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A TOPOLOGICAL APPROACH
TO A CONJECTURE OF RHODES

J.E. PIn

The “type II conjecture”, proposed by J. Rhodes, gives an algorithm to compute the
kernel of a given finite semigroup. We show that this conjecture is a consequence of
another conjecture, of a topological nature. This new conjecture gives a simple and
effective characterisation of the recognisable subsets of a free monoid that are closed in
the finite group topology for the free monoid.

In this paper, all semigroups (respectively monoids, groups) are finite except in the
case of free monoids or free groups.

Recently, Rhodes has offered $100 for the solution of his “type II conjecture” [15],
which gives an algorithm to compute the “kernel” of a semigroup. This conjecture
implies in particular that if a (pseudo) variety of finite monoids is decidable, then the
Malcev product of this variety by the variety of all groups is also decidable. This general
statement contains as particular cases the important results of Ash [1] (every semigroup
with commuting idempotents divides a finite inverse semigroup), Birget, Margolis and
Rhodes [2, 3] (every semigroup whose idempotents form a subsemigroup divides an
orthodox semigroup) and others. We refer the reader to the survery article [11] or to
[2, 3, 15, 16, 18] for a detailed discussion of this problem.

The aim of this article is to show that the Rhodes conjecture is a consequence of
another conjecture, of a topological nature. Let A* be the free monoid on a finite set
A. The “finite group topology” on A* is the coarsest topology such that all monoid
morphisms from A* into a finite discrete group are continuous. The “topological con-
Jjecture” gives a simple and effective characterisation of the recognisable subsets of A*
that are closed for this topology. This conjecture and its consequences in lauguage
theory are discussed in more detail in [12].

Only particular cases of both conjectures have been proved so far, but research is
still very active. However, even if the Rhodes conjecture can be proved directly, the
topological approach will remain interesting, in particular for extensions of the problem
to Malcev products of a variety by certain varieties of groups, such as solvable groups,
nilpotent groups or p-groups.
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1. TERMINOLOGY AND NOTATIONS

If S is a semigroup, S! denotes the monoid equal to § if S has an identity and
to SU {1}, where 1 is a new identity, if S has no identity.

A (pseudo) variety of semigroups is a class of semigroups closed under taking
subsemigroups, quotients (that is, homomorphic images) and finite direct products.
Varieties of monoids are defined similarly. For instance, G denotes the variety of
monoids consisting of all groups. A variety V is said to be decidable if there is an
algorithin to decide whether or not a given semigroup (or monoid) belongs to V.
A semigroup S is “given” either by its multiplication table or as a transformation
semigroup, generated by a set of transformations on a finite set. We refer the reader to
(4, 8, 9] for results concerning varieties of semigroups.

Let S and T be two semigroups. A relational morphism v: S — T is a function
7 from S into the subsets of T such that

(a) (Vs)(sT #0),

(b) (Vs,t € S)((s7)(tr) C (st)r).
If 7: § — T is a relational morphism, then there exist a semigroup R, a surjective
morphism a: R — S and a morphism B8: R — T such that 7 = a~18. Other
properties of rational morphisms are discussed for instance in [8, 17].

Let V be a variety of semigroups. The Malcev product V™!'G is the variety of
semigroups generated by all semigroups S such that there exists a morphism 7: § —
G into a group G satisfying 17v~! € V. Equivalently V™G is the variety of all
semigroups such that there is a relational morphism 7: § — G into a group G satisfying
1r—leV.

‘Let A be a finite set, called the alphabet. We denote by A* the free monoid over
A. The elements of A* are words, and the subsets of A* are called languages. The
product of two words v and v is simply denoted by uv. The length of a word u is
denoted by [u|. In particular, the empty word, denoted by 1, is the only word of length
0. If L is a language, L' (respectively L*) denotes the subsemigroup (respectively
submonoid) of A* generated by L. In particular, if v is a word, we set «® = 1, and
for every n 2 0, u™t! = yu™, and

ut = {u" | n >0} and «* = {u" | n > 0}.

A language L is recognisable (or regular) if there exists a monoid morphism
m: A* — M into a monoid M, and a subset P of M such that L = Pnr~1. We
say in this case that M recognises L. If a language L is recognisable, every monoid

that recognises L is divided by the syntactic monoid of L, defined as follows. The
syntactic congruence of L is the equivalence ~; defined by

(v ~L v) <= ((Vz,y € A%),(zuy € L < zvy € L)).
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The quotient M(L) = A*/ ~, is the syntactic monoid of L, and the natural morphism
n: A* — M(L) is called the syntactic morphism.. Note that L = Lyn~!, so that a
recognisable language can be completely described by the pair (7, Ly), that is, by
a finite set. Equivalent descriptions of recognisable languages can be given with the
help of finite automata or rational expressions. Note that there are some well-known
algorithms to pass from one description to another. See [4, 6, 9] for more details.

Let M be a monoid. A (context-free) grammar on M is a triple G = (X, P, &)
where X is a finite alphabet, & is an element of ¥, and P is a subset of ¥ x (M U X)*.
The elements of P are called the productions of the grammar and are usually written
in the form £ — u, where ¢ € £ and u € (M UX)". Such a production should be con-
sidered as a rewriting rule in the free monoid (M U £)*, which allows the replacement
of every occurrence of ¢ by the word «. Let v, w € (M U X)". We say there is a direct
derivation from v to w, denoted v — w, if there are two factorisations v = zfy and
w = zuy such that =,y € (M UZX)" and ¢ — u is a production of the grammar. We
say there is a derivation from v to w, denoted v — w, if there exists a finite sequence
v = vy, V1,...,Vp = w such that for 0 < ¢ < n—1,v; - v;4;. The subset of M*

generated by the grammar is the set
L(G) = {w € M"* | there is a derivation §, — w}.

Let m: M* — M be the natural morphism defined by mm = m for every m € M. Then
every word of M* defines a unique element mm of M. The subset of M generated by
the grammar is the set

S(G) = {wm € M | there is a derivation £ — w}.

2. THE RHODES CONJECUTRE
Let S be a semigroup. The kernel of S is the subsemigroup
K(S) =N1r71

where the intersection is taken over all relational morphisms = from S into a group
G. The kernel {called “type II” by Rhodes) is related to the Malcev product by the
following proposition (see (18, 11] for a proof).

PROPOSITION 2.1. Let V be a variety of semigroups and let S be a semigroup.
Then S belongs to V~'G if and only if K(S) belongs to V.

COROLLARY 2.2. If there is an algorithm to compute the kernel of a semigroup,
then, for every decidable variety of semigroups V , the Malcev product V-1G is de-
cidable.

The main problem is that it is not clear whether or not there is an algorithm
to compute the kernel of a given semigroup S. Since K(S) = Sn K (S?), it would
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suffice to produce an algorithm when S is a monoid. Rhodes has conjectured that
such an algorithm exists. More precisely, we define for each monoid M an effectively
computable submonoid D(M) as follows.

DEFINITION: D(M) is the smallest submonoid of M closed under “weak conjuga-
tion”: for every s,t € M such that either sts = s or #st = ¢, the condition u € D(M)
implies sut € D(M).

We can now state the “type II conjecture”, for the solution of which Rhodes has
offered $100 [14].

Rhodes conjecture.

(a) (weak form) The exists an algorithm to compute the kernel of a given
monoid.
(b) (strong form) For every monoid M, K(M) is equal to D(M).
The following theorems summarise the known properties of D(M). (See [1, 2, 3,
11, 16, 18] for more details).

THEOREM 2.3. [16, 18]

(a) D(M) is a submonoid of K(M) containing the idempotents of M .
(b) A regular element r € M belongs to K(M) if and only if it belongs to
D(M). :

THEOREM 2.4. (2, 3] The Rhodes conjecture holds true when the set E(M) of
idempotents of M form a submonoid of M . In this case D(M) = K(M) = E(M).

3. A TOPOLOGY OF THE FREE MONOID

In this ‘section, we present our main conjecture, which is related to a topology
of the free monoid. This topology was introduced by Hall for the free group [5] and
by Reutenauer [13] for the free monoid. We refer the interested reader to [14] for an
extensive study of this topology.

Let A* be the free monoid on a finite set A. We say that a (finite) group G
separates two words u and v if there exists a monoid morphism ¢: 4* — G such that
up # vy . One can show that distinct words can always be separated by a group. Given
two words u and v, set

r(u, v) = min{Card G | G is finite group that separates v and v},

and
d(u, v) = 27"(),
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Then d is a linear, ultrametric distance; that is, d satisfies the following properties:
for every u, v, w € A*:

(1) d(u,v) =d(v, u),

(2) (d(u,v) =0) = (u=1),

(3) d(u, w) < max(d(u, v), d(v, w)),

(4) d(wu, wv) = d(u,v) = d(uw, vw).
One can show that the multiplication is continuous for the topology defined by d, which
is also the coarsest topology on A* such that all the monoid morphisms from A* into
a (finite) discrete group are continuous. In particular, general results of topology imply
the following result, where L denotes the topological closure of a set L.

LEMMA 3.1. Let L be a subset of A*. Then a word u belongs to L if and only
if wp € Ly for every monoid morphism ¢: A* — G into a group G.

Let L be a recognisable subset of A*. We denote by n: A* — M(L) the syntactic
morphism of L and we set P = Ln. The following result is proved in [8, 12].

THEOREM 3.2. If L is closed, then L satisfies the condition (*) below:
*) (Vs, t € M(L))(Ve € M(L), €® = ¢)(set € P => st € P)

Whether the converse of this theorem holds is unknown. However, we make the

following conjecture.

TOPOLOGICAL CONJECTURE. Let L be a recognisable subset of A*. If L satisfies

condition (*), then L is closed.

For any subset L of A*, we set
F(L)={v e A* | (3z,y,u € A*)(v = zy) and zuty C L}
One can show that F(L) is a recognisable language containing L. The operator F

can be iterated by setting, for every n > 0, F(O(L) = L and F"™*!(L) = F(F™(L)).
Finally, set F*(L) = |J,,5o #"(L). The following results are proved in [12].

THEOREM 3.3.
(a) For every recognisable language L, F*(L) is a recognisable language and,
given L, there is an algorithm to compute F*(L).
(b) If the topological conjecture holds true, then, for every recognisable lan-
guage L, the topological closure T of L is equal to F*(L).

THEOREM 3.4. The topological conjecture is true in the following two particular
cases:
(a) if L is a submonoid of A* or
(b) if the idempotents of M(L) commute.
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4.4 MAIN RESULT.

The aim of this section is to analyse the relations between the Rhodes conjecture
and the topological conjecture. These connections are based on the following result.
Let M be a monoid. Since M is finite, one can find effectively a finite set A (for
instance A = M ) and a surjective morphism #: A* — M (for instance the morphism
defined by ar = a for every a in M ). Then we have:

PROPOSITION 4.1. Let m € M. Then (m € K(M)) < (1 € (m’rr"])) .

ProoOF: First assume that m € K(M) and let ¢: A* — G be a monoid morphism
from A* into a group G. Then T = m~ !¢y is a relational morphism from M into
G, so that m € 177! by definition of K(M). It follows that 1 € mr and thus
1p € (mm‘ l)tp . But this property holds for every morphism ¢: A* — G from A* into
a group G, and hence 1 € (mn~1) by Lemma 3.1.

Conversely, assume that 1 € (mn—1) and let 7: M — G be a relational morphism
from M into a group G. The general properties of relational morphisms imply that
there exist a monoid IV, a surjective morphism «: N — M and a morphism G: N — G
such that 7 = a~18. Now, by the universal property of the free monoid, there exists a
morphism- v: A* — N such that the following diagram commutes:

g,
VAN

M — G

Now, since 1 € (mn—1), we have 1 =198 € (mr’l)'yﬂ by Lemuna 3.1. Therefore,
there exists a word u € A" such that um = m and uyf = 1. Set n = wy. Then
na = m since ya = 7 and nf = 1. Therefore m € 177! and m € K(M). B

COROLLARY 4.2. If the topological conjecture is true, then there is an alogorithm
to compute the kernel of a given monoid.

ProoF: By Proposition 4.1, m € K(M) if and only if 1 € (mn—!). But m~r~!
is a recognisable language of A* that can be effectively constructed and Theorem 3.2
gives an algorithm to compute (mn—1). Now, one can decide effectively whether a
given word belongs to a given recognisable language. Thus the property 1 ¢ (—m—Tr_‘l—). is
decidable, and so is the property m € K(M). |

Corollary 4.2 shows that the topological conjecture implies the weak form of the
Rhodes conjecture. In fact, it also implies the strong form.
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THEOREM 4.3. If the topological conjecture is true, then K(M) = D(M) for any
monoid M .

The proof of Theorem 4.3, which is rather long, uses ideas borrowed from the
theory of context-free languages. We first need a new definition of D(M), which is
more convenient for the proofs.

DEFINITION: D(M) is the subset of M generated by the grammar G = ({¢}, £, P)
whose productions are:
(1) ¢-1,
(2) €&,
(3) (Vs,te M) (sts=3s)=(¢— stt),
(4) (Vs,te M) (tst=1t)= (£~ sft).

We first prove a technical property of the grammar G. Let w be an integer such
that, for every m € M, m* is idempotent.

LEMMA 4.4. Let s be a word of A* and let v = s*“. Then for every ¢ > 0 and
for every factorisation v? = vgv; ... v, with p < g, there exists a derivation

€ (vom)€(vam)€ ... E(vpm).

PROOF: By induction on ¢q. If ¢ =0 or s =1, then v =1 and € — 1 by
definition. Thus we may assume s # 1 and ¢ > 0. If suffices to prove the result
for p = ¢q. Indeed, if v = vyp...vy, we also have v = vg...vpvpy1...vg, Where
Vp41 = ... = vg = 1. Therefore, if the lemma is proved for p = ¢, there is a derivation

€ — (vom)€(vim)€ ... E(vpm)ELl. . . 1£1

and hence a derivation
€ — (vom)€(vam)€.. . E(vpm)
since £ — 1.

We claim that there exists ¢ < p such that

() lvim1vi| > (o]
and
(b) fvica| < fv| or fui] < [vf.

The claim certainly holds if |v;_1| > |[v| and |v;| < |v| for some i, or dually, if |v;_1| <

lv] and |v;| > fv| for some i. Otherwise, two cases are possible. Either |v;| > |v|
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for every ¢ or |vi} < |v] for every ¢. The first case leads to a contradiction since
glv] = |v? = |vo...vg|. In the second case, condition (b) is clearly satisfied. If
condition (a) is not satisfied, we would have

|v0v1| < |v|7 |v2| < |v1‘02| < |v|’~-‘7|vq| < qu—l”ql < l'vla

and hence |v?] = |vg...v4| < g|v|, & contradiction. Therefore the claim holds true and
we may assume there is an index 7 such that |v;_;v;| 2 |[v] and |Jv;_1} < |[v| (the case

|vi] < Jv| would be similar). Set v; = vjv! where |v;_;1v}| = [v]. Then we have

n -1
Vo1 ...Vi-2V; Vi41...Vg = v?
and by induction, there is a derivation

(1) £ (vom)g(vrm)E ... £(vieam)E(vim)E(vigrm)E .. . £(vgm).

3w

Furthermore, the word v;_;v} is a conjugate of v = s and hence v;_;v] = zs2“z for

some words ¢ and z such that zz = s . It follows that either zs* is a left factor of v;_;
of s¥z is a right factor of v). Suppose for instance v;_; = zs“y, so that yviz = s2%,
Then (v;_yvivi_1)m = (zs¥yvjzs¥y)m = (zs'y)7 = (zs*y)m = v;_yw. Similarly, if

2w

vl = ys“z and zv,_1y = z*“, a similar argument shows that (v{7)(vi—17)(vi7) = (vir).

In both cases there is a derivation § — (v;_3m)§(vim). Therefore, we have by (1).

£ (vom)€(vym)E .. E(vimym)EE(vim)E(vig1T)E .. . E(vgT)
— (vom)€(vam)€ ... E(vicam)E(vimym)E(vim)(vi m)E(vig1m)E ... E(vgm)
and this proves the lemma since v;x = (vir)(viw). (]
We come back to the proof of Theorem 4.3. Assume that the topological conjecture
is true. By Proposition 2.3, D(M) is contained in K(M), and hence it suffices to
show that K (M) is contained in D(M). Let m € K(M). Theorems 4.1 and 3.3
show that 1 € F*(L) where L = mn~!. Therefore, there exists n > 0 such that
1 € F*(L). We now construct, by induction on 7, a sequence ug...,u, of words such
that u; € F("“)(L) as follows.
(8) u =1.
(b) Let u; € F(""9(L) = F(F("~*-1(L)). By the definition of F, there
exist some words r;, 8;, t{; € A* such that u; = ri{; and ris?'t,- -

F(=i=1)(L). Then we put u;1; = r;5:" 94, so that

uipg € FOD(L),

Furthermore u,, € F(®)(L) = L and hence u,m = m by the definition of L.
We shall prove that there is a derivation ¢ — u,m = m, as a consequence of the

following lemma.
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LEMMA 4.5. For 0 < ¢ < n, and for every factorisation u; = u;q...uik with
k< n'—1i+1, there exists a derivation & — (u;om)€(u;17)€. .. E(uipm).

ProOF: By induction on 7. If i = 0, then uo = 1 and there is clearly a derivation
Er 1€61.. .61, Let ujyy = r,-sf("_')”ti = %ig...uik be a factorisation of u;y; with
k < n —1. Then there exist two indices ¢ < d such that the occurrence of s?("_')w

defined by the factorisation
Uipl = (7‘:’)(3?("4)‘0) (t:)

is a factor of ;... u; 4. We may suppose that ¢ (respectively d) is maximal (respec-
tively minimal) for this property. Therefore there is a left factor = of u;. and a right

factor y of ;g4 such that

3(n—i)w

Uje---Uid = TS,

Note that we may have ¢ = d.
Consider the factorisation u; = rit; = uj0...%ic—12Y%j d+1 ... ur Which contains
at most k+1 < n —1+ 2 factors. By the induction hypothesis, there is a derivation

£ (uiom)€. . &(uic—1m)E(zm)é(ym)(viaram) - . - E(uwi k).

3(n—i)w

Now, the factorisation u;....u;4 induces a factorisation of s; represented on

one of the following diagrams.

If c<d, then sf("_i)“' =z Ui cpy .- Ui d—1Y'

Uig Uic+l uid

sJe-ike

3(n—i) 3(n—i)w
in thsi ) ]

If ¢ = d, then the factorisation is trivial: s

In the first case, the factorisation contains at most (n —:+ 1) factors and by
Lemma 4.4, there exists a derivation

f — (:c'ﬂ’)f e E(u;,c+11r)£ v f(ui,d—lﬂ')g(y'ﬂ.)‘
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s:li(n-i)u)

It follows that

€ (uiom)é ... (viemm)é(zm) (') E(wic1m) . ..
(wi,a—1m)é(ym)(y' 7)€ (i a1 7) . .. E(uipm)

and this concludes the proof since zz' = u; and y'y = u;q.

. . 3(n—i)w
The second case is even simpler. Indeed we have ¢ — .9'-( ) whence

(zm)E(ym) = (em)(s3n ) (ym) = wiem

and & — (u;om)€... {(uigm). [

We can now conclude the proof of Theorem 4.3. Indeed, if we apply Lemma 4.5 to

the factorisation u, = u,, we have a derivation § — u,m =m. |

(1]
(2]

(3]
(4]
(5]
(el
(7
(8]

(9]
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