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1. Introduction

In (8) Todd and Coxeter described an algorithm for enumerating the cosets
of a finitely generated subgroup of finite index in a finitely presented group.
Several authors ((1), (2), (5), (6), (7)) have discussed a modification of the
algorithm to give also a presentation of the subgroup in terms of the given
generators.

In particular, Mendelsohn (7) gives an algorithm requiring two coset
enumerations to find such a presentation together with an example to show
that one enumeration is insufficient. W. O. J. Moser has conjectured that one
enumeration is sufficient and it is the purpose of this note to prove this and to
extend the results to subgroups of countable index.

The algorithm to be described is essentially the same as that described by the
above authors but is included here in the form in which it has been implemented
on the I.B.M. 360/44 computer of the University of St Andrews Computing
Laboratory.

We describe the algorithm in two parts, the classical and the additional
algorithms. Section 2 describes the algorithms and Section 3 contains proofs
of the validity of their operation.

2. The algorithms

Suppose a group is generated by a set of elements {x;|ie I}, I a finite
set, and suppose that {g, | k € K} is a set of words in the generators x; and their
inverses; then we will use the notation G = {x;| 6, = 1, i€ I, k € K) to mean
the group F/L, where L is the normal closure of the group L = {0, | ke K)
in the free group F = {x;|ieI).

If H = {w;|jeJ) is a subgroup of countable index in G, there are only a
countable number of cosets of H in G. We first give a systematic method for
finding these cosets. We construct a multiplication table for the cosets in
which the rows are indexed by the cosets and the columns by the generators
of G and their inverses and proceed in the following way:

(i) Denote by the integer 1 the subgroup H. Apply the subgroup generators
w; to the coset 1 defining new cosets as necessary to obtain 1.w; = 1, for all

eJ.
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(ii) Next, for each coset m in turn in the sequence 1, 2, 3, ...,

(@) define the cosets mx; and mx; ! for each i e[ unless these have
already been defined or found,

(b) apply the relations to the coset m, defining any new cosets which are
necessary, to obtain mo, = m for all ke K.

Note that any new coset defined in (i) and (ii) must be defined as a previously
defined coset multiplied either by a generator x; or the inverse of a generator.
Also the relation mx? = n implies zx; ° = m, where ee {—1, 1}.

(iii) In addition, a coincidence (sometimes called collapse) may occur.
Suppose a relation is x§'x52...x* = 1 and we apply that relation to the coset n,
then coincidence occurs if we obtain nx§{'x$*...x}/ = p, where 1 < j < i, and
we also have nx; ®x;f{~'...x;*{** = g, that is nx§'x52...x} = g, for the labels
p and g are both attached to the same coset.

Having discovered a coincidence (g>p say) the pth and gth rows of the
multiplication table are compared possibly giving further coincidences and then
q is replaced everywhere it occurs by p. These further coincidences are processed
in the same manner. At the end of the algorithm the cosets can be relabelled
by the first available integers.

Suppose the subgroup generator w; = x{'x3*...x{' and we consider l.w;,
then coincidence may again occur, for we may discover that 1. x5'x%...x5* = p,
where 1 £ k& < i whereas 1.x; %x; % '...x; 5" =q. Thus p and g are both
attached to the same coset and we then process the resulting coincidences as
above.

Finally, the label chosen for an unknown coset should be the first available
natural number. This completes the classical algorithm.

We next give the additional algorithm:

(iv) Define the identity element of the subgroup H to be the coset representa-
tive of the coset 1. Whenever a coset n is defined as mxf, define the coset
representative 7, to be 7, xf, where 1, is the coset representative of the coset m,
and note that 7,xf7; ! = 1.

(v) If, in consideration of a generator w of H of the form sxt, where s and ¢
are words in the generators of G and x is either a generator or the inverse of a
generator of G, it is found that zznx = n, where m is the coset 1s and » is the
coset 1¢ ™, then note that 7,,x7, ! = a ™ 'wp ™!, where « is a word in the generators
of H calculated as 1x%'z; ', x2...7, _ xg*, ', where s = x{'x$...xf* and where
B is calculated in a similar way.

(vi) If, in consideration of a relation of G of the form st = 1, it is found that
mx = n, then note that 7,xt, ! =« ~!8~!, where « and p are words in the
generators of H calculated as in (v).

(vii) If, in consideration of a generator @ of H, no new cosets are defined and
no new information about coset multiplication is found, then

k-1
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is a relation between the generators of H, where w = [] xf/!!
i=0

(viii) If, in consideration of a relation ¢ applied to a coset m, no new cosets
are defined and no new information about coset multiplication is found, then

ij+17ij+1

H (z; jx”f“r" )=1 is a relation between the generators of H, where

g= on xi#tt and 7, = 1, ,, is the coset representative of coset m.

(ix) The last occurrence to be considered is the discovery of a coincidence.
If, in consideration of a generator of the subgroup, @, say, it is found that w,
is of the form st, where Hs = m and Ht™ ! = n, then this gives 1,5 = w,,,
and 1,¢t~! = w,t, from which 1, = (0, 'o] '©,)r,. This gives the relationship
between the coset representatives and again only involves words in the
generators of H.

If, in consideration of a relation of G, a coincidence occurs, then a similar
result is obtained. A relation of the form 1,9 = wrt, becomest,g = w, ', 0,01,
If the result mg = [ is already known then this gives a further relation in H.
Otherwise this is new information resulting from the coincidence. Ifit is already
known that mg =k with T, = @'t so that the coincidence / = k is obtained,
then 1, = 0™ 0] 'w] 'w,w'T, so that the I’s can be replaced by k’s and the
7,’s by this expression involving 7, and a word in the generators of H.

3. Proofs of results

Lemma 1. Let F be a free group and H a finitely generated subgroup
{w;|jeJ) of countable index in F. If {x;|iel} is a set of generators of F,
then the identities Ho; = H and HOx{x; ® = HO, for all cosets HO, are sufficient
to enumerate the cosets of H in F.

Proof. Suppose that the coset Hu = Hv, where u and v are words in the
generators of F. Then uv™'e H, that is ™! = wjw?...07 for some
{j1sJa2s ---s Ju} S J and for some {gy, &, ..., &} = {—1, 1}. Note that because F
is free this equality is an identity apart from words of the form 5n~* on either
side of the equation.

Now for each sequence x{?, x2, ..., xi deﬁne the coset Hf!' 72, to be the
coset Hx{!x{2...x{". If we now calculate Huv , we find that this is H provided
HOxix; ¢ = HO for all cosets Hf and all generators x; and provided Ho; = H
for all j e J (this implies Hw; ' = H). Thus to find all the equalities between the
cosets it is sufficient to check that HOx/x; * = HO and that Ho; = H for all the
generators @; of H.

If we next ask what is the index of the group generated by a set of words

w;|jeJ}in the group G = {x;|ie ], o, = 1, k € K, then the corresponding
J
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question about free groups is that of finding the index of the subgroup generated
by the set {w;|jeJ} and the normal closure of the group (g, | k € K) in the
free group {x;|ieI). The subgroup is not necessarily given as a finitely
generated group since the only set of generators we have is

{w;ljel}v{w™ 0w | ke K welx;|iel)}.
However, if G is finitely generated and finitely presented, that is if the sets
I and X are both finite, and so the subgroup H is of countable index and finitely

generated, then it is sufficient to consider a countable number of relations of the
type given in Lemma 1.

Lemma 2. Let H be a finitely generated subgroup {w;|je€J) of countable
index in a finitely generated finitely presented group

G= <x,~|0’k= l,lEI,kGK>.

Then the identities Hw; = H, HOo, = HO and HOx{x;*=HO, ¢ = *1 are
sufficient to enumerate all the cosets of H in G.

Proof. A typical generator w™ 'g,@ is equivalent to the relation Hfo, = HO,
where H0 is the coset 1o ~!. Thus we have reduced the problem to investigating,
for each coset HO, the relation Hfs, = HO, for each of the given relations
g, = 1 of G. Therefore, on adding the identities Hfs, = HO to the identities
in Lemma 1, we are now able to enumerate all the cosets of H in G.

So far we have only shown that given a finitely generated finitely presented
group we can find the index of a finitely generated subgroup in a countable
number of steps. We next show that when the index of the subgroup is finite,
then a finite number of steps is sufficient.

Theorem 3. Let H be a finitely generated subgroup {w;|jeJ) of finite
index in a finitely generated finitely presented group

G=<x;|lo,=1,iel, ke K).
Then the classical algorithm terminates in a finite number of steps.

Proof. If HO is any coset of H, then we can choose a representative of H,
g say. Expressing g as a word in the generators of G, we have Hf = 1.g and
step (ii) (@) of the algorithm ensures that HO is given at least one label in the
above process in a finite number of steps. As H is of finite index in G we can
then find an integer m such that each coset has a label less than m.

We must now show that, again in a finite number of steps, we can identify
the cosets ng and ng~' among those m for all non-redundant » < m and all g
in the generating set. As the number of such cosets is finite we need only show
that ng can be identified in a finite number of steps, where g is either a generator
or the inverse of a generator. By the choice of m, ng is equal to some coset k
say, with &k £ m. nis defined as l¢ for some ¢ in G and similarly k is defined
as lo for some w in G.
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Now ng = k is equivalent to ogw™! € H. However, ogw™ ! € H if and only
if it can be written as a product ITy;, where y; is either a generator of H, the
inverse of a generator of H, a conjugate of a relation of G or the inverse of such
a conjugate.

But after a finite number of steps the algorithm provides sufficient information
to give 1y; = 1 and so logw™! = 1. Thus all the cosets ng can be identified
in a finite number of steps and so the process must terminate for it is then
possible to complete the coset enumeration tables without defining further cosets.

Notice that we cannot restrict our attention only to the first m cosets. In
fact, there is no upper bound to the number of cosets needed to complete the
process in terms of the index, the lengths of the generators and relations and
the number of generators and relations.

Theorem 4. Let H be a finitely generated subgroup {w;|jeJ) of countable
index in a finitely generated finitely presented group G = {x;| 0, = l,ieLke K).
Then the additional algorithm provides a presentation of H. Moreover, if the
index of H in G is finite, this presentation is finite.

Proof. Suppose hfhj2...hj» =1 is a relation between the generators of H.

Then, as this is a conséquence of the relations of G, hi!h;2...h" is freely equal
to Ilu;, where y; is either a conjugate of a relation of G or the inverse of a
conjugate.

1u; = 1 modulo the relations of H discovered during the process, that is
1p; = lorly; = w.1,wherew = 1is one of the relations. Therefore 1.1y, = 1
modulo the relations of H discovered during the coset enumeration. On the
other hand the initial consideration of generators of H shows that 1.4, = A;.1
modulo any later changes brought about by using relations of H discovered in
consequence of coincidences occurring during the algorithm. Thus, as required,
the relation h{*h{2...hi» = 1 is a consequence of the relations discovered by the
algorithm.

4. Applications

The theorems of Section 3 find application in (3), (4) and (7). In (3, Theorem
4), for example, it is shown that the subgroup H = {a, b*) is of countable index
in the group

G=<{a, b|[a? b~'] = a"'b¥a, [b* a~']=b"'a’b)
and using Theorem 4 of this paper a presentation for H is found.

To show the difference between the above algorithm and that of Mendelsohn
(7), the following example shows that four relations are produced by this version
of the algorithm instead of the one produced in (7). This same group is also
considered in (6).

We consider the subgroup {x, a®) in the group {x, a|x"'a’x = a%).
Denoting the subgroup generators by « and B respectively we find that it is

2
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necessary to define eight cosets before a coincidence is discovered. At this stage
the tables have the following form:

o B

x daaaaaaaa x''a a x = a a a

11 123456781 1 1 23 41 2 3 4
4 3 4 5 7 4 5 6 7
7 56 7 2 7 8 1 2
2 781123 45

The multiplication table for the coset representatives is la = 2, 2a = 3, 3a = 4,
4a =5 5 =6, 6a=717, 7a =38, 8a=p1, 1x = al, 3x = a4, Sx = a7 and
7x = afi2. The coincidence obtained from the last line of the table gives
5 =[B,«]1. Substitution in the multiplication table now gives the multiplication
table la = 2, 2a = 3, 3a = 4, 4a = [B, «]1, 1x = «l, 3x = od, the collapses

=[B, «]2, 7=[B, «]3, 8 =[B, «]4 and, by further substitution,
[B, ajal = ofB, «]3 and [, aJad4 = af2 and finally from 8a = f1 we obtain
the relation [, «]* = B.

Substitution in the multiplication table for 3 and 4 now gives

la = 2,2a =[[B, «], «]1, 1x = «al

as the multiplication table, two more relations, [[8, a], a] = [«, f]*8 and
[, BY*BLLB, o], «] = [B, «], and the coincidence [[B, «], a]al = [«, flep2 which
reduces to 2 = B71[B, «]*1.

A final substitution now gives la = f~![f, «]*’1, 1x = al and the relation
BB, 1) = [[B. o], a.

Thus we have shown that <{x, a®) = (x, a) and in terms of the new
generators the group is

a, B [ﬂ’ a]z =B, [[ﬁs Ot], “] = [OC, ﬁ]zﬁ = ﬁ_l[ﬁ’ a]a[ﬂ’ “] = (ﬂ_l[ﬁ, o‘:Ia‘2)2>-
From 1a = 87 ![B, «]**1 we obtain the expression for a in terms of « and g,
a= ﬁ_l[ﬂ’ a]az'

Substituting [, «]* for the final B in [[B, «], «] = [«, B]°8, we obtain
[B, @] = [[B, «J«]*>. Using this new relation and substituting for the initial #~*
in B7[B, «1°[B, «], we find this reduces immediately to [[B, ], «]. Thus the
set of relations obtained is in this case redundant. It should be noted that the
adaptation of the Reidemeister-Schreier process using two coset enumerations
will provide a presentation of the group.

(Note that in the above hand calculation we have not worked through the
algorithm systematically but have constructed the tables in a way which avoids
introducing more redundant cosets than necessary.)
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