of C.
The inverse of p, is, of course, the partial map p; ' : Ca — C, so if C is not a group,
then /H(C) contains maps which are not total.

The mapping 1 : C — [H(C) given by an = p, is an embedding of C into IH(C).
Moreover, Cn is the right unit subsemigroup of IH(C), that is, it consists of those
elements p € IH(C) for which there is an element T with pt = 1¢. The group of
units of /H(C) is Gn, where G is the group of units of C. The left unit submonoid L
of TH(C) consists of the elements p_ ! for ¢ € C. For notational convenience, we
introduce a left cancellative monoid C~! containing G as its group of units and such
that there is an anti-isomorphism ¢ ¢~ ! from C to C~'. Here, if c € G, then ¢~ ! is
its inverse in G, and if ¢ ¢ G, then ¢ lisanew symbol. We can now extend n from G
to an isomorphism, also denoted by 7, from C~! to L given by ¢~y = Oc L

We remark that if C is a group, then every inner right translation is a permutation
of C and 7 is just the Cayley representation of C.

The empty mapping ¢ is sometimes a member of /H(C). When it is, it is the zero of
IH(C). For ease of expression of some results, we often state them in terms of THO(C),
where we define IH?(C) to be the submonoid IH(C) U {#J} of .Zc.
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Clearly, if ay, . .., ay, by, . . ., b, are elements of C, then p :,oal,ob_l1 ... ,0,1,,,ob_n1
is a member of IH(C). It is easy to verify that every element of /H(C) can be
expressed in this way (see [5, Lemma 2.5]) using the fact that if a, b € C, then
PaPb = Pap and p, lpb_ = ,ob_al. Thus every element can be written in the form
@m®y'n) .. (@) by ).

It is noted in [7] that the inverse hull of an infinite cyclic monoid {x}* is the
bicyclic monoid. This example was generalized by Nivat and Perrot in [26] where they
introduced polycyclic monoids as the inverse hulls of free monoids. They give several
characterizations of polycyclic monoids and, in particular, show that the polycyclic
monoid Py on a set X with more than one element has the following presentation as a
monoid with zero:

(XUX N xx =1, xy ' =0forx £y (x, y € X)).

More information on polycyclic monoids can be found in [18, Ch. 9] and [25].

An independent study of the inverse hull of the free monoid on an arbitrary
nonempty set X was carried out in [17] where Knox describes it as a Rees quotient
of a semidirect product of a semilattice by the free group on X.

Further examples of inverse hulls are calculated in [23].

We recall that a compatible partial order called the natural partial order is defined
on any inverse semigroup S by the rule that a < b if a = eb for some idempotent e.
For later use, we characterize this relation between certain elements of an inverse hull
in the following well-known lemma. See [19] for a version of this and its corollary.

LEMMA 2.1. Let C be a right cancellative monoid and let a, b, ¢, d € C. Then in
IH(C),

,oa_l,ob <pc_1pd if and only if a = xc and b = xd for some x € C.

PROOF. If p ' pp < p7 ' pa, then a € dom p; ! pp, s0 a € dom p ! py, that is, a € Cc,
say a = xc. Then

b=ap; ' pp=ap; ' pa=xd.
Conversely,
pa oo =" o3 pxpa < 07 pa.
COROLLARY 2.2. Let C be a right cancellative monoid and let a, b, ¢, d € C. Then
in IH(C),

,oa_l,o;, =,oc_1pd if and only if a = uc and b = ud for some unit u € C.

PROOF. By Lemma 2.1, there are elements x, y € C such thata = xc, b =xd, c = ya
and d = yb. Hence a = xya and, by right cancellation, 1 = xy. It follows that x and y
are units. O
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Recall that in any monoid M, Green’s relation & is defined by the rule that
aZb if and only if aM =bM. The relation . is the left-right dual of %Z; we
define ' =ZNYL and V=% v .£. In fact, by [16, Proposition 2.1.3], ¥ =
KoL =L o Finally,a_¢bif and only if MaM = MbM. In an inverse monoid,
aZb if and only if aa~! = bb~! and, similarly, a.Zb if and only if a~'a = b~'b.
In £x, we have pZo if and only if dom p =domo, and p.Zo if and only if
im p =imo [16, Exercise 5.11.2]. The following lemma thus follows immediately
from [18, Proposition 3.2.11].

LEMMA 2.3. Let C be a right cancellative monoid. Then, for elements p, o of
IHY(C):

(1) pPo inIH'(C) if and only if dom p = dom o;
(2) pLo inIHY(C) if and only if im p = im o.

We mention that % is a right congruence and % is a left congruence. More
information on Green’s relations can be found in [16, 18]. Finally, an inverse monoid
(or semigroup) is 0-bisimple if all its nonzero elements are P-related; it is bisimple
if all its elements are P-related. Thus if a, b are nonzero elements of a 0-bisimple
inverse monoid M, then there are elements ¢, d € M such that a. Zc#b and aZd Lb.

It is pointed out in [26] that the equivalence of (1) and (3) in the next proposition
can be obtained by slightly modifying the theory of Clifford [6]. A proof of the
whole result can be extracted from [21], but for the convenience of the reader and
completeness we give an elementary proof.

PROPOSITION 2.4. The following are equivalent for a right cancellative monoid C:

(1) IHY(C) is 0-bisimple;

(2)  the domain of each nonzero element of IH(C) is a principal left ideal;

(3) Cisaleft LCM monoid;

(4)  every nonzero element of IH°(C) can be written in the form Pe Ypg for some
c,deC.

PROOF. Suppose that (1) holds, and let p be a nonzero element of IHY(C). Then p is
9-related to the identity, and so Z-related to an element o of the left unit submonoid.
Hence dom p = dom ¢ and, since o = ,oa’l for some a € C, dom p = Ca so that (2)
holds.

If (2) holds, and a, b € C, then since Ca N Cb is the domain of p;lpapglpb, we
see that Ca N Cb is either principal or empty. Thus (3) holds.

Now suppose that (3) holds and let p be a nonzero element of IHY(C). We
have noted that p = /oal,ob_l1 - Pan/)b_,,l for some a;, b; € C, and so it is enough to
show that if ¢, d € C and /oc/od_1 is nonzero, then ,oc,od_1 = pa_l,ob for some a, b € C.
Now the domain of ,oc,od_1 is (CenN Cd),oc_l, and, by assumption, Cc N Cd = Cs for
some s € C. Thus s =rc =td for some r, t € C and an easy calculation shows that
pery' = o7 o
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Finally, if (4) holds, let p = p, pp be a nonzero element of IH(C). Now o !
is Z-related to the identity, and since % is a right congruence, we get p.% pp. But
obZ1, 50 p is D-related to the identity, and (1) follows. O

It is worth noting that if C is a left LCM monoid, then the product of two nonzero
elements in IH(C) is given by

0 ifCbNCc =9,

—1 —1 _
(Pa”P)Pe P} =1 1 i Ch A Ce = Csb = Cre.

Although it is not relevant to the present paper, it is worth noting that every
0-bisimple inverse monoid M is isomorphic to IH(C) where C is the right unit
submonoid of M [26], so that the preceding proposition applies to all such monoids.
We make use of the proposition to prove the next theorem, for which we also need the
following lemma.

LEMMA 2.5. Let I' = (V, E) be a graph and, for each v eV, let C, be a right
cancellative monoid and C =T',cy C,. Let c, d be nonunits in C,, C, respectively,
where (u, v) € E. Then

CcNCd=Ccd.

PROOF. Since (u, v) € E, we have c¢d = dc so that Ccd € Cc N Cd. Now suppose
that a € Cc N Cd so that a = sc = td for some s, t € C. By Lemma 1.4, a has final
v-component ¢’c and final u component d’d, where ¢’ is the final v-component of s
and d’ is the final u-component of ¢. Neither ¢’c nor d’d can be 1 since ¢, d are not
units. Thus a has reduced expressions xj o ---o0x, o (c'c) and yjo---0y, o (d'd)
which, by Theorem 1.1, must be shuffle equivalent. Hence one of the x;, say x;, must
be d’d and one can shuffle it to the end to obtain a reduced expression

X[ 0 0Xj_]0Xjt1 0 0x,0(c'c)o(dd)
fora. Hence a =x1 ... xj_1xj41 ... x,(c'c)(d'd) and, since ¢ € Cy, d’ € C,, so that
cd' =d'c(as (u,v) € E),
a=xi...Xj_1Xj41...x,¢'d'cd € Ced,
completing the proof. O
THEOREM 2.6. LetT" = (V, E) be a graph and, for each v € V, let Cy, be a left LCM
monoid. Then the graph product C = I'ycy Cy is also a left LCM monoid.

PROOF. C isright cancellative by Theorem 1.5. To prove that C is a left LCM monoid,
we show that every nonzero element of IHY(C) can be written in the form o Lpp, for
some a, b € C, and appeal to Proposition 2.4.

We claim that if ¢,d € C and © = ,oc,od_1 is nonzero, then v = p, Lop for some
a, b e C. The result follows from this claim and our earlier observation that every
nonzero element of IH’(C) can be written in the form Pay ,ob_l L Pa, Py, I
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1

We note that the claim is true if one of ¢, d is a unit: if » = ¢~ exists, then

-1 -1 _—1 -1 —1
T=P-1Pg =Pr Py =Py = Pgr P1,
and if d is a unit, then

—1 —1
PcPy = PcPg—1 = Peg—t = P1 Ped—1!-

We now assume that ¢, d are both nonunits and continue by proving the claim in the
case where they both have length 1, so that c € C,, forsome v € V. If d € C, then 7 =
,oa_]pb since C, is a left LCM monoid. Let d € C,, with u # v. If (u, v) ¢ E, then no
reduced expression ending in c¢ is shuffle equivalent to one ending in d, and it follows
that Cc N Cd =@. Thus T =, a contradiction. Hence (u, v) € E so that cd = dc.
By Lemma 2.5, Cc N Cd = Ccd. It follows that dom ,oc,od_1 = Cd =dom ,od_lpc, and
it is easily verified that pcpd_] = pd_lpc. Hence the claim holds for all ¢ and d of
length 1; in fact p, pd_l =0, ! pp, where a and b also have length 1.

To complete the proof, let ¢, d € C have reduced expressions c¢j o---ocp and
dyo---ody so that ,oc,o;l =Pc - ,och,od_l1 - ,od_kl. Now apply the length 1 case
repeatedly. O

In the next lemma we compare intersections of principal left ideals in the graph
product and in its component monoids.

LEMMA 2.7. Let I' = (V, E) be a graph and, for each v € V, let C, be a left LCM
monoid and let C =T ey Cy,. If x, y € C,, for some v € V, then

CoxNCyy=0 ifandonlyif Cx N Cy = (.

Moreover, if Cyx N Cyy = Cyz, then Cx N Cy = Cz.

PROOF. Clearly, if Cx N Cy =, then C,x N C,y =¥. Conversely, suppose that
ax = by for some a, b € C. Let a and b have final v-components ¢ and d, respectively.
Then by Lemma 1.4, ax has final v-component cx and by has final v-component dy.
But ax = by so, by Proposition 1.3, cx = by € Cyx N Cyy.

Suppose that Cy,x N Cyy = Cyz; then certainly Cz € Cx N Cy. If r = ax = by for
some a, b € C then, applying Lemma 1.4 and Proposition 1.3 again, we see that r
has final v-component cx = dy where ¢ and d are the final v-components of a and b,
respectively. Thus cx € Cyx N Cyy 80 cx = mz for some m € C,, and if ' is the final
v-complement of r, then r = r’mz € Cz as required. O

We are now in a position to prove the following result which will be important in
the next subsection.

PROPOSITION 2.8. If C is the graph product T ycy C, of left LCM monoids C,, then,
foreach v € V, the inverse hull IHY(Cy) is embedded in IH'(C).
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PROOF. For x € C, denote the inner right translations of C, and C determined by x
by p. and 3, respectively. Nonzero elements of IH%(C,) have the form Or ! py and so
we can define 6 : IH*(C,) — IH’(C) by 00 = 0 and (p; ' p,)0 = 5;'5y.

To see that 0 is well defined, suppose that o ! Py =p; ! p;. Then by Corollary 2.2,
x = uz and y = ut for some unit u of C,,. Certainly « is a unit of C, so 5;18y = 8;18,
as required.

To see that @ is injective, suppose that 8;18y = 8;18,, where x, y, z, t € Cy. Then
by Corollary 2.2, x = gz and y = gt for some unit g of C. By Corollary 1.2, C, is
unitary in C, and since g1, t € C,,, we have g € C,. It is easy to see that ¢! is also in
Cy, so that g is a unit of C, and so px_lpy = ,oz_l,o, as required.

Finally, we show that 6 is a homomorphism. Let p I Py» P; 1o, be elements of
IHY(Cy).

If C,bynNnCyz=9 then, by Lemma 2.7, CyNCz=¢. From the rule for
multiplication following Proposition 2.4, (o 1,oy)(,oz_ 1p))=0 and, since, by
Theorem 2.6, C is left LCM, also (85 '8,)(8;18,) =0.

On the other hand, if C,y N Cyz # @, then since C, is a left LCM monoid,
Cyy N Cyz =Cya for some a € Cy, say a=ry = sz, where r, s € C,. Also, by
Lemma 2.7, Cy N Cz = Ca, and so by the rule for multiplication we see that

(o5 o) (0 o) = Py

and
(6, 18,)(8.18) =818,

rx “st

It follows that 6 is a homomorphism as required. O

2.2. Inverse hulls of graph products of left LCM monoids Let I' = (V, E) be a
graph and {C,},cy be a family of left LCM monoids. Let C = I',cy C, be the graph
product of the C,; we have just proved that C is also a left LCM monoid. In this
subsection our first goal is to find a presentation (as a monoid with zero) for IHO(C)
in terms of given presentations for the inverse monoids /H 0(Cy).

We begin by establishing some notation. Let D be any right cancellative monoid
with group of units G and let Y be a symmetric set of monoid generators for G (that is,
y e Yifandonlyif y~! € ¥). We assume that 1 ¢ Y and take Y to be empty if G = {1}.
Let X be a set of nonunits in D such that X U Y generates D. Let X 1= xeX)
be a set disjoint from X such that x — x~! is a bijection, and X! U Y generates the
left cancellative monoid D! anti-isomorphic to D. Since any element of /H(D) can
be written in the form py, ,ob_1 L Pa, Py, ! it follows that there is a homomorphism

from the free monoid (X U X! U Y)* onto IH(D) sending x to py, y to py and x!
to ,o;l. Thus IH(D) has a presentation of the form (X U X~' U Y | R) for some set
of relations R. We can also regard (X U X~! U Y | R) as a presentation for JH(D) in
the class of monoids with zero. Since p, o, I'=1 for all x € X, we can assume that
xx~! = 11is arelation in R for every x € X. Similarly, since pyisaunitforall y €Y,
we can assume that we have relations yy~! =1 =y !yin Rforall y e Y.

https://doi.org/10.1017/5144678870900010X Published online by Cambridge University Press


https://doi.org/10.1017/S144678870900010X

[15] Graph products of right cancellative monoids 241

Turning to the graph product C = I'ycy Cy, we note that we have a corresponding
graph product C~! = T',cy C;! of the left cancellative monoids C;!. Writing G, for
the common group of units of C;, and C,; ! we remark that, by [31, Proposition 7.1],
the common group of units of C and C ~lis G =TyeyG,. We also observe that
the anti-isomorphisms between the C, and the C; ! extend, by a slight variation of
Proposition 1.7, to an anti-isomorphism between C and C —1 Now put S, = IHO(CU)
for each v € V, and let (X, U X;l UY, | Ry) be a presentation for S, of the type
described in the previous paragraph. It will be convenient to adopt the following
notational convention: x,, y, denote elements of X,, Y,, respectively; #, denotes an
element of X, U Yy; and z, denotes any element of Z, = X, U X;l uY,.

We now put X =J,cy Xo» X '=Upey Xy's Y =Upey Yo, and Z=XU
X~'UY. Asin Section 1, we will want to consider the free monoid on |,y Cy
as well as the free monoid Z*. To avoid confusion about the various products, we
write o, as before, for the product in the former free monoid, and ¢ for that in Z*.

Next, we introduce several sets of relations amongst words over X U X! U Y (and
zero) as follows:

(D) R=Ujey Ru:

(2) N ={xy0yu <>-~<>yum<>xujl:0|m>0,vaeXU,xweXw,
Yu; €Yy, with (v, w) ¢ E and v # w};

3B) Com ={z,¢zy =20 2u | V2u € Zy, zy € Z, With (u, v) € E}.

The polygraph product of the S, is defined to be the monoid PG = PG,y (S,) given
by the presentation
(Z] RUN UCom).

There is thus a surjective homomorphism ¢ :Z* — PG. For each veV, the
generators and relations of IHO(C,) are among those for PG and so there is a
monoid homomorphism 1, from IH°(C,) into PG determined by p:, ¥y =t,¢ and
px_leﬁv =xv_1§ fort, € X, UY, and x, € X,.

The map 7, : C, — IHo(C,) given by cn, = p. is an isomorphism of C,, with the
right unit submonoid of /Hy(C,). As noted in the preceding subsection, we can also
extend n, from G, (the group of units of C,) to the left cancellative monoid C, 'to
give an isomorphism onto the left unit submonoid of IH%(C,). Composing 7, with
the restriction of v, first to the right unit submonoid of IH 0(C,), then to the left unit
submonoid, we obtain monoid homomorphisms from C, and C ! into PG, both of
which we denote by 6,. There is no ambiguity here since these homomorphisms agree
on the common group of units of C, and C;; . We observe that if ¢, =t . . . t,,, where
ti e XUY,then

coby = (Enu¥) - .t Vo) =pou¥v ... P, Vv =108 ... 1,5 = (tHo -0ty

and

=" D=0 o =T = oot e
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Now by Proposition 1.6 and its dual, there are unique homomorphisms from C
into the right unit submonoid of PG, and from C~! into the left unit submonoid of PG
which restrict to 8, on each C,, and C; I respectively. We have noted that the common
group of units of C and C ~lis G =T'yey Gy, where G, is the common group of units
of C, and C;'. As no nonunits are in both C and C~!, there is no ambiguity in
denoting both homomorphisms by 6.

From the above we see that the squares

(XUy)* C X luy)y* —— !
ll l(‘) li iQ
(XUX_IUY)*4§>PG (XUX—IUY)**§>PG

are commutative where ¢ is the inclusion map. It follows that every nonzero element
of PG can be written in the form (a19)(b1_19) - (akG)(b,:19), where a;, b; € C. In
fact, we can do better than this, as we see in the next lemma.

LEMMA 2.9. Every nonzero element of PG = PGycy (Sy) can be written in the form
(a='0)(b0), where a, b € C.

PROOF. In view of the remark preceding the lemma, it is enough to show that if
¢, d € C, then either (c6)(d~10) =0 or (c0)(d~'0) = (a~16)(b0) for some a, b € C.
This is clearly true if ¢ or d is a unit of C, so we may assume that neither is a unit.

We use induction on the length, as defined in Section 1, of ¢ and d. We start by
considering d of length 1, and proving by induction on the length of ¢ that for any
c € C, either (c0)(d~'0) =0 or (c0)(d~'0) = (a='0)(bO) for some a, b € C with a
of length 1. First, suppose that ¢ has length 1. Then c € Cy,, d € C,, for some u, v. If
u = v, then

(c0)(d™'0) = (8@ "6,) = (oc¥u) (0 V) = (pepg N

Since C,, is left LCM, we have, by Proposition 2.4, that p, /od_1 is either zero or equal
to ,oa_lpb for some a, b € C,,. Hence, if nonzero,

(cO)(d™'0) = (pep; YWu = (07" 06)Wu = (07 " W) (op¥) = (@~ '0)(B0).
Ifuz#v,letc=t]...t;,andd =1ty ...1,, where t; € X, UY, and t; € X, UY,.

m
If (u,v) € E, thent{ o t; =t; ot/ is a relation in Com for all i, j and it follows that
(c0)(d™'0) = (d™16)(ch).
Suppose that (1, v) ¢ E. Since ¢, d are nonunits, not all the ¢/ are units and not all
the ¢; are units. Let 2 and k be the largest integers such #; and #; are nonunits. Then
we can write x;, for #; and x; for #;, and, similarly, we can write y; for #{ when i > h

and y; for ¢; when j > k. Consider

/ / / -1 -1 -1
(Xp O Vpy1 O O Yy O Yy <>~~<>yk+1<>xk+1)§.

This element is zero (by virtue of the relations in N) and so (¢8)(d ~lgy = 0.
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Thus our claim is true for all ¢ and d of length 1. Now suppose that, for
any ¢, d € C with ¢ of length less than m and d of length 1, (c0)(d™19) =0 or
(c0)(d™'0) = (a='6)(bY) for some a, b € C with a of length 1.

Next, let ¢ € C have length m, let ¢y o - - - ¢, be a reduced expression for ¢, and let
d € Cy. By the current induction assumption, (c3 . . . ¢,,0)(d —19) is either zero or can
be written in the form (a~'0)(b6) with a of length 1. In the former case, it is clear
that (c0)(d—'0) = 0. In the latter case, if (c6)(d~'0) is nonzero, then

(c0)@d10) = ((c1 ... cn))d7'0) = (c10)((ca . . . cm)O)(d'6)
= (c10)(a™'0)(bH)
= (a;'0)(010)(b9) = (a; '6)((b1b)O)

where aj has length 1, using the fact that ¢; and a both have length 1.
Thus we have proved our claim that, for any ¢, d € C with d of length 1, either
(c0)(d™10) =0 or (c0)(d~'0) = (a='0)(bY) for some a, b € C with a of length 1.
Now assume inductively that for any ¢ € C and any d € C of length n — 1, if
(c0)(d'9) # 0, then (c8)(d~'0) = (a~'0)(b0) for some a, b € C. Let d € C have
a reduced expression dj o - - - o d;, so that

(c0)(d7'0) = () d, o) (@}, ... d7He)
= (a;'0);0)((@, ... d7 ") forsome ai, by € C (by the case for n = 1)
= (@ ') (B10)(d, ) ... d o)
= (al_le)(a; 19)(})26) for some ay, by € C (by the induction assumption)
= (a;'a; HO(b20)
= (a~'0)(b0) where a = ara; and b = bs.

This completes the proof of the lemma. O

We now consider IH?(C). We remind the reader that (as a monoid with zero) each
IHO(C,) is generated by {ox,, px_ul, Py, Xy € Xy, yy € Yy} and that IH(C) is gener-
ated by Q = {px, oy ', pylxeX,yeY}, where X =,y Xo, X 1= Upey X!
and Y = (J,cy Yv. As before, we also assume that R, is a set of defining relations for
IH°(C,) and put R =,y Ry.

LEMMA 2.10. With respect to the generating set Q, the relations in R are satisfied by
IHY(C).

PROOF. By Proposition 2.8, IH’(C,) is embedded in IH(C) for all ve V. The
relations in R are relations in R, for some v, so hold in /H%(C,) and hence in
IH°(C). O

LEMMA 2.11. With respect to the generating set Q, the relations in N are satisfied
by IH(C).
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PROOF. Suppose that x, ¢y, ¢« © Yy, ox;l =0 is a relation in N so that
(v, w) ¢ E and v # w. Then in IH°(C),

dom pxulo)’ul e 'Oyum’ox_wl = (vay”l cee Yy N C.xw)(va,oyul T 'Oy”m)_l'

Since x, is not a unit and (v, w) ¢ E, in an expression for an element a of
CXyYu; - - - Yu,,» any amalgamation involving x, produces a nonunit of C,, so a
nonunit of C,, cannot be shuffled to the end of the expression. Hence the final w-
component of a is a unit. But the final w-component of an element of Cx,, must be
a left multiple of x,, and hence be a nonunit. It follows from Proposition 1.3 that
CxyYuy - Yu,, N Cxyy =9 and so Pxy Py« - - /oyum,ox’w1 =0. O

LEMMA 2.12. With respect to the generating set Q, the relations in Com are satisfied
by IH(C).

PROOF. Following our convention that #,, x,, denote arbitrary elements of X, U Y,
and X, respectively, relations in Com have one of the forms

1) o=t ot

(i) xyox;'=x71ox,, or

Gii) x;'ox;t=xTox !,

where (u, v) € E. Relations of the form (i) are satisfied in IH°(C) since

Pt, Pt, = Pt,t, = Ptyt, = Pt,Pt,, -

Consider a relation as in (ii). By Lemma 2.5, Cx, N Cx, = Cx,x,, and since
XyXy = XypXy in C,

dom px, py,! = (im px, Ndom p o' = (Cxuxu)py,' = Cxo.

Similarly, we calculate im py, P, = Cx,.

Since im ,o;vl = C =dom p,,, itis easy to see that we also have dom ,o;vl,oxu =Cuxy
and im ,ox_ulpxu = Cx,, and it follows that ,oxu/ox_v1 = ,ox_vl,oxu.

Finally consider a relation of the form (iii). In this case, since (u, v) € E, we also
have that x,, ¢ x, = x, ¢ x,, is a relation in Com. Hence py, 0x, = px, 0x, follows by
(i), and since JH"(C) is an inverse monoid,

-1 -1 —1 —1 -1 -1
pxu /O)CU = (,Oxvpxu) = (IOXMIOXU) = va pxu . o

We now use the lemmas together to obtain the following theorem, in which we
retain the notation of this section.

THEOREM 2.13. The monoids PGyey (Sy) and IH(C) are isomorphic.

PROOF. Consider the function B:XUX'UY — IH(C) given by xB = py,
x1p= o Uand y8 = py. It follows from Lemmas 2.10-2.12 that 8 extends to a
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homomorphism, again denoted by S, from PG to IH’(C). Since the latter is generated
by Q, the homomorphism is surjective.

Let r, s € PG and suppose that 8 =sB. By Lemma 2.9, r = (a='0)(b6) and
s = (c7'9)(d0) for some a, b, ¢, d € C. Hence ((a~'0)(b0))B = ((c"'0)(d0))B so
that p, Loy = Oc p4, and hence, by Corollary 2.2, there is a unit e of C such that
c=-ea and d =eb. If m, n € C, then there are correponding elements m_l, n~!in
Cand (mn)’1 =n"'m~!, Thus, using the fact that e is a unit in C,

s = (c710)(d0) = ((ea)'0)((eb)B)
= (@ 'e ™ H0(eb)d = (@ '0)(e7'0)(e8) (1Y)
= (a'0)((e"'e)0)(bO) = (a™'0) (V)

=r.

Thus g is an isomorphism and the proof is complete. O

3. Polygraph monoids

Theorem 2.13 gives us a presentation for /H’(C) and also allows us to write the
elements of PG in the form a~!b with a, b € C where a~'b = ¢~'d if and only if
¢ = ea and d = eb for some unit ¢ of C. The presentation simplifies considerably in
the case when each C, (and hence also C) has a trivial group of units, in that ¥ = ¢
and consequently

N ={x,0x; 1 =0]|Vx, € Xy, x, € X, with (u, v) ¢ E and u # v}.
Thus we have the presentation
(XUX~'|RUN UCom)

for IH°(C).

A particular instance of this is when each C, is a free monogenic monoid. Then
S, = IH(C,) is the bicyclic monoid with zero adjoined, and as a monoid with zero
it has the presentation with two generators: (x,, x, L XyXy 1'=1). In this case, the
graph product of the C, is a graph monoid M (I") with presentation

(xp (Ve V)| xuxy = xyxy if (u, v) € E).

The monoid IHY(M (")) is called a polygraph monoid and we denote it by P(I").
Put X ={x, | v € V} and, for x € Cy, y € Cy, write x ~ y if (u, v) € E, and, in an
abuse of notation, write x ~~ y to mean u % v and (u, v) ¢ E. Then our polygraph
monoid has a presentation

(XUX_1 |xx_1 =1; xy_1=0ifxooy;

1 1 1,,—1

Xy=yx, xy =y x,x 'y = y71x71 if x ~ y).
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If ' has no edges, then M(I") = X* is the free monoid on X and the polygraph
monoid IH(M (")) is the monoid with presentation

(XUX Nxxt=1Lxy ' =0ifx #y),

that is, it is the polycyclic monoid introduced in [26] and studied in, among
others, [17, 18, 25].

Let P(I') be the polygraph monoid determined by the graph I' = (V, E). Since
P (T) is the inverse hull (with zero adjoined if necessary) of the graph monoid M (T"),
it follows from the remarks following Theorem 2.13 that every nonzero element of
P(I") can be written as a~'b for some a, b € M(I"). Since the identity is the only unit
in M(T) it follows that if a, b, ¢, d € M(T'), then a~'b=c~!d if and only if a = ¢
and b = d. Thus we may regard the nonzero elements of P(I") as pairs (a, b) where
a, b € M(I"). With this notation, the product in P(I") is given by

0 if M(T)b N M(D)c =0,

(a,b)(c,d) = .
(sa,td) iftMT)bNMT)ce=MT)sb=M(T)tc.

PROPOSITION 3.1. The monoid P(T") is a O-bisimple (bisimple if it has no zero)
inverse monoid with

E(PI)) ={(a,a)|aeM@)}U{0}

as its set of idempotents.

PROOF. Since graph monoids are left LCM, Proposition 2.4 gives that P(I") is a 0-
bisimple (bisimple if it has no zero) inverse monoid.

It is easy to verify that any element of the form (a,a) is idempotent.
Suppose that (a, b)(a, b) = (a, b). Then (ta, sb) = (a, b) where M(T')a N M (I')b =
M (T")sb = M(T")ta. Hence, by the criterion for equality, fa =a and sb =b in M (I")
sothatt =s = 1. Thus M(I')a = M(I")b and hence a = b. O

Since P(T") is O-bisimple, Z = ¢ and two elements are Z-related if and only if
they are both nonzero or both equal to zero. In the next proposition we characterize
the other Green relations on P(I").

PROPOSITION 3.2. For elements (a, b), (c, d) of P(I'):
1) (a,b) "= (b, a);

2) (a,b)Z(c,d)ifand only if b=d;

(3) (a,b)Z(c,d)ifand only ifa = c;

@) S is trivial.

PROOF. (1) is an easy calculation. In an inverse monoid, elements s, r are .% -related if
and only ifs~ls=¢"1r. Using this and (1) we see thatin P(I") we have (a, b).Z (¢, d)
if and only if b = d.

The result for Z is similar, and then it follows that .7Z is trivial. O
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We next consider the properties of being E*-unitary or strongly E*-unitary. For any
inverse monoid S, the semilattice of idempotents of S is denoted by E(S), and if S has
a zero, then E*(S) denotes the set of nonzero idempotents. Recall from Section 1 that
a subset U of S is right unitary in S if foru € U, s € S we have su € U if and only if
s € U. There is a dual notion of left unitary, and if U is both left and right unitary, it is
said to be unitary in S. If U is either E(S) or E*(S), then it is left unitary if and only
if it is right unitary. We say that S is E-unitary if E(S) is a unitary subset of S, and
that it is E*-unitary [30] (or 0-E-unitary [18, 25]) if E*(S) is a unitary subset of S.
E*-unitary inverse semigroups are discussed in detail in [18, Ch. 9].

A special class of E*-unitary inverse semigroups was introduced independently
in [3] and [19]. In general, if we adjoin a zero to a semigroup S, we denote the semi-
group obtained by S°. An inverse semigroup S with zero is strongly E*-unitary if
there is a group G and a function 6 : § — GV satisfying:

(1) a6 =0ifand onlyifa =0;
(2) ab =1ifandonlyifa e E*(S);
(3) ifab #0, then (ab)0 = (ab)(b0).

Condition (1) says that 6 is O-restricted; conditions (1) and (2) together say that 0 is
idempotent pure, that is, the only elements which map to idempotents are idempotents;
and condition (3) says that 6 is a prehomomorphism. In general, prehomomorphisms
between inverse monoids are defined in terms of the natural order on the monoids,
but the general definition is equivalent to condition (3) when the codomain is a group
with zero adjoined. Implicit in [3] is the result that an inverse semigroup with zero
is strongly E*-unitary if and only if it is a Rees quotient of an E-unitary inverse
semigroup. This was made explicit with an easy proof in [29]. As well as [3] and [29],
further information about strongly E*-unitary inverse semigroups, including many
examples, can be found in the surveys [20] and [22].

We are interested in the connection between strongly E*-unitary inverse monoids
and embeddability of cancellative monoids in groups. The following result is due to
Margolis [24]; we include a proof for completeness.

PROPOSITION 3.3. Let S be a cancellative monoid. Then S is embeddable in a group
if and only if IH(S) is strongly E*-unitary.

PROOF. Suppose first that S is embedded in a group G. As noted in Section 2.1,
every (nonzero) element p of IH?(S) can be expressed as pg, ,ob_1 L Pa, Py, ! for

some elements ayp, by, ..., a,, by, of S. Define a mapping 6 :IHO(S) — G by
putting 06 = 0 and (,oal,ob_l1 - ,oan,ol;l)G = albl_1 .. .anb;l if,oal,ob_l1 - ,oan,ob_n1 is
nonzero.

Ifp= ,oal,ob_l1 .. Pay, ,ob_n1 = pqu_ll e P ,od_m1 is nonzero, then, for every element
x in dom p,

~1 ~1 ~1 -1
X0 = XPar Py, - - - PayPp, = XPciPg, - -+ PewPyq,,
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so that, in G,
xp :xalbl—1 .. .anb;1 :xc1d1_1 - cmd,;1

and hence albfl .. anb;1 = cldfl ... cmdnjl. Thus 6 is well defined.

By definition, 0 is O-restricted. If p is as defined above and pf =1, then
albl_1 ... anbn_] =1 and it follows that xp = x for all x € dom p so that p = Iqom p
and @ is idempotent pure. Finally, it is clear from the definition that if p, o € IH%(S)
and po # 0, then (po )0 = (pf)(ch) so that 0 is a prehomomorphism. Thus THO(S)
is strongly E*-unitary.

For the converse, we suppose that IH(S) is strongly E*-unitary and consider a
O-restricted idempotent pure prehomomorphism 6 : TH?(S) — G° from IH(S) to a
group G with zero adjoined. For each a € §, we have the element p, of IH(S), and
since dom p, = S, it follows that p, pp = p4p for any a, b € S. Since 6 is O-restricted,
pab € G and

(0a9)(Pp0) = (PaPp)O = Paif.

Hence we can define ¥ : S — G by ayy = p,0, and (a¥) (b)) = (ab)y, that is, ¥ is
a homomorphism. It is also injective, for if ayy = by, then p,6 = pp6. Now ,oa_l,o;7 is
a nonzero element of IH(S), and so

(b 06)0 = (07 '0)(060) = (07 '0)(pab) = (0 ' Pa)0 = 1

since p, 1ps is a nonzero idempotent. But 6 is idempotent pure, so o, Lpp is an
idempotent, that is, it is the identity map on its domain. Hence, for x € dom(p, 1 b)),
x,oa_l,ob =x. Now x/oa_1 = u where x = ua and also x = upp = ub so that ua = ub
and a = b by cancellation.

Thus S is embedded in G. O

It is well known (and a consequence of Corollary 1.8) that there is an embedding
6 : M((I') - G(I') of the graph monoid M (I") into the graph group G(I"), and so we
have the following corollary.

COROLLARY 3.4. For any graph T, the polygraph monoid P(T") is strongly E*-
unitary.

In the next section, we see that P (I") has another special property, namely that it is
F*-inverse.

4. F*-inverse 0-bisimple inverse monoids

Recall that an inverse monoid S is F*-inverse if every nonzero element of § is
under a unique maximal element in the natural partial order. If S does not have a
zero, it is said to be F-inverse, and in this case the definition is equivalent to every
o-class containing a maximum element. (Here o is the minimum group congruence
on S.) However, we shall use the term F*-inverse to include both cases. It is easy to
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verify that every F*-inverse monoid is E*-unitary. An F*-inverse monoid which is
also strongly E*-unitary is called strongly F*-inverse. It follows from Corollary 3.4
and the results of this section that a polygraph monoid is strongly F*-inverse.

We find a criterion for a 0-bisimple inverse monoid with cancellative right unit
submonoid to be F*-inverse in terms of a property of its right unit submonoid. We
remark that by a result of Lawson [19], for a 0-bisimple inverse monoid, having a
cancellative right unit submonoid is equivalent to being E*-unitary.

LEMMA 4.1. Let C be a right cancellative monoid and suppose that IH°(C) is 0-
bisimple. If a, b € C have only units as common left factors, then p, Loy is maximal
in IH(C).

PROOF. Since IH?(C) is 0-bisimple, every element has the form p, ! pp for some
a, b € C. The result is now immediate from Lemma 2.1 and its corollary. ]

If C is a cancellative monoid, we denote the partially ordered set of principal right
(left) ideals by P,(C) (P¢(C)). From the remarks at the end of Section 1, we see that
P.(C) is a join semilattice if and only if every pair of elements has a highest common
left factor, and it is a meet semilattice if and only if every pair of elements has a least
common right multiple. Corresponding remarks apply to P (C).

PROPOSITION 4.2. Let C be a cancellative monoid and suppose that IH°(C) is 0-
bisimple. Then IH(C) is F*-inverse if and only if P,(C) is a join semilattice.

PROOF. Suppose that every pair of elements of C has a highest common left factor
and let « be a nonzero element of JH(C). Then o = o 1 pp for some a, b € C. Let
x be a highest common left factor of a and b, say a = xc and b = xd. Then the only
common left factors of ¢ and d are units, so, by Lemma 4.1, o l,od is maximal. But
Pg Lop < Pe Log by Lemma 2.1, so « lies beneath a maximal element.

If ,oa_l,ob < p;l,oq for some p, g € C then, by Lemma 2.1, a = yp and b = yq for
some g € C. Hence x = yz for some z € C so thata = yp = yzc and b = yq = yzd.
By left cancellation, p = zc and ¢ = zd so that p;l g < P !ps by Lemma 2.1. Thus
O ! pg is the unique maximal element above o Lpp, and IHY(C) is F*-inverse.

Conversely, suppose that IH?(C) is F*-inverse, and let a, b € C. Then there is a
unique maximal element ,oc_lpd above ,oa_l,ob. By Lemma 2.1, a = xc and b = xd
for some x € C. If y is a common left factor of a and b, then a = yp and b = yq
for some p, g € C so that pa_lpb < ,o;lpq. Now p;l,oq < « for some maximal «,
and, by uniqueness, @ = p_ ! p;. Tt follows that p = zc and ¢ = zd for some z so that
xc =a = yzc, whence x = yz and y is a left factor of x. Thus x is a highest common
left factor of a and b. O

An abstract version of this proposition is given in the following result.

PROPOSITION 4.3. Let S be an E*-unitary 0-bisimple ( E-unitary bisimple) inverse
monoid, and let C be its right unit submonoid. Then S is F*-inverse (F-inverse) if and
only if P,(C) is a join semilattice.
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PROOF. Since S is 0-bisimple, the right unit submonoid C of § is a left LCM monoid
by [26, Proposition 1], and from the same proposition we have that S is isomorphic to
IH°(0). By [19, Theorem 5], C is cancellative so that the result is now immediate by
Proposition 4.2. O

A Garside monoid is defined to be a cancellative monoid whose only unit is the
identity, that is, a lattice with respect to both left and right divisibility, and that satisfies
additional finiteness conditions (see, for example, [9]). Such monoids have proved to
be important in the study of algebraic and algorithmic properties of braid groups and,
more generally, Artin groups of finite type. We note that if C is a Garside monoid,
then since the identity is the only unit, regarded as a partially ordered set under left
divisibility, C is order-isomorphic to P.(C) under reverse inclusion. Thus P,(C) is
a lattice so that /H(C) does not have a zero, and hence the next corollary follows
immediately from Propositions 2.4 and 4.2.

COROLLARY 4.4. The inverse hull of a Garside monoid C is a bisimple F-inverse
monoid.

We now turn to Artin monoids. Recall that an Artin monoid is a monoid generated
by a nonempty set X that is subject to relations of the form xyx ... = yxy ..., where
X,y € X, both sides of a given relation have the same length, and at most one such
relation holds for each pair x, y € X. Thus graph monoids are Artin monoids where
both sides of each defining relation have length 2. The associated Artin group of
a given Artin monoid A is the group given by the presentation of A regarded as a
group presentation. Rather than the definition, we use some of the properties of Artin
monoids which we now recall. The first three in the list below can be found in [2], the
third is also given in [11], and the fourth is from [27]. Let A be an Artin monoid. Then
we have the following properties:

(1) A is cancellative;

(2) the intersection of two principal left (right) ideals of A is either empty or
principal;

(3) A s left (and right) Ore if and only if it is of finite type;

(4) A embeds in its associated Artin group.

PROPOSITION 4.5. The inverse hull IH(A) of an Artin monoid A is strongly F*-
inverse.

PROOF. It follows from Proposition 3.3 and item (4) above that IH(A) is strongly E*-
unitary (E-unitary if A is of finite type). Moreover, we have already noted that (4) of
Proposition 2.4 is satisfied. Hence /H(A) is 0-bisimple (bisimple if A is of finite type).

Thus by Proposition 4.2, it is enough to show that any two elements of A have a
highest common left factor. This is noted in [2]. The argument is as follows. Since
the defining relations of A are homogeneous (that is, the two words in each relation
have the same length), it follows that any factor (left or right) of an element w of A
has length at most |w|. Hence any element of A has only finitely many left factors.
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Let xq, ..., xx be the common left factors of two elements v and w of A. Then by the
right-handed version of item (2),

X1AN---NxA=xA

for some x. (That is, x is the least common left multiple of x1, ..., xx.) Now x is a
common left factor of v and w (so must be one of the x;), and is clearly the highest
common left factor of v and w. u

Since a graph monoid is a special type of Artin monoid, we immediately have the
following corollary.

COROLLARY 4.6. For a graph T, the polygraph monoid is a strongly F*-inverse
monoid.
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