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Abstract

We prove that it is decidable whether or not a finitely generated submonoid of
a virtually free group is graded, introduce a new geometric characterization as quasi-
geodesic monoids, and show that their word problem is rational (as a relation). We also
solve the isomorphism problem for this class of monoids, generalizing earlier results for
submonoids of free monoids. We also prove that the classes of graded monoids, regular
monoids and Kleene monoids coincide for submonoids of free groups.
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1 Introduction

A lot is known about subgroups of free groups. And the seminal work of Stallings [21]
provided the tools to expand that knowledge in multiple directions, particularly when au-
tomata got into the picture (see [2], [9]). This glorious picture fades away when we change
from subgroups to submonoids, even in the finitely generated case. Indeed, we cannot use
anymore inverse automata and that is a major setback. The membership problem is still
decidable, as a consequence of Benois’ Theorem (see [I7, Theorem 6.1, p.314]), but e.g. the
isomorphism problem remains open.

On the other hand, submonoids of virtually free groups (i.e. groups admitting a free
subgroup of finite index) have been studied in [5].

In this paper, we explore a subclass of finitely generated submonoids of virtually free
groups which is somehow in the antipodals of subgroups. If the ambient group is free, we
show they can be characterized in alternative equivalent ways, which we now describe:

e Graded submonoids:
those that have a finite system of generators S such that every element of the monoid
can be written as a word over S only in finitely many different ways.

e Rational submonoids:
the structure of the submonoid can be encoded by a finite automaton which recognizes
a function associating to every word a normal form.

¢ Kleene submonoids:

submonoids where the recognizable subsets coincide with the rational subsets.

e Quasi-geodesic submonoids:

the continuous paths induced by the submonoid in the Cayley graph of the ambient
group are quasi-geodesics in a uniform way.
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If the ambient group is virtually free, we have
graded < quasi-geodesic = rational = Kleene.

The concept of graded monoid was introduced by Margolis, Meakin and Sunik in [I0].
Graded monoids form an important class of monoids, which includes, in particular, sub-
monoids of free monoids, Artin monoids, many Baumslag-Solitar monoids, as well as monoids
satisfying some small cancellation conditions, see [10] and references therein for further de-
tails. The class of graded monoids has a remarkably good algorithmic and finite separability
theory, in particular, graded monoids are finitely separable, see [10]. Together with the
closely related notion of upper distortion function, graded monoids were successfully ap-
plied in [10] in order to solve the membership problem for some submonoids in one-relator
groups.

Rational monoids were introduced by Sakarovitch [I6] and they constitute an interesting
alternative to automatic monoids: rational monoids are a more restricted class, but they
have stronger properties and are arguably more natural from the viewpoint of semigroup
theory: there is a rational function from a free monoid into itself which produces a normal
form for the monoid.

Kleene’s Theorem states that the classes of rational and recognizable languages coincide
over a finite alphabet (see [I7, Theorem 2.1, p.87]). In general, these two classes do not
coincide. For instance, a subgroup of a group is rational (respectively recognizable) if and
only if it is finitely generated (respectively finite index) [3l Exercise I11.1.3 and Theorem
II1.2.7].

In a geodesic metric space, one can think of a quasi-geodesic as the image of a geodesic
by a quasi-isometry. Every path with bounded domain is a quasi-geodesic for adequate
parameters, so what defines a quasi-geodesic submonoid is the fact that one can get uniform
parameters for all the paths induced by words on the generators of the submonoid.

The main results of the paper are connected as follows. We use the geometric charac-
terization of graded submonoids as quasi-geodesic submonoids to prove they have a rational
word problem. This corresponds to encoding all the relations satisfied by the monoid M by
a finite automaton (note that M might be not finitely presented, even if it is a submonoid
of a free monoid, see Example B7)). Then a map ¢ : S — G with G virtually free can
be extended to a homomorphism » : M — G if and only if all the relations in M go to
true equalities in G under ¢, and we show this can be decided using the finite automaton
encoding the relations and an additional lemma about rational subsets in G x G: one can
decide whether such a rational subset lies inside the diagonal. Since a graded submonoid of
G has a unique minimal generating set, namely the set of all irreducible elements, we obtain
a solution for the isomorphism problem almost immediately.

The paper is organized as follows. In Section 2 we recall some basic definitions from
automata theory and formal language theory that are used later, namely, the notions of
finite automata, rational and recognizable subsets. In Section 3 we introduce the notion of
graded monoid, mention some properties and equivalent characterizations of graded monoids
and give some examples of graded and non-graded submonoids of free groups.

In Section 4 we prove that graded submonoids of virtually free groups can be character-
ized as the quasi-geodesic submonoids. We use the fact that Cayley graphs of virtually free
groups are polyhyperbolic geodesic metric spaces.

In Section 5 we show that being graded is decidable for finitely generated submonoids
of vitually free groups. This is achieved by reducing the problem to test the number of
factorizations with nontrivial factors for finitely many elements of the submonoid. Then we
apply Muller-Schupp Theorem [12] and use classical properties of context-free languages to
produce an algorithm.

In Section 6 we show that the word problem of a graded submonoid of a virtually free
group (seen as a relation on the free monoid on the generating set S) is a rational subset
of §* x S§*. This section features the key construction of the paper: for a given monoid



in our class we effectively construct a finite automaton which accepts in a precise sense
its word problem (the relations of the monoid). The strategy is to use the quasi-geodesic
characterization to somehow navigate in a bounded subgraph of the Cayley graph of the
ambient group.

Together with an additional property of rational subsets of the direct square of a group
with decidable word problem, this construction allows us to prove in Section 7 that the
homomorphism and isomorphism problems are decidable for graded submonoids of virtually
free groups.

In Section 8 we prove that being graded, rational and Kleene is equivalent for submonoids
of free groups, using standard language-theoretic tools such as the lexicographic order or
syntactic congruences. We also discuss how these concepts relate in the general virtually
free case.

Finally, we collect in Section 9 a few open problems.

2 Preliminaries

We will denote finitely generated by f.g. for short. All the homomorphisms, epimorphisms
and isomorphisms in this paper are meant to be monoid homomorphisms, epimorphisms
and isomorphisms respectively, unless stated otherwise.

We briefly recall some basic definitions from formal language theory and automata theory,
see (for example) [8], [I7] for more details.

2.1 Rational languages and finite automata

Let A be a finite set (called alphabet), and A* be the corresponding free monoid. Recall that
a language over A is any subset of A*, and the collection of rational languages (also known
as regular languages) over A consists of all the languages which can be obtained from finite
languages by taking unions of two languages, concatenations of two languages and Kleene
star of a language (i.e., the submonoid generated by this language). Kleene’s theorem states
that a language is rational if and only if it is accepted by some finite automaton. Recall
that a (non-deterministic) automaton A over a finite alphabet A is a 5-tuple (Q, A, I, T, E),
where

e () is a non-empty set, called the set of states;
e A is a finite non-empty set, called the (input) alphabet;
e [ is a subset of @, called the set of initial states;
e T is a subset of @, called the set of terminal states;
e F is asubset of Q x A x @, called the set of transitions.
An automaton A is called:
o finite if the sets Q and F are finite;
o deterministic if |I| =1 and (p, a,q), (p,a,q’) € E implies ¢ = ¢';
o complete if EN ({q} x {a} x Q) # 0 for all ¢ € Q and a € A.

Note that every automaton A can be represented in the natural way as a digraph with edges
labelled by the elements of A: the vertex set is @, each transition (g1, a,¢2) in E gives rise
to an edge labelled by a from ¢; to g2, and there are two distinguished sets of vertices —
initial and terminal. Thus we can speak about vertices and (oriented) edges of A, about
spanning trees in A, etc.



A path p in A is a sequence p = ¢161G202 . . . ¢nanGn+1, Where (g;, a;, gi+1) is a transition
for all i = 1,...,n; the label of this path is defined to be ajas...a, € A*, and for n = 0
the label of the trivial path is defined to be the empty word. We denote by p—q a path
from p to ¢ with label u. A path p is successful if g1 € I and g,4+1 € T, and the language
over A accepted by A, denoted by L(A), is defined to be the set of labels of all successful
paths in A. Note that we can always suppose an automaton to be trim, i.e., such that every
vertex belongs to some successful path, without changing the accepted language. We can
also always suppose there is only one initial state. See [3 Section I1.4].

Note that any subgraph C of A determines another automaton with the set of states
consisting of the vertices of C, by restriction of transitions to the edge set of C', and restriction
of the initial and terminal states to those which belong to C; we call this automaton a
subautomaton of A. If B is a subautomaton of A, then it is immediate that L(B) C L(A),
since every successful path in B gives rise to a successful path in A with the same label.

2.2 Rational and recognizable subsets

Suppose M is a finitely generated monoid. In analogy to rational languages in a free monoid,
one can define the set of rational subsets in M to consist of all the subsets of M which can
be obtained from the finite ones by taking unions of two subsets, products of two subsets
and Kleene star of a subset (i.e., passing to the submonoid generated by the given subset).
In particular, rational subsets of free monoids are precisely the rational languages, and a
subgroup of a group is a rational subset if and only if it is finitely generated (due to Anisimov
and Seifert [3, Theorem II1.2.7]). Let o : A* — M be a surjective homomorphism, for some
finite alphabet A. It turns out that a subset K of M is rational if and only if there exists a
rational language L in A* such that K = «(L), see [I7, Proposition 1.7, p.223]; this property
is sometimes taken as the definition of a rational subset.

We say that X C M is a recognizable subset of M if there exists a homomorphism 6 : M —
K to some finite monoid K satisfying X = 6716(X). Given a surjective homomorphism
a: A* — M, it turns out that a subset X of M is recognizable if and only if a=1(X) is a
rational language [I7, Theorem 2.2, p.247]. A subgroup of a group is a recognizable subset
if and only if it has finite index [I7, Proposition 6.1, p.302].

Equivalently, a subset X of M is recognizable if and only if the syntactic congruence ~x
has finite index (i.e., there are finitely many equivalence classes); this is the congruence on
M defined by u ~x v if

Vp,q € M (pug € X < pug € X);

see [17, Theorem 2.3, p.247]. Let Rat(M) (respectively Rec(M)) denote the set of all rational
(respectively recognizable) subsets of M. For a finitely generated monoid M we always have
Rec(M) C Rat(M) [3| Proposition I111.2.4]. We say that M is a Kleene monoid if Rec(M) =
Rat(M). This terminology arises from Kleene’s Theorem stating that Rec(A*) = Rat(A*)
whenever A is finite [3, Theorem III.2.1], i.e., all rational languages are recognizable.

3 Graded monoids and irreducible elements

We now introduce graded monoids and some of their basic properties, following [10].

Definition 3.1. [I0, Definition 1.3] Let M be a monoid. M is called graded if it has a finite
system of generators S such that every element of M can be written as a word over S only in
finitely many different ways. In other words, M is graded if there exists a finite alphabet X
and an epimorphism « : X* — M such that a~!(g) is finite for every g € M. In particular,
every graded monoid is finitely generated.

Definition 3.2. [10, Definition 1.5] A non-identity element of a monoid M is called irre-
ducible if it cannot be written as a product of non-identity elements of M. It follows imme-
diately from the definition that any generating set of M should contain all the irreducible



elements of M, and that the set of irreducible elements of M is equal to (M\{1})\(M\{1})2.
Given a f.g. submonoid M of a virtually free group, one can compute the set of all irreducible
elements of M since (M\{1})\(M\{1})? is an effectively constructible rational set.

We summarize some known properties of graded monoids in the following lemma. The
first statement basically means that the property of being graded does not depend on the
choice of a finite generating set, provided this set does not contain the identity (note that
no monoid can be graded with respect to a generating set containing the identity).

Lemma 3.3. Let M be a graded monoid.

1. If S" is an arbitrary generating set of M which does not contain the identity then every
element of M can be written as a word over S’ only in finitely many ways.

2. M has no (left, right) invertible elements apart from the identity.
3. The set of irreducible elements of M generates M .
Proof. The proof can be found in [I0]. O

Note that all f.g. submonoids of a free monoid are graded. In particular, all f.g. free
monoids are graded.

Example 3.4. There exists a graded submonoid of a free group which cannot be em-
bedded in a free monoid. Consider, for example, the submonoid M of F(a,b) generated
by a,b,a 'b"'ab. It does not embed into a free monoid because it satisfies the equality
yxz = xy, where x, v, z are the three generators a, b,a”'b~'ab respectively, and z # 1.

We now show that M is graded. We refer to a word from {a,b}* as positive. We can
use induction on the number of generators in the decomposition of an element in M to see
that the reduced form of any word in M must either be a positive word or end in b~ 'a*bu,
where k£ > 0 and u is a positive word. Let L denote the set of all elements of F' of this form:
either positive or ending in b~ 'a*bu. Then it is easy to see that for every element g in L
and any generators x;,z; of M from the above generating set (possibly equal) the length of
gz; in F is not smaller than the length of g, and the length of gz;x; in F is strictly bigger
than the length of g. Thus, if h € M and h = z; ...z, is a decomposition of h as a product
of the above generators, then the length of h is at least [n/2]. This implies that if h has
length s in F', then any decomposition of h has at most 2s + 1 factors, in particular, there
are finitely many such decompositions, so M is graded.

The following example shows that conditions 2 and 3 in Lemma [3.3] are necessary, but
not sufficient for implying graded.

Example 3.5. There exists a f.g. submonoid M of a free group which has the following
properties:

1. M is not graded.
2. M has no (left, right) invertible elements apart from the identity.
3. The set of irreducible elements of M generates M.

Consider, for example, the submonoid M of the free group of rank 3, F'(a, b, ¢), generated by
the elements ba, c,c 'a=!,b~1a~!. Note that M is not graded, since ba-c-c ta=!-b~la~! =
c-c ta™!, and so a~! can be written as a product of generators of M in infinitely many
different ways:

at=ba) c-ctamt- (b7 aTHE, k>0,

We show now that M has no invertible elements apart from the identity. Indeed, the
product of two non-invertible elements in M (or any other submonoid of a free group) is



non-invertible: if x,y € M, and z = (zy)~! = y~lo=! € M, then also z=1,y~ € M. This
means it suffices to prove that the generators ba, c,c ta~!,b=ta~! of M are non-invertible
in M, i.e., the elements a= 101, ¢!, ac, ab are not in M. Suppose that a='b~! € M, and
q,7,s,t are the numbers of times each of the generators ba,c,c 'a™',b~1a~! respectively
occurs in some factorization of a='b~!. Then r = s, since the sum of exponents of ¢’s should
be equal to 0, ¢t = ¢ + 1, since the sum of exponents of b’s should be equal to —1, and
s+t = g+ 1, since the sum of exponents of a’s should be equal to —1. It follows that
r = s = 0. But any product with factors in {ba,b~'a~'} is necessarily reduced, so we can
never obtain a~'b~!, a contradiction, so a='b~1 ¢ M. The other cases are similar. Note
that invertible equals left (right) invertible since M embeds in a group.

It remains to prove the third claim. Indeed, we claim that all the elements
ba,c,c 'a"!,b~la~?! are irreducible. Note that for each of these generators the first let-
ter occurs only in this generator, but not in the rest (here we consider a and a~! as different
letters). Suppose ba = Y1y . . . Ym for some generators y1, . .., ym from the above generating
set. Since b does not occur in any of the generators apart from ba, at least one of the gen-
erators yi, . .., Ym should be ba, and we can suppose that y; = ba and there is a reduction
of the word y; ...ym to the reduced word ba such that the letter b from y; does not get
cancelled, for some 1 < ¢ < m. But then y;...y,—1 = 1, and since M has no non-trivial
invertible elements, as proved above, we have ¢ = 1. Now we have ys ...y, = 1, s0 m = 1.
This shows that ba is irreducible. The other cases are similar. Thus M is generated by the
set of its irreducible elements.

The next example shows that conditions 2 and 3 in Lemma [3.3] are not equivalent either.

Example 3.6. There exists a f.g. submonoid M of a free group such that both claims hold
for M:

1. M has no (left, right) invertible elements apart from the identity.
2. The set of irreducible elements of M does not generate M.

For example, take M to be the submonoid of the free group F(a,b) generated by
a,ba”1,b71a. To prove the first claim, we only need to show that none of the genera-
tors is invertible, since the product of non-invertible elements is non-invertible, as in the
previous example. That is, we need to check that a=!,ab=*,a~1b ¢ M. Suppose ab~! € M.
Let 7, s,t be the number of times each of the generators a,ba"!, b~ 'a respectively occurs in
some particular factorization of ab=!'. Then ¢t = s + 1, since the sum of exponents of b’s
should be equal to —1. It follows that » = 0, since the sum of exponents of a’s should be
equal to 1. But any product with factors in {ba=!,b71a} is necessarily reduced, so we can
never obtain ab~!, a contradiction, so ab~! ¢ M. The other cases are similar. Thus M has
no invertible elements apart from the identity.

Now we show that M is not generated by the set of its irreducible elements. Indeed, the
set of irreducible elements of M must be contained in any generating set of M, in particular,
in {a,ba=!,b71a}. However, a is not irreducible in M, since a = ba=! - a-b~ta, and the set
{ba=1,bta} clearly does not generate M, since any product with factors in {ba=%,b"1a} is
necessarily reduced and so cannot be equal to a. This shows that both claims hold for M.

Example 3.7. There exists a graded submonoid of a free group which is not finitely pre-
sented. Indeed, every f.g. submonoid of a free monoid is graded and can be embedded in a
free group, but not every f.g. submonoid of a free monoid is finitely presented.

The following example is well-known, we include it for the sake of completeness. Consider
the submonoid M of the free monoid {a, b, ¢, d}* generated by ab, ad, ba, ¢, ca, d (denoted by
Z1,...,Te respectively). A relation z;, ...z, = x; ...x;, holding in M is called minimal
if 47 # j1 and @y, ... x5, = x4, ...x;, holding in M with 0 < r < m and 0 < s < n implies
either 1 = s = 0 or r = m, s = n. Since free monoids are cancellative, a presentation of



M can be obtained by considering all minimal relations on x1,...,z¢. It is easy to see that
these are the relations of the form x43:]fa:2 = x5x’§x6 for k > 0, hence M is presented by

Mon{xy,... , x¢ | 3:4x]f:r2 = 3:517’3?:176, k> 0).
If M were finitely presented, it would admit a presentation of the form
Mon{xy,...,x¢ | 3:43:]1“:172 = 3:51715?:176, 0<k<t).

However, it is immediate that x4x§+1:1:2 = x5x§+1

of relations. Thus M is not finitely presented.

z¢ cannot be derived from this finite set

Example 3.8. Not every graded submonoid of a virtually free group embeds into a free
group. Indeed, take G = (a,b|b*> = 1,ab = ba) and let M be the submonoid of G generated
by a and ab. Then it is easy to see that M is graded, but does not embed into a free group
since a and ab commute and have the same square.

In [I0], the authors provide several alternative characterizations for graded monoids. We
add a few, and in order to do so we need to introduce a few semigroup-theoretic concepts.

Let M be a monoid and u € M. A nontrivial factorization of u is a sequence (uq, ..., up)
of elements of M \ {1} (for some n > 0) such that u = uy...u,. The element u is regular
(respectively idempotent) if u € uMu (respectively u? = u). If MuM C MvM (equivalently,
if w e MvM), we say that v € M is a factor of u (and we write u <7 v). The quasi-order
<7 is called in the literature the J-order of M. A monoid is finite J-above if every element
of M has only finitely many factors.

Proposition 3.9. The following conditions are equivalent for a f.g. monoid M :
1. M is graded.
Every element of M has only finitely many nontrivial factorizations.

M is finite J-above and 1 is the unique reqular element of M.

™

M s finite J -above, and 1 is the unique invertible element and the unique idempotent
of M.

Proof. 1 = 2. Let X be a finite alphabet and let ¢ : X* — M be a surjective monoid
homomorphism such that ¢~1(u) is finite for every u € M.

Suppose first that there exist arbitrarily long nontrivial factorizations (uq,...,uy) of
u. Take v; € p~1(u;) for every i. Since u; # 1, it follows that vi...v, € ¢~ !(u) and
|v1 ... 0| > n, thus ¢! (u) would be infinite, a contradiction.

Therefore there exists a constant K € N such that every nontrivial factorization
(u1,...,up) of u satisfies n < K. Let U be the set of all elements of M occurring in
some nontrivial factorization of u.

Suppose that U is infinite. Then ¢~1(U) contains arbitrarily long words and so does
¢ Y(u), a contradiction. Hence U is finite and in view of the bound K we deduce that u
has only finitely many nontrivial factorizations.

2 = 1. Straightforward.

2 = 3. Every factor of u € M is either the identity or occurs in some nontrivial
factorization of u. Therefore u has only finitely many factors and M is finite J-above.

Suppose that u € M \ {1} is regular. Then v = wvu for some v € M. If v =1
(respectively v # 1), then (u,u,...,u) (respectively (u,v,u,...,v,u)) provides arbitrarily
long nontrivial factorizations of u, a contradiction. Thus 1 is the unique regular element of
M.

3 = 4. Since idempotents and invertible elements are regular.



4 = 3. Suppose that u € M is regular. Then uvu = u for some v € M. Since uv and vu
are both idempotents, it follows that wv = vu = 1. But then w is invertible and so v = 1.

3 = 2. Let u € M have n factors. Suppose that u admits infinitely many factorizations.
Then v admits a nontrivial factorization (u1,...,um) of length m > n. It follows that
up...u; is a factor of w for j = 1,...,n + 1. Since u has n factors in M, it follows that
there exist 1 < p < ¢ < n+ 1 such that u;...up = ur...uq. Write = uy...u, and
Y = Upt1-..Uqg. Then zy = 2.

Suppose first that y # 1. Since zy = x implies 2y* = = for every k > 1, then 3* is a
factor of x for every k. Since M is finite J-above, we get y" = y® for some 1 < r < s. Hence
y" =yt = gt — gy (s=r=1ryr and so y” is regular. It follows that y” = 1 and
so y = yy"~ty. Therefore y # 1 is regular, a contradiction.

Assume now that y = 1. Then ug = ug(Upt1 ... Ug—1)uq # 1 is regular, also a contradic-
tion. Therefore v admits only finitely many factorizations.

O

Note that none of the two last conditions in 4 can be removed: for counterexamples,
we can take any finite nontrivial group and any finite nontrivial semilattice (commutative
monoid consisting of idempotents).

We can now apply Proposition to the case of submonoids of a free group.

Corollary 3.10. The following conditions are equivalent for a f.g. submonoid M of a free
group:

1. M is graded.
2. M is finite J -above.

Proof. Suppose that M is finite J-above. Since M is a submonoid of a group, 1 is the unique
idempotent of M, and since free groups are torsion-free, the fact that M is finite J-above
implies that 1 is the unique invertible element of M. Now the claim follows immediately
from the equivalence of the first and fourth conditions in Proposition [3.9

O

We remark that we cannot remove f.g. from the statement of the corollary since a free
monoid of infinite rank embeds in any free group of rank > 1.

4 A geometric characterization

We provide in this section a geometric characterization of graded submonoids of virtually
free groups using the concept of quasi-geodesic in the Cayley graph of the ambient group.
We start by recalling some concepts from the theory of hyperbolic groups.

A geodesic metric space is a metric space (X, d) such that, for all z,y € X, there exists
an isometry A from [0, d(z,y)] C R into X such that A(0) = z and A(d(x,y)) = y. Then we
say that A is a geodesic from x to y. We also call its image a geodesic, often denoted by
[2,y].

A geodesic p-gon is a union of geodesics

[0, z1] U [z1,22] U ... Uzp_1,2p)

in (X, d) with z, = z. This geodesic polygon is K-thin if for every side of it every point on
this side is at distance < K from some point on one of the other sides.

Then (X, d) is hyperbolic if there exists some constant K > 0 such that every geodesic
triangle in (X, d) is K-thin. We say that (X, d) is polyhyperbolic if there exists some constant
K > 0 such that, for every p > 2, every geodesic p-gon in (X, d) is K-thin.



Let [a,b] CRand A > 1, > 0. A mapping ¢ : [a,b] = X is a (A, )-quasi-geodesic if
1
X|:1: —y| —e <d(e(x),(y)) < Az —y| + € holds for all z,y € [a,b].

Now let Caya(G) be the Cayley graph of a f.g. group G with respect to a fixed finite
generating set A. The geodesic distance d4 between vertices g, h € G is defined as the length
of the shortest path connecting them. Since d4 takes values in N, (G, d4) is not a geodesic
metric space. However, we can remedy that by embedding (G,d,) isometrically into the
geometric realization Cay 4(G) of Caya(G), where vertices become points and edges become
segments of length 1 in some (euclidean) space, intersections being determined by adjacency
only. With the obvious metric, Cay,(G) is a geodesic metric space, and the geometric
realization is unique up to isometry. We denote also by d4 the induced metric on Cay 4(G).

By [1, Theorem 4.1], Cay 4(G) is polyhyperbolic if and only if G is virtually free.

Suppose now that M is a submonoid of G generated by a finite set S C G\ {1}. From
this point onwards, we denote by S* the free monoid on S (viewed as an alphabet) and not
the submonoid of G generated by S (which is denoted by M). We denote by Cont(S,G, A)
the set of all mappings of the following form: for some v = vy ...v, € S* (v; € 5), @y :
[0,n] — Cay 4(G) is a mapping such that:

e v, (i)=v1...0;fori=1,2,....n, v, (0) =1;

e the interval [i — 1, 4] is mapped homeomorphically into a geodesic [, (i — 1), ¢, (7)] for
i=1,2,....n.

We call the elements of Cont(S,G, A) continuous paths from S* in Cay 4(G).

We say that M is a quasi-geodesic submonoid of G with respect to A if there exist
A > 1 and e > 0 such that ¢ is a (), e)-quasi-geodesic of (Cay,(G),da) for every ¢ €
Cont(S,G, A).

Finally, we introduce some helpful mappings. Given a finite set of generators S of a
graded monoid M and u € M, write

Es(u) = Up>1{(s1,...,80) €S" | s1...8, =u}, Zg(u)=max{n>1|E&s(u)NS™ #0}.

If A is a finite generating set for the ambient group G, we define also a mapping (s 4 : N =+ N
by
(s,a(n) = max{Es(u) |u € M, da(1,u) < n}.

Theorem 4.1. Let G be a virtually free group generated by a finite set A. Let M be a
submonoid of G generated by a finite set S C G\ {1}. Then the following conditions are
equivalent:

(i) M is graded;
(i) M is a quasi-geodesic submonoid of G with respect to A.

Proof. (i) = (ii). Let K be a polyhyperbolicity constant for (Cay,(G),da). Let ¢ €
Cont(S,G, A) be defined as above for v = vy ...v, € S*. Write wy = vy...v; for k =
0,1,...,n. Let

o L =max{da(l,s)|se S},
o I' =(CsA(2K + L+1),

e A =max{L, L'},

e e =max{3L,2L + +}.



Suppose that 4,5 € {0,1,...,n} with ¢ < j. Consider a geodesic polygon in Cay 4(G) of
the form
[wi, wi+1] U [wi+1,wi+g] U...u [wj_l,wj] U [wj, wi].

Assume that [w;,w;] is the geodesic
al as A,
Wj =qo——>q1—> ... —2(qr = W;

with ay,...,a, € AUA™L. Let ¢ € {1,...,7—1}. By definition of K, there exist t € {i,...,j—
1} and = € [wy, wiy1] such that da(ge, ) < K. Since da(wy, wiy1) = da(1l,ve41) < L, there
exists some zp € {i,...,5} such that da(qs,w,,) < K + % Fix also zg = j and 2z, = i. We
have

da(wz, ,wz,) <da(wz, o, qe—1) +dalqe—1,q¢) + da(qe, w,,) < 2K + L +1,

hence
|ze — ze—1] < Es(wz_,zl,lwzz) <L
for £ =1,...,r. It follows that

T

=il = |z =20l €Y lze = 21| < L'r = Lda(wy, wi) = L'da(p(j), 0(0). (1)
(=1

On the other hand,

dalp(d), o(i)) = da(wj, w) Z da(we—1,we) Z da(l,ve) < Llj—i|l. (2)
(=i+1 l=i+1

Now, given z,y € [0,n], @) yields

dae@) o) < dalp(@).ollo))) + daellz)). o(lw) +dalellul) o) g
< Lila) = |yl +2L < Liz — y[ + 3L.

On the other hand, () yields

lz—yl < |lz] - LyJ|+1<L’dA(90(L$J), (ly]) +1
< L'(da(e(lz)), p(z)) + (cp(w)a e(y)) +dale(y), ¢(lyl))) +1
< L'da(p(x), o(y)) +2LL" +
and therefore 1 1
Sle =yl = QL+ =) < dalp (@), o). ()

By definition of A and ¢, it follows from @) and {@) that ¢ is a (A, e)-quasi-geodesic of
(CayA(G)v dA)

(ii) = (i). If M is not graded, there exists some 2 € M represented by infinitely many
words v € S§*. Since S is finite, the length of such v is unbounded, which prevents the
existence of A, ¢ satisfying

<ol = 0] = < da(p(lol), 9(0)) = da(a, 1)

for every v.
Note that this implication holds for every f.g. group G. O

It follows from Theorem H.1] that, for a virtually free group G, the concept of quasi-
geodesic submonoid is independent from the finite generating set of G considered. Therefore
we can speak of quasi-geodesic submonoids of G.

10



5 Being graded is decidable in virtually free groups

We now show that it is possible to algorithmically decide whether a f.g. submonoid of a
virtually free group is graded or not.
We will need the following two lemmas.

Lemma 5.1. Let G be a virtually free group gemerated by the finite set A. Let M be a
f-g. submonoid of G, given by its finite generating set S. Then there exists a computable
constant C' > 0 such that the following conditions are equivalent:

(i) M is graded.
(i1) |€s(g)| < oo for every g € G such that da(1,g) < C.

Proof. By [I, Theorem 4.1], Caya(G) is polyhyperbolic and it follows from the proof that
a polyhyperbolicity constant K for Caya(G) can be computed from an effective description
of G (via quasi-isometry constants for standard constructions). Let

L =max{da(l,s)|s€ S} and C =2K + L+ 1.

Since G has decidable word problem, both L and C are computable.

(i) = (ii). Trivial.

(ii) = (i). Suppose that M is not graded. Then there exists some g € G such that
|€s(g)| = co. We may assume that d4(1,¢) is minimum for this property.

Let [g, 1] be a geodesic in Caya(G). Take h € [g, 1] such that d4(1,h) = LMJ Let
D ={z € G |da(z,h) < K+ L} Note that A is finite, hence D is finite as well.

Let g = zi12i2. .. 255, © € N denote infinitely many different decompositions of g, con-
sidered as equalities in the group G, where each z;; € S. Note that the set {j;, i € N} is
unbounded, since there are only finitely many different words of bounded length on S. We
claim that

for every i € N, 21 ... 24, € D for some r; € {0,...,7;}. (5)

Indeed, fix a geodesic [z . . . 2ij, Zi1 . . - 23 j+1] for j =0,...,4; — 1, and consider the geodesic

polygon
[1, Zil] U [Zila Zilziz] U...uU [Zil e Zigi—1, %41 - - 'Ziji] U [g, 1]

Since K is a polyhyperbolicity constant for Caya(G), there exist some j € {0,...,5; — 1}
and Yy e [Zﬂ R 2 Zi,j+1] such that dA(h,, y) S K. Now dA(Zil R 2 Zi,jJrl) =
dA(l,Zi7j+1) S L, SO dA(y,Zil...Zij) S % or dA(y;Zil---Zi,jJrl) S % Thus
da(y,zi1 .. 2i5) < % for some j € {0, ..., j;}, yielding

+ K.

ro|

dA(Zil .. -Zij; h) S dA(Zil .. -Zij;y) + dA(y, h) S

Thus () holds.
For each x € D, write
Ix:{i€N|2il---2iri :x}

Since D is finite, it follows from (@) that I, is infinite for some = € D.
Suppose first that R = {r; | ¢ € X} is infinite. Then |{s(x)| = co. By minimality of
da(l,g), we get da(1,2) > da(l,g). Hence

K+ —
+ K+

da(l,9) < da(l,2) < da(1,h) +da(h,z) < dA(ZLQ) L

and so da(l,9) < 2K + L < C, contradicting condition (i).

11



Thus R is finite and so [s(x71g)| = co. By minimality of d4(1, g), we get da(1,271g) >
da(1,g). Hence

da(l,9) < da(l,z7g)=da(l,g7'2) <da(l,97'h) +da(g " h,g ')
= dA(Q,h)‘FdA(h,«I)S%—FK—Fé

and so da(1l,g) < 2K + L+ 1 = C, contradicting condition (i) once again. Therefore M is
graded. O

The next lemma features a class of languages (containing rational languages as a par-
ticular case) known as context-free languages. They are usually defined through structures
called context-free grammars or pushdown automata. For the basic theory, the reader is
referred to [3, [§]. We summarize next the properties of context-free languages which are
relevant to us:

(CF1) If L C A* is context-free and R C A* is rational, then L N R and

RoL={ue A" |vu € L for some v € R}
are both context-free.

(CF2) It is decidable whether or not a context-free language recognized by a given pushdown
automaton is finite.

The celebrated Muller and Schupp Theorem illustrates the relevance of context-free lan-
guages for group theory: let A be a finite alphabet, G a group and ¢ : (AU A™1)* — G a
surjective monoid homomorphism satisfying ¢(a™!) = (p(a))~! for every a € A; then G is
virtually free if and only if ¢ ~1(1) is context-free [12].

We should remark that the closure properties (CF1) follow from effective algorithms:
given a pushdown automaton recognizing L and a finite automaton recognizing R, we can
effectively construct pushdown automata recognizing L N R and R ¢ L. Moreover, given
a finite presentation for the virtually free group G and ¢, we can effectively construct a
pushdown automaton recognizing ¢ ~*(1).

Lemma 5.2. Let X be a finite alphabet and let o : X* — G be a homomorphism into a
virtually free group G. Then for every g € G the language a1 (g) C X* is context-free, and
given o and g one can construct a pushdown automaton recognizing a_l(g).

Proof. Let X! denote a set of formal inverses for the set X. We extend o to a monoid
homomorphism @ : (X U X~ 1)* — G by setting a(z~!) = (a(z))~! for every z € X. Then
the image of @ is a subgroup H of G. If F' is a finite index free subgroup of G, then FF N H
is a finite index subgroup of H. Moreover, F' N H is free by Nielsen’s Theorem, hence H
is virtually free. By Muller and Schupp Theorem, @ *(1) is an (effectively constructible)
context-free language.

It is well known how to describe the rational subsets of G. If G = FbgU...U Fb,, is a
decomposition of G as a union of disjoint right cosets, then Rat(G) consists of all subsets of
the form

Lobo U...U Ly,by, for Ly, ..., L, € Rat(F)

[7] (see also [I9, Prop. 4.1]). Moreover, the languages L; can be effectively computed
from any rational expression or finite automaton describing the rational subset. Thus it is
decidable, for a given g € G, whether or not g € H. We may therefore assume that g € H
(otherwise a~!(g) is empty, hence context-free), and in that case we can compute some w €
(X UX~1* such that @(w) = g~ 1. Tt is straightforward to check that @~1(g) = woa (1),
hence context-free (and effectively constructible) in view of (CF1). Now it follows as well
from (CF1) that o= '(u) = @ '(u) N X* is also an (effectively constructible) context-free
language.

o
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Theorem 5.3. Given a f.g. submonoid M of a virtually free group G, it is decidable whether
M s graded or not.

Proof. Since a subgroup of a virtually free group is necessarily virtually free, we may assume
that G is generated by some finite set A. Suppose M is given by a finite generating set S
and let a : S* — G be the canonical homomorphism induced by s — s (s € S). According
to Lemma [5.0] we can compute C' > 0 such that it suffices to check whether a~1(g) is finite
for all g € G such that da(1,9) < C, i.e., for finitely many elements. Let wy,...,w; be
all elements of G of length at most C. For each i, i = 1,...,k, o (w;) is context-free
and given by its pushdown automaton by Lemma [5.2 so one can decide whether a~*(w;)
is finite or not by (CF2). If for some i = 1,. ..,k the language a~!(w;) is infinite then M is
not graded, otherwise it is. O

6 Rational word problem

In group theory, the expression word problem is used with a double meaning: it may refer to
the classical Dehn decidability problem, or to the set of words on a certain (finite) generating
set representing the identity.

In the monoid case, we need a relation, since the congruence class of the identity does
not determine at all a congruence on the free monoid. Thus let M be a monoid generated
by a finite set S, and let a : S* — M denote the canonical projection. The word problem of
M with respect to S is defined as

WPs(M) ={(u,v) € S x 5" | a(u) = a(v)}.

Clearly, the word problem (decidability problem) of M is decidable if and only if W Ps(M)
is recursive (i.e. has decidable membership problem). We are particularly interested in the
case of W Pg(M) being rational. By [I3] Theorem 4.2], W Pg(M) is always rational when
M is finite. On the other hand, if M is an infinite group, then W Ps(M) is never rational
[13] Theorem 6.1]. We will discuss the case of graded submonoids of virtually free groups.

We start by noting that the property of W Pg(M) being rational is independent from the
finite generating set S. In order to apply results from [13], we consider also semigroup word
problems: if S is a semigroup generating set for a semigroup M and « : ST — M denotes
the canonical projection from the free semigroup ST = S* \ {1} onto M, write

WPL(M) = {(u,v) € ST x ST | a(u) = a(v)}.

Since S* x S* is generated by S = (S x {1}) U ({1} x S), it is convenient to consider
S as an alphabet. Then 71,75 : S§* — §* denote the projections on both components and
7 : 8% = §* x §* is the homomorphism defined by m(u) = (m(u), m2(u)). It follows that
Rat(S* x §*) = {n(L) | L € Rat(5*)}. A similar description holds for Rat(S+ x §+).

The following lemma also holds for generating sets containing 1, but since we do not care
for those in the context of graded monoids, we just prove the simplest version.

Lemma 6.1. Let S,5" C M\ {1} be finite generating sets for a monoid M. Then W Ps(M)
is rational if and only if W Ps/ (M) is rational.

Proof. Let T denote the subsemigroup of M generated by S. Since 1 ¢ S, we have

M ifle(M\{1H*t
T= { M\ {1} otherwise

Hence T is also the subsemigroup of M generated by S’.

By [13, Theorem 6.2], W Pg(M) is rational if and only if WP¢(T') is rational. Similarly,
W Pg:/(M) is rational if and only if WP, (T') is rational. Now the desired equivalence follows
from [13| Corollary 5.4], which establishes the analogous equivalence for semigroups. o

13



Let S be a finite subset of a group G, generating a submonoid M. Let ag : S* — M be
the canonical homomorphism. We define an automaton I's over S = (S x {1}) U ({1} x 5)
as follows:

e the vertex set is the subset M 1M = {z~ly|z,y € M} C G;
e 1 is the only initial and terminal state;

o for every vertex w € M 'M and z € 5’, there exists an edge
1

w—s(agmi(z))  w(asm(z)).
The next lemma shows that I's recognizes somehow the word problem of M (i.e. the set of
all relations in M).

Lemma 6.2. Let M be a submonoid of a group G, generated by a finite subset S. Then
WPs(M) =7n(L(Tg)).

Proof. Let w = z1...2, € S‘*, with z1,...,2z, € S. Tt follows from the definition of I's
(which is deterministic and complete) that w labels a unique path out of the basepoint 1,
precisely

15 (agmi(z,) 7 (s (21)  Hasma(xr)) . .. (asme(z,)) = (asm(w)) ™ (agme (w)).
Hence
w € L(Tg) if and only if agm (w) = agme(w) if and only if w(w) € WPg(M).

Since 7 is surjective, the lemma follows.
O

Assume now that G is a virtually free group generated by a finite set A, and let S be a
finite subset of G\ {1} generating a graded submonoid M. Given C' > 0, let 'S denote the
subautomaton of I's induced by the subset of vertices {g € M~*M | da(1,g) < C}. Since
A is finite, I‘g is a finite subautomaton of I's. Since G has decidable word problem, we can
compute the finite set {g € G | da(1,9) < C}. Since M 1M is a rational subset of G, it has
decidable membership problem, hence we can compute the vertex set of Fg and therefore
Fg itself.

Our strategy is to show that we can compute C' such that I‘g may replace I'g in Lemma
0.2l

Lemma 6.3. Let G be a virtually free group and let M be a graded submonoid of G generated
by a finite set S C G\ {1}. Then we can compute some C' > 0 such that WPs(M) =
m(L(TS)).-

Proof. Since M is f.g., we may assume that G is f.g. Fix a finite generating set A for G. We
have already remarked that, given an explicit description of G (say, a finite presentation),
we can compute a polyhyperbolicity constant K for G = (A). Since G has decidable word
problem, we can compute the constant L from Theorem [£1l On the other hand, it follows
from Lemma that Eg(u) is computable for every u € M, and the same applies to the
mapping (s 4. Hence the constant L’ from Therorem [l is also computable, and so are A
and e.

By [4, Theorem H.1.7], it is possible to compute a constant R such that, for every
(\, €)-quasi-geodesic ¢ : [a,b] — Cay(G) and every geodesic [p(a), ¢(b)] in Cay 4(G), the
Hausdorff distance between their images is bounded by R (that is, each point in one of them
is at distance < R from some point on the other).

Let (v,v") € n(L(T's)) C S* x S*. By Lemma [62 we have ag(v) = ag(v'). Write

V=11...0, and v =0f,...,v] with vi,v} € S. Write w; = v1...v; and w} = v} ...v}. By

14



Theorem 1] ¢, and ¢,/ are both (A, €)-quasi-geodesics, hence their images lie at Hausdorff
distance < 2R from each other. Since each point in the image lies at distance < % from a
vertex, it follows that

for each 7 € {0,...,m}, there exists some j; € {0,...,n} such that da(w;, w},) < R', (6)

where R’ = 2R+Z%. Moreover, we may assume that jo = 0 and j,, = n (since ag(v) = ag(v'),
the quasi-geodesics ¢, and ¢,/ are coterminal).

Consider now a maximal nondecreasing subsequence of (jo,...,5m), SaY (Jro,« -« Jr.)-
Suppose that j., — jr,_, > (s,4(2R' + L). Let

IZ{hE{T‘i_l—l—l,...,’ri—l}|jh <j”71}, JZ{hE{T‘i_l-l—l,...,Ti—l}|jh>j”}.

By maximality of (jrq,...,Jr.), we have TUJ ={r;—1 +1,...,1; — 1},

Suppose that r; —1 € I. Let z = (w} _ )~'wj and consider the sequence of vertices

/ /
W Wy 1, Wy, W Then

da(l,z) = dA(w;-Trl,w’ ) <da(w), | we, 1) Ada(we, 1, wr,)+da(we,,w) ) < RAL+R,

Jry Jri— i

hence E(z) < (s,a(2R' + L). But x = v  y...v5 € Sdri=iri=1_ Since fp, — jri—1 >
Jri —Jri_y > Cs,4(2R'+ L), we reach a contradiction. Thus 7, —1 € J. Similarly, r;_1+1 € I.

Thus we may assume that there exists some h € I such that h +1 € J. Taking x =
(w;-h)*lwg-h+1 and the sequence of vertices w}, ,wp, Why1,w we get a contradiction in a
similar way. Therefore

/.
Jh41?

Jri — Jriy <Cs,4a2R' + L) fori=1,...,m. (7)
Taking y = w;.' wy,, it follows from () that

dA(la y) = da (wmf1 ) wm) <da (w"'i—l , W) ) +da (w;n-f1 ’ w;m) +da (wé

JIri—1

< R +LCsa(2R +L)+ R,

L wy,)
i

T

hence Z(y) < (s,4(LCs,a(2R' + L) + 2R'). Since y = vy, ,41...0p, € ST 771 we get
ri — i1 < (s,a4(LCs.a(2R' + L)+ 2R') fori=1,...,m. (8)

Let
C=R+ Lgs)A(LC&A@R/ + L) + 2RI) + LCS,A@R/ + L).

Fori=0,...,m, write t; = w;lw’- . Tt follows that da(1,¢;) = da(w,,,w’;. )< R <C.

Iry Jr;
Moreover,
1 —1 . / /
t; = Uy '”ri,1+1tlflvjmfl+1 UG
Write
-1 -1 / / - .

2k =V .. 'UT1—1+1ti_1vjri71+1 vpfork=ri_q,.. oo and b= gp, L,y g

We have a path
1 _ ’
CER (Um-l’l) (1’1)”1'71*1) (1’1);”')
tic1 = Zri_1n,_, e, Zrige, =t (9)

in Fs. But
dA(lvzk,l) < L(Ti - Tifl) =+ R =+ L(]Tz _j'r'i—l) <C
for all k,¢ in view of (@) and (8). Thus (@) is a path in I‘g. Thus, for ¢ = 1,...,m, we

have a path t;_1-25t; in T§ such that 7(¢;) = (vr, 41, "”mU;‘rv,lH ..vj ). Gluing

these paths in the obvious way, we get a successful path 1 = to—St, = 1 in l"g with
m(q) = (V1 ... U, V] .. 0h) = (v, 0)).

Therefore 7(L(T's)) C 7(L(T'S)). Since the opposite inclusion holds trivially, we only
have to use Lemma [6.2 O
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Thus for a graded submonoid M of a virtually free group G we can compute a finite
automaton I‘g which encodes all the relations in M. We call it a relation automaton for M.
Note that we can always suppose I‘g is trim if necessary.

Theorem 6.4. FEvery graded submonoid of a virtually free group has rational word problem.
Proof. By Lemma O

Note that the converse of Theorem [6.4] does not hold. If M is a finite nontrivial monoid,
then it has rational word problem by [13, Theorem 4.2]. However, M is not graded since
an epimorphism ¢ : S* — M must necessarily have an infinite pre-image ¢~!(z) for some
zeM.

We note also that Theorem [6.4] does not hold for arbitrary graded monoids. Indeed, it is
easy to check that the monoid N x N is graded (see the proof of Proposition B.2)). However,
in view of Lemma 4.5 and Theorem 6.2 from [I3], N x N has not a rational word problem.

7 The isomorphism problem

Before solving the isomorphism problem for graded submonoids of virtually free groups, we
need one additional lemma about rational subsets of a direct product G x G. Note that,
even if GG is a free group, arbitrary rational subsets of G X G, in fact even finitely generated
subgroups, can behave very badly from the algorithmic point of view, in particular, they can
have unsolvable membership problem, see [I1]. However, one can decide whether a rational
subset lies in the diagonal subgroup for a large class of groups, as the following lemma shows.

Lemma 7.1. Let G be a f.g. group with decidable word problem, R be a rational subset of
G x G, and D = {(z,z), x € G} be the diagonal subgroup of G x G. Then it is decidable
whether or not R C D.

Proof. Fix a finite alphabet A and a surjective homomorphism « : A* — G. Then «
induces a surjective homomorphism 3 : A* — G x G defined by S(a,b) = (a(a), «(b)) for
(a,b) € A= (A x {1})U ({1} x A). We also write 8(a,b) = (B1(a,b), B2(a,b)).

Consider a finite automaton A = (Q, 4, I, T, E) such that B(L(A)) = R. We may assume
that A is trim and has a unique initial state qg.

Decidability may be proved using the construction of a product of an automaton by an
action, as introduced in [I7, Definition 3.6, p.267]. Namely, considering an action w of G x G
on G given by w(f,(g,h)) = g~ fh for all f,g,h € G, one can see that R is contained in D
if and only if the product A x w is in bijection with A, and the value of every terminal state
in A X w is 1, where the value is defined on p.268 in [I7], and these conditions are decidable.

But it is simpler for the reader to follow a direct proof, which avoids technical details
and follows in fact the same ideas as the proof outlined above. Let P be a spanning tree
for A, i.e., a subautomaton admitting, for every ¢ € @), a unique path from ¢y to ¢q. Note
that such a spanmng tree may be constructed fixing a total order on A and taking, for every
q € Q, the path gy—>¢ such that u, is minimum for the shortlex order (and making P the
union of the edges occurring in these paths).

We define a mapping A : @ — G as follows. Let ¢ € @ and let qoiq be the unique
path in P connecting gy to g. Then let A(q) = (B1(uq)) "' B2(uy). We claim that

A(t)=1foreveryt €T
Ag) = (B1(2)) ' Mp)B2(x) for every (p,x.q) € E

Indeed, suppose that A(¢) # 1 for some ¢ € T. Then B1(u;) # B2(ui) and so B(u,) ¢ D.
Since uy € L(A), it follows that R Z D.

Suppose now that there exists some (p,,q) € E such that A(q) # (61(x)) " A(p)B2(z).
Since A is trim, there exists some path g—t for some ¢ € T.. Hence u,zv,usv € L(A), and

R C D if and only if { (10)
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to show that R Z D it suffices to show that (81 (upzv)) ™! B2(upzv) # (B1(ugv)) ™! Ba(ugv).
Now

(B1 (upav)) ' Ba(upzv) = (B1(v) " (Bi(2)) " Alp)Ba(z) B2 (v),
(B1(uqv)) ™" Ba(ugv) = (B1(v)) " Mg)B2(v),

so our goal follows from the inequality A(q) # (B1(z)) "1 A(p)B2 ().
Conversely, assume that both conditions in the right hand side of ([I0) hold. We show
that
if go——q is a path in A, then (51 (v))~!B2(v) = A(q). (11)

We use induction on [v]. The case [v] = 0 holds trivially, so we assume that v = wz,
with z € A, and the claim holds for w. Then we can split the path gy—¢q into go—p——q.
Using the induction hypothesis and the right hand side of ([I0), we get

(Br(v) ™ B2(v) = (Bu(x)) " (Br(w)) ™ Bz (w)Ba(w) = (Br(2) "' A(p)B2(2) = Aq,
so () holds.

In particular, if v € L(A), we have a path go—t for some ¢ € T', hence (£1(v)) ™! B2(v) =
A(t) =1 and so B(v) € D. Therefore R = 8(L(.A)) C D and so (I0) holds.

Since G has decidable word problem, both conditions in the right hand side of (1)) are
decidable. O

We can now solve the homomorphism problem, which allows us to understand how easy
it is to define homomorphisms by setting the images of a generating set.

Theorem 7.2 (Homomorphism problem). Let M be a graded submonoid of a virtually free
group and let G be a group with decidable word problem. Given a finite generating set S
of M and a map ¢ : S — G, one can decide if ¢ can be extended to a homomorphism
P:M—G.

Proof. The mapping ¢ induces a homomorphism @ : S* — G (where S* denotes the free
monoid on S), as a well as a homomorphism @ : §* x.S* — GxG via ¢((z,y)) = (@(z),P(y))
for all z,y € S*. Let ag : S* - M and 7 : S* — §* x S§* be the canonical epimorphisms.

By Lemmal6.3] we can construct a finite automaton I'§ such that W Ps(M) = 7(L(I'§)),
making W Ps(M) a rational subset of S* x S*. Then (W Pg(M)) is a rational subset of
G x G, since it is the image of a rational subset under a homomorphism.

Let D be the diagonal subgroup of G x G. We claim that (W Pg(M)) C D if and
only if there exists a homomorphism ® : M — G such that ®ag = . This will solve the
homomorphism problem.

Indeed, such a homomorphism exists if and only if for every z,y € S* such that ag(z) =
as(y) we have B(z) = §(y): it is clear that it is a necessary condition, but it is also sufficient
since if it’s true then for every z € M one can define 1(z) = B(w) for any w € ag'(2), and
this will give the desired homomorphism. This happens if and only if (W Ps(M)) C D,
decidable by Lemma [7.11 O

We can use Theorem to solve the isomorphism problem for graded submonoids of
virtually free groups.

Definition 7.3. The isomorphism problem for a class € of f.g. monoids asks whether, given
two monoids M; and M; in € (given by their finite generating sets), one can decide whether
or not Mji is isomorphic to Ms.

Theorem 7.4. The isomorphism problem is decidable for the class of graded submonoids of
virtually free groups.
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Proof. Let M, N be two graded submonoids of virtually free groups G; and Gs. Since M, N
are f.g., we can assume that G1, G2 are finitely generated. Since it is well known that the
class of (f.g.) virtually free groups is closed under free product, we may assume that M, N
are submonoids of the same f.g. virtually free group G.

By Lemmal[33] since M and N are graded, they are generated by their sets of irreducible
elements which can be computed from the original generating sets as noticed above. Thus
we can suppose M is given by its set of irreducible elements X = {x1,...,2x} and N is
given by its set of irreducible elements Y = {y1,...,4:}.

Note that the isomorphism between M and N, if it exists, should induce a bijection
between the sets of irreducible elements X and Y. Thus, if £ # [, we conclude that M is
not isomorphic to N.

Suppose now k = [. Let v1,...,7s be all bijections from X to Y, then *yfl, ey st
are all bijections from Y to X. For every i = 1,...,s check whether the map ~; can be
extended to a homomorphism 7; from M to N, or, equivalently, from M to G; this can be
checked by Theorem In the same way check whether the map ;" 1 can be extended to

a homomorphism ”y{l from N to M, or, equivalently, from N to G. If for somei=1,...,s,
both extensions 7; and -y, ! exist, then #; is a bijection, and so it is an isomorphism from

M to N, with its inverse given by F, and M and N are isomorphic. Otherwise M and N
are not isomorphic. This proves Theorem [7.41
O

8 Language-theoretic characterizations

Let M be a monoid and let o : X* — M be a homomorphism of the free monoid on the
set X onto M. A mapping 8 : X* — X* is a description of M with respect to « if 8(X™)
is a cross-section of @ and af = «, i.e., each element of M is represented (through «) by a
unique element of 5(X*) and each word u € X™* represents the same element of M as 5(u).

We can view (3 as a subset of X* x X* as 8 = {(u,S(u)) | w € X*}. Then we say that 3
is rational if it is rational as a subset of X* x X*. This implies in particular that X must be
finite (and therefore M is finitely generated). Moreover, this property does not depend on
the finite generating system chosen, see [I6]. A monoid is called rational if it has a rational
description. See [16] for more details on descriptions and rational monoids. Recall a monoid
M is Kleene if the sets of rational and recognizable subsets of M coincide.

Note that in general all rational monoids are Kleene [16, Theorem 4.1], but not all Kleene
monoids are rational [I4]. Moreover, a commutative monoid is rational if and only if it is
Kleene [15].

Theorem 8.1. Consider the three conditions
1. M is a graded monoid,
2. M is a rational monoid,
3. M is a Kleene monoid,

for a submonoid M of a virtually free group G. Then 1 = 2 = 3. Equivalence holds if and
only if G is a free group.

Proof. 1 = 2. Fix a finite subset S C M \ {1} generating M as a monoid. We fix an
arbitrary total order < on S and we consider the lexicographic order (the dictionary order)
on S*. We define a description 8 : S* — S* with respect to the canonical homomorphism
a: S* — M as follows: given u € S*, B(u) is the minimum element of a~ta(u) for the
lexicographic order. Note that the lexicographic order is not a well-order, but we only need
its restriction to a~'a(u), which is finite since M is graded. We must show that 3 is a
rational subset of S* x S*.
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We show next that
B(S™) € Rat(S™). (12)

Recall the finite subautomaton l"g arising from Lemma [6.3] as well as the equality
WPs(M) = 7(L(I'S)) and the notation 7, m, m2. Write L = L(I'§) and B = B(S™).

Let K be the number of vertices of Fg. Suppose that there exists a path labelled by
(z1,1)...(rk,1) in T, for some x; € S. Then there exists some loop at some vertex p with
label (z,1)...(z;,1). with 0 <i < j < K. Since I'§ may be assumed to be trim, we have
paths from the basepoint 1 to p and back. Assume that the image by 7 of their labels is
respectively (u,u') and (v,v’). It follows that (u(z;...x;)"v,u'v") € w(L) for every n > 0.
Hence u(x;...x;)"v € a " a(u'v') for every n > 0, contradicting M being graded. Thus
there is no path labelled by (z1,1)...(zk,1) in 'Y, and the same is true for paths labelled
by (1,z1)...(1,xk). R

Consider the following rational languages over S™*:

Z = {(z,1)Q,x)|ze Stu{,z)(z,1) |z € S},

Ty = {te(Sx{1})" |t <K},

T, = {te({} x|t <K},

R = {(z,D)t(1,2)y|z,a € S;x <a'sty € Th;y € 5%}
U {12 ta(z, )y | z,2" € S; < a'5ty € Tosy € S*Y.

We claim that
B=S"\m(LNZ*R). (13)

Let u € B. Suppose that u = ma(v) for some v € L N Z*R. Out of symmetry, we may
assume that v = z(x,1)t1(1,2")y, where z € Z*, z,2’ € S,z < ', t; € Ty and y € S*. It
follows from the definitions that there exist ¢, r, y1,y2 € S* such that 7(v) = (qzry:, gx’y2).
Since v € L and WPs(M) = w(L), we have a(qrry1) = a(qx'y2). Since z < 2/, we have
grry; < qx'ys in the alphabetic order. But qx’ys = ma(v) = u € B, which is supposed
to be the minimum element in a~'a(gr'y2). In view of this contradiction, we deduce that
u € S*\m(LNZ*R) and so B C S*\ ma(L N Z*R).

Conversely, let u € S*\ B. Then (u) < u. Suppose that 8(u) is a prefix of u. Writing
u = B(u)w, we deduce from aB(u) = a(u) that a(w) = 1, which implies a~!(1) infinite
(since w # 1 and free monoids are torsion-free), contradicting the assumption that M is
graded. Hence B(u) is not a prefix of u, and so there exist z,2’ € S and q,y1,y2 € S*
such that = < 2’ and (B(u),u) = (gzy1,qx'y2). Note that there exists z € Z* such that
m(z) = (¢,q). In particular, z € L. Since af(u) = a(u), we have a(q)a(zryr) = a(q)a(x'ys)
in the group G, so a(ry1) = a(z'y2). Now it follows from W Ps(M) = w(L) that there
exists w’ € L such that m(w') = (xy1,2'y2). Then it follows from the above remarks that
either w' = (x,1)t1(1,2")y for some t; € T1, y € S*, or w' = (1,2')t2(z,1)y for some
ty € Ty, y € S*. In both cases it follows that w' € LN R, and so zw’ € LN Z*R.
Moreover, w(zw') = w(z)m(w') = (¢, ¢)(xy1, 2'y2) = (qry1, qz’y2) = (B(u),u). This implies
that v € ma(L N Z*R) and so S* \ B C mo(L N Z*R). Therefore ([I3]) holds.

Now LNZ*R C §* being rational follows from the standard closure properties of rational
languages [3| Proposition 1.4.2], hence w3 (L N Z*R) C S* is rational since rational subsets
are preserved by monoid homomorphisms [3] Proposition 11.2.2]. Thus B is rational since
rational languages are closed under complement. Therefore (I2]) holds.

Next we show that

{(u, () [u€ §*} = n(LNmy ' (B)). (14)

Indeed, let u € S*. We have a(u) = afB(u). Since WPs(M) = w(L), there exists some
w € L such that m(w) = (u, B(u)). Moreover, mo(w) = B(u) € B, hence w € L N7y, '(B).
This proves the direct inclusion of ({I4l).
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Conversely, let w € L Ny *(B). Since WPs(M) = n(L), we get m(w) = (u,v) for some
u,v € S* such that a(u) = a(v). But m(w) € B yields v € B and so f(v) = v. Thus
a(u) = a(v) yields f(u) = B(v) = v and so w(w) = (u, B(u)). Therefore (I4) holds.

Now L C S* is a rational language. Since B C S* is rational by (IZ) and the inverse
image of a rational language by a free monoid homomorphism is still a rational language [3|
Proposition 1.4.2], and using also closure under intersection, it follows that L N7y *(B) €
Rat(S'*). Since rational subsets are preserved by monoid homomorphisms, it follows that
{(u, B(u)) | w € S*} is a rational subset of S* x S* as required.

2 = 3. By [16], Theorem 4.1].

We complete the proof by showing that

3 = 1if and only if G is a free group. (15)

Assume first that G is a free group and M is a Kleene monoid. Recall that ~, denotes the
syntactic congruence for L C M, in particular, for g € M, ~ is the syntactic congruence for
the set {g}. Suppose that M contains an invertible element u # 1. Clearly, the singleton set
{1} is rational, hence recognizable by (iii). Let k,m > 0 be distinct. We have 1-u*-(u=1)* =1
but 1-u™ - (u=1)¥ # 1 (since u € G\ {1} must have infinite order). Thus u* %1 u™ and
so ~7 has infinite index, contradicting 1 € Rec(M). Therefore 1 is the unique invertible
element of M.

Now consider a finite set X and a surjective monoid homomorphism ¢ : X* — M. We
may assume that 1 ¢ o(X). Suppose that there exists some u € M such that p=*(u) is
infinite. On the other hand, {u} € Rat(M) = Rec(M) by (iii), hence ~,, has finite index,
say k. Since X is finite and ¢~ 1(u) is infinite, there exists some v € ¢~ (u) with length
> k. For i =0,...,k, let v; denote the prefix of length 7 of v, and write v = v;v..

Suppose that ¢(v;) ~y @(v;) with 0 < 4 < j < k. Since 1 - ¢(v;) - ¢(v)) = u, then
1-p(vy) - o)) = uand so p(v;)e(v)) = p(v)p(v;). Since M (being a submonoid of G)
is cancellative, it follows that ¢(v;) = ¢(v;). Now v; is a proper prefix of v;, say v; = v;z,
hence ¢(z) = 1. Let x be the first letter of z and write z = xzz’. Then ¢(x)p(z’) = 1. Since
o(x) # 1 by assumption, then ¢(z) would be an invertible element of M different from
the identity, contradicting our previous conclusion. Therefore p(v;) oy, ¢(v;) whenever
0 <i < j <k, contradicting |[M/ ~, | = k. Thus ¢~ !(u) is finite for every u € M and so
M is graded.

Assume now that G is not a free group. By a theorem of Stallings [20], a f.g. virtually
free group is free if and only if it is torsion-free. Hence G has some element g # 1 of finite
order. Set M = (g). Since M is finite, it is obviously a Kleene monoid. However M is not
graded by Lemma B.3[2). Note that the implication 2 = 1 also fails in this case since any
finite nontrivial group is rational by [16]. O

For non virtually free groups, the implication 1 = 3 (and therefore 1 = 2) may fail in
view of the following result.

Recall that a right-angled Artin group is a group of the form F'/N, where F' is the free
group on some finite set A and N is the normal subgroup generated by some subset of
{[a,b] | a,b € A}.

Proposition 8.2. The following conditions are equivalent for a right-angled Artin group G:
1. Every graded submonoid of G is a Kleene monoid.
2. G is a free group.

Proof. 1 = 2. Suppose that G is not a free group. Then Z X Z is a submonoid of GG, and so
is N x N.

Clearly, the identity (0,0) is the unique idempotent and the unique invertible element of
the f.g. (additive) monoid Nx N. If (m,n) € Nx N, then (m,n) has precisely (m+1)(n+1)
factors, hence N x N is finite J-above and therefore graded by Proposition 3.9l
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Consider the rational subset L = (1,1)* = {(n,n) |n € N} of Nx N. If m,n € N are
distinct, then (0,m) 1, (0,n) because (0, m) + (m,0) € L but (0,n) + (m,0) ¢ L. Thus ~p,
has infinite index and so L is not a recognizable subset of N x N. Therefore N x N is not a

Kleene monoid and G fails condition 1.
2 = 1. By Theorem Bl

9 Open problems

Question 9.1. Is the homomorphism problem decidable for every f.g. submonoid of a
(virtually) free group?

Question 9.2. Is the isomorphism problem decidable for the class of all f.g. submonoids of
a (virtually) free group?

Question 9.3. Given a f.g. submonoid of a free group, can one decide whether it embeds
in a free monoid or not? Note that it should be graded if it does, but this is not sufficient,

see Example [34)
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