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Abstract

We construct a commutative version of the group ring and show that it allows
one to translate questions about the normal generation of groups into questions
about the generation of ideals in commutative rings. We demonstrate this with
an alternative proof of a result about the normal generation of the free product
of two cyclic groups.

1 Introduction

A number of outstanding problems arising in low dimensional topology and combina-
torial group theory share a common core difficulty; it is in general hard to show that a
normal subgroup H of a group G cannot be normally generated by a set of elements,
X C H, with some specified property. The most obvious obstruction is that if H is
normally generated by X, then the image of X would generate the image of H in the
abelianisation, G/[G, G]. However a new obstruction is required to address problems
where abelianisation is too blunt.

Fix a field k. The normal subgroup structure of a group G is reflected in the
ideal structure of its group ring k[G], in a fairly simple way: if hq,--- , h,, normally
generate a normal subgroup H < G, then the elements 1 — hy,--- ,1 — h,, generate
the kernel of the induced map x[G] — k[G/H]| as a two-sided ideal. However even for
a finitely presented group G, the group ring x[G] need not be either Noetherian or
commutative, making its ideals harder to work with.

The approach of this paper is to instead work with a commutative version of the
group ring (taken over a field k of characteristic 0). This provides a functor from the
category of groups to the category of commutative rings. Questions about the normal
generation of subgroups are thus turned into questions about the generation of ideals.
We demonstrate how non-trivial group theoretic results may thus be obtained from
elementary commutative algebra.

We note that our construction has similarities to various existing algebraic struc-
tures. For example the identities in Lemma 3.5 and Corollary 3.6 suggest a relation-
ship with Clifford algebras, whilst Lemma 2.7 suggests a relationship with the trace
polynomials of Horowitz [8]. Omne can think of our construction as ‘less free’ than
these. Another commutative analogue of group rings is given in [19].

We first outline some problems which require a new such obstruction. Given a
finite set of generators for a finitely presented group G, let F' be the free group on the
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generators and let G = F/R where R < F. The Relation Gap problem [5] asks:
Must the minimal number of elements needed to normally generate R in F equal the
minimal number of elements needed to normally generate a subgroup of R in F', which
surjects onto the abelianisation R/[R, R].

Wall’s D2 problem is a major unanswered question in low dimensional topology.
It asks if cohomological dimension and geometric dimension agree for homotopy types
of finite cell complexes. C.T.C. Wall proved that they do agree, except possibly for
cell complexes of geometric dimension 3 and cohomological dimension 2 [17, Theorem
E]. However this remaining case has resisted attack for the last forty five years. It
has long been known that a counterexample resolving the Relation Gap problem
would under certain hypotheses also solve Wall’s D2 problem [7]. More recently these
hypotheses have been reduced [13]. In [14] Wall’s D2 problem is expressed in terms
of normal generation.

The Kervaire conjecture posits that the free product of the integers with a
non-trivial group cannot be normally generated by a single element.

The Wiegold problem [16, Question 5.52] asks if a finitely generated perfect
group must be normally generated by one element. For a finite perfect group it is
elementary to show that it is the normal closure of a single element. It is easy to find
finitely generated perfect groups where this is apparently not the case, yet there do
not currently exist obstructions which would allow us to prove this.

A conjecture due to H. Short [9, Conjecture 2] posits: The number of elements
needed to normally generate a free product of n (non-trivial) cyclic groups is at least
n/2. For n = 3 this was known for forty years as the Scott-Wiegold conjecture [15,
Problem 5.53], and was eventually proven [9] by Jim Howie. This problem is too subtle
to approach by abelianisation as the free product of 3 cyclic groups may abelianise to
a cyclic group (which is generated by a single element). In this case it was resolved
using topological methods.

The n = 4 case of the above conjecture is trivially implied by the n = 3 case. If it
could be proven for n =5 then the Wiegold problem would be solved:

Potential counterexample 1.1. Let G = C), « C, * C, % Cs x C,/(m), where 7 is the
product of the generators of the cyclic factors, and p,q,r, s,t are pairwise coprime.
G is perfect (by the Chinese remainder Theorem) but if it were the normal closure
of a single element x, then the free product of 5 cyclic groups would be normally
generated by just 2 elements: w,z. Note that G here is generated by 4 generators,
as the triviality of 7 in G implies that we may express one generator in terms of the
other 4.

There are also many potential counterexamples which could solve Wall’s D2 prob-
lem and / or the Relation Gap problem [2, 5, 10]. We mention a candidate due to
recently published work by Gruenberg and Linnell [6]:

Potential counterexample 1.2. Fix coprime integers p, ¢ and let G = (C, x Z) % (Cy x
Z). Let F be the free group on the natural 4 generators of G and let G = F'/R, where
R<F. From [6, Proposition 1.2] we know that 3 elements of R may be chosen so that
their normal closure in F' surjects onto the quotient R/[R, R]. However it appears
that R cannot be normally generated by fewer than 4 elements.

If this could be proven then the Relation Gap problem would be solved. Further,
if it was shown that every finite presentation of G required at least as many relators as
generators, then Wall’s D2 problem would also be solved. Without loss of generality,
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the generators in such a presentation would be the natural 4 generators, together with
a finite set of trivial generators (representing ¢ € G).

In the context of our methods, the Relation Gap and Wiegold problems could be
approached by computing the commutative rings for the groups from the examples
above, and showing that the relevant ideal cannot be generated in an undesirable way.

Although we do not attempt to attack these problems in this paper, we are able to
demonstrate the method by proving a similar result (originally due to Boyer [4]); the
free product of two cyclic groups cannot be normally generated by a proper power. As
in the examples above, this problem cannot be approached by abelianising the group,
as the abelianisation would be cyclic if the orders of the cyclic factors are coprime.

In §2 we define the commutative version of a group ring. In §3, §4 we discuss its
properties, culminating in a complete description. In §5 we compute this for the free
product of two cyclic groups. We show that in the light of our methods, Boyer’s result
reduces to an absolutely elementary statement in commutative algebra. Finally we
show that the Scott-Wiegold conjecture may also be reduced to a statement about a
commutative ring. This time however the statement is not immediately obvious.

Having applied our commutative version of group rings to problems concerning
2-generated and 3-generated groups, it is our hope that these methods may be applied
to the 4-generated groups in Potential counterexamples 1.1 and 1.2. In this way we
hope that our methods will eventually be able to resolve the major questions which
we have mentioned here.

2 Construction of the commutative group ring

Fix a field x of characteristic 0. All ring homomorphisms of x— algebras will be
understood to fix k. The inverse operation on a group G extends k—linearly to an
involution *: k[G] — k[G]. The invariants of *, x[G]*, are then a subset of k[G]. The
set of commutators [k[G], k[G]*] generate a 2-sided ideal:

([[G], w[GT")) < R[G].
Definition 2.1. Let Ag = &[G]/{[<[G], [G]*]).

Thus Ag is the group ring of G with the added relations that the invariants of *
are central. Given = € k[G] we denote the corresponding element in Ag by [z].

Lemma 2.2. The action of * is well defined on Ag.
Proof. For z € [k[G], k[G]*], we have z = ab — ba for some b satisfying b* = b. Thus
2" =(ab—ba)* =b"a" —a*b" =ba" — a*b € ([k[G], &[G]"]).
It [a] = [3] then 2 — y € {[x[G), KIGI']), 50 (& — 9)* € {[s[G), KIGI]) and [2°] = [y°]

O
Let K[G]# = Ag”, the invariants of this action. Let Ag be the anti-invariants of
the action: Ag = {[z] € Ag| [z]* = —[z]}. For z € k[G] let:
= “2”5 enlay,  F="""exldl,
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Lemma 2.3. We have a decomposition of k—linear vector spaces:

Ac =k[G)* @ Ag.

Proof. 1f [z] € k[G]* N Ag then [z] = [2]* = —[a] so [z] = 0. Given any [y] € Ag we
have [y] = 7] + [7] .

Lemma 2.4. If [z] € &[G]" then [z] = [Z] and if [z] € Ag then [z] = [T].

Proof. 1f [z] € k[G]" then

o] = [+ = [a] + = o+ S =)

If [x] € Ag then

As Z € K[G]*, we have [Z] central in Ag. Thus x[G]” is central in Ag.
Lemma 2.5. H[G]# is a subring of Ag and Ag is a (right) module over /{[G]#.

Proof. Clearly 1 = [¢] € k[G]" and [G]” is closed under addition and subtraction.
If [z], [y] € k[G]" then [z][y] € x[G]" as

([2lw])* = [(zy)"] = [y*="] = []"[2]" = [y][=] = [2][y].

Thus x[G]¥ is also closed under multiplication, and therefore a subring of Ag.
To see that Ag is a module over m[G}#, we check that Ag is closed under multi-
plication by elements of x[G]*. To that end let [z] € [G]¥,[y] € Ag. Then:

(W)™ = [(y2)"] = [="y"] = [« [y]" = =[2]ly] = = [y][=].
so [y]z] € Ag. O
As k[G]* is central in Ag, we know that x[G]? is a commutative ring.

Definition 2.6. We define the commutative version of the group ring for the group G,
over a field r, to be k[G].

We note the following identities in x[G]":
Lemma 2.7. Let [z],[y], [2] € Ag. Then:
i) [zy] = [yz].
i) 2[y] [72] = [zyz] + [zy*=z], so in particular [z][7] = 3 ([z7] + [zy7]).
i) [27] = [2].
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Proof. 1) We have:
Ty —yz = (Ty — y) + (Yo" — 27y).
As [7], [7] € k[G]" we conclude [zy] — [7z] = [0)].
ii) We have
TYZ + xy*z = xyz + 2 yr”.
As [] € k[G)" we conclude [zyz] + [zy72) = 2] [z7].

iii) Trivial. O

Let f: G — H be a group homomorphism. Then f extends k—linearly to a
ring homomorphism f: k[G] — x[H]. We will now show that this induces a ring
homomorphism:

7 k[Q)F — k[H)”.

Lemma 2.8. f induces a well defined ring homomorphism f: Ag — Ap.

*

Proof. From the definition of group homomorphism we know that (f(z))* = f(«*)
for all x € G and hence for all z € [G]. Thus if = € kK[G]*, then

(f(2))" = f(z") = f(=).
Thus f(x) € k[H]* and if z = yx — xy for some y € k[G], then

Hence if [2] = [y], then [f(z)] = [f(y)] and we may define f([z]) = [f(z)]. O
Clearly f([z]*) = (f([z]))*, so if [2] € k[G]¥ then

(f(2D)" = F([2]") = f(la])
and f([z]) € k[H]*. Thus we may define:

Definition 2.9. For agmup homomorphism f: G — H, we define the map of commu-
tative rings f7: k|G k[H] to be the restriction of f to k[G].

By construction (fI)#* = f#I#, where [ is a group homomorphism H — M,
so we have a functor Group — Commutative Ring, sending a group G to the
commutative ring H[G]#, and the group homomorphism, f: G — H to the ring
homomorphism f#: k[G]* — k[H]?. This functor has the following ‘half-exactness’
property:

Lemma 2.10. If f: G — H is a surjective group homomorphism, then the ring homo-
morphism f#: k|G]* — k[H|? is also surjective.

We note in passing that the dual statement is not true. For example let Dg
denote the group of symmetries of a square and let V' be the subgroup generated by
reflections through lines parallel to the edges. Then the inclusion ¢: V' < Dg is an
injective group homomorphism, but ¢# is not injective.
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Proof of Lemma 2.10: The ring homomorphism f: k[G] — «[H] is surjective so
the induced map f: Ag — Ay is also surjective. Hence given [z] € k[H]* we have
y € [G] with f([y]) = [z]. Then

as required. 0

For the remainder of this section f: G — H is a surjective group homomorphism,
with kernel K <1 G. We wish to find generators for the ideal ker(f#) <1 x[G]".

Lemma 2.11. As vector spaces over k:
i) ker(f: k|G] — k[H]) is generated by the set S = {gk —g|g € G,k € K}.
ii) ker(f: Ag — Ap) is generated by the set ' = {[gk] — [g]|g € G,k € K}.
iii) ker(f#: k[G)* — k[H|®) is generated by the set S" = {[gk] —[g]|g € G,k € K}.

Proof. i) In k[G]/{S)~ there is precisely one way of representing each element of x[H].
ii) We know that S’k is a 2-sided ideal in the ring Ag as

(lgk] = [gD)[n] = [gh(h™"kh)] — [ghl,  [h](lgk] — [g]) = [hgk] — [hg]

for g,h € G, k € K. Thus Ag/(S")k is a ring. From (i) we know that Ag/(S’)k may
be identified with a quotient ring of x[H].
To see that this quotient ring is Ay, we check that the additional relation in Ag:

f(@) = (f(z))" = [f(2)] central,
is satisfied in Ag/(S")k. That is we need:
f(x)=(f(z))" = [z] € Ag/(S')kis central.

Note that given x € [G] with f(z) = (f(z))*, we have f(Z) = f(z). Thus from
(i) we have [z] ~ [Z] in Ag/(S")k and [Z] is already central in Ag.

iii) We have [gk] — [¢9] = [gk] — [g] + [g_l:;] — (9], so by (ii), ker(f) is generated over  by:

S"U{(gk] - [d)l g € G, k € K}.

Thus if [z] € ker(f#), then [z] = [y] + [2], where [y] € (S”)x and z € Ag. We have
[2] = [z] — [y] € k[G]", so by Lemma 2.3 we know [z] = 0. O

For z € Ag, [z] = 3([z] + [2]*), which depends only on [z], so we have a well

defined k-linear map mq: Ag — k[G)? given by [2] — [z].

Lemma 2.12. The following maps are linear over R[G]#:
i) The map Ag — A given by [z] — [zg|, for some fized g € G.
i) The map m¢: Ag — K[G]7.
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Proof. 1) Multiplication by a ring element is always linear over a central subring.
i) Let [2] € A and [y] € k[G]*. We must check that me([z][y]) = me([z])[y]:

Let B C Ag be a generating set for Ag as a module over x[G]7.

Lemma 2.13. Givenl € G, the ideal in k|G]”" generated by {[bl] — [b]| [b] € B} contains

[l] — [Z] for any x € Ag.

Proof. By Lemma 2.12 we have a linear map ¢;: Ag — H[G]# given by:

[y] = [vl] = [].
We may express [z] as a sum [z] = [b1][y1]+ - -+[br][yr] with the [b;] € B, [y:] € &[G]*.
Then applying ¢; to both sides gives

[21] = (2] = ([011] = [D:])[ya] + - - + ([0:] = [0 ])wr]-
O

Definition 2.14. Given a set L C G, we define L# « H[G]# to be the ideal generated
by {[bl] — [b]| [b] € B, 1 € L}.

By Lemma 2.13, L# is independent of the choice of generating set B. In fact we
could take a different generating set of Ag, B; for each [ € L and would still have:

Lemma 2.15. The ideal L# < k[G]" is generated by {[bl] — [b]|l € L, [b] € By}.
Theorem 2.16. If the set L C K normally generates K, then ker(f#) = L.

Proof. As L C K it is clear that L# C ker(f#). Let K’ denote the set of k € K such
that for all g € G, [gk] — [g] € L#. By Lemma 2.13 we have that L C K’. Clearly
[ —[g)=0€ L# forall g € G, s0 e € K.

Suppose ki, ke € K’'. Then for all g € G we have

[gk1k2] = [9] = ([(gh1)k2] = [gka]) + ([gk1] - [9]) € L.

Thus ki1ky € K.
Also if k € K', then for all g € G we have

[gh~T] ~ [g] = ~([(gk 1)Kl — [gh 1)) € L*.

Thus k~! € K'.
Let h € G and suppose k € K'. Then for all g € G, using Lemma 2.7i we have

[g(hkh=T)] — [g] = [(h=Tgh)k] — [A=gh] € L*.

Thus hkh~! € K'.

So K’ contains L and the identity, and is closed under multiplication, inverse and
conjugation. As L normally generates K, we have K’ = K. So L# contains [gk] — [g]
for all g € G and k € K. Thus by Lemma 2.11iii we obtain L# = ker(f#). O
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Theorem 2.16 fails if we drop the condition that f is a surjective group homomor-
phism. For example, if we let f: V' — Dg be the inclusion mentioned before, then
we may take L = ¢ the empty set, to normally generate ker(f) (as f is injective).
However ker(f#) is non-zero in this case.

Theorem 2.16 is at the heart of our approach. If K is normally generated by
N C K and we wish to show that some other set L C K does not normally generate
K, then by Theorem 2.16, N# = ker(f#) and it is enough to show that L# # N#.

For this purpose, it will sometimes be more convenient to use a refinement of L#.
Let B now be a generating set for the module A¢ over x[G]*. Note that by Lemma

2.3, the set B {1} generates the module Ag over x[G]7.

Definition 2.17. Given a set L C G we define L¥# < K[G}# to be the ideal generated

by {[bl] — [oI=1]| [b] € B, l € L}.

Lemma 2.18. Given | € G, the ideal in k[G]" generated by {[bl] — [bI=1]| [b] € B}

contains [xl] — [x~1] for any [z] € Ag.

Proof. We proceed as in Lemma 2.13 by expressing [z] as a linear combination of the

elements of B U {[1]} and hence express [xl] — [z[~!] as a linear combination of the
{[bl] — [bI=1]|[b] € B} and [1{] — [1I~!] which equals 0 by Lemma 2.7iii. O

Thus L## is independent of the choice of B, a generating set for Ag. Indeed, as
before one may chose a different generating set B for each | € L and still have L##
generated by {[bl] — [bl=1]|l € L, [b] € B;}

Theorem 2.19. If L normally generates a normal subgroup K <IG, then L¥## = K##.

Proof. This proof follows the structure of the proof of Theorem 2.16. Let K’ denote
the set of k € K such that for all g € G, [gk] — [gk~!] € L#¥#. By Lemma 2.18 we
have that L C K’. As before it is clear that e € K’ and that K’ is closed under taking
inverses. In order to show that K’ = K and hence prove the theorem, it remains to
show that K’ is closed under group multiplication and conjugation.

Given g, h € G and k € k' from Lemma 2.71 we again have:

[g(hkh=T)] = [g(hk=Th=T)] = [(A="gh)k] — [(h=1gh)k~T] € L*#.

Thus K’ is closed under conjugation.
Given g € G and j,k € K’, we may expand [k] ([gj] — [gj~']) using Lemma 2.7ii:

(31 - =) = S+ R R+ R,

Set z = gj"'gilg. Then using Lemma 2.71 we obtain:

[9GR)] = [9Gk) 1] = k] ([97] = [9771]) + [2k] = [k 1] € L##.

Thus K’ is closed under multiplication.

O

Thus given a normal subgroup K < G, normally genrated by a set of elements
N C K, we may use Theorem 2.19 to show that K is not normally generated by a
set L C K. All one need do is show that L## £ N##_In Section 5 we apply this
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method to provide an alternative proof of a result due to Boyer [9]. In Section 6 we
apply this method to the Scott-Wiegold conjecture [4]. Before that, we must be able
to compute the commutative ring H[G]# and the relevant ideals L##. We build up
the theory to do that in Section 3 and Section 4.

Finally in this section, we will comment on the relationship between L# and L##.
Given a set L C G, one might naively generalize from the case of the usual group ring,
and consider L® <1k[G]” to be the relevant ideal in relation to the normal closure of L
(rather than L# or L##), where L*® is the ideal generated by {1 — [I]| I € L}. These
three ideals are related as follows:

Lemma 2.20. We have L# = L## —|— L.

Proof. Let g € G and | € L. Applying Lemma 2.7ii we get:

o) - g = WA=l

+[g)([1] - 1) € L## 4 L*.

3 Identities in Ag

In order to implement our approach, we need to have a description of the commutative
ring x[G]" and we need a generating set B for A¢ as a module over £[G]%. Then given
K <G, aset N C K, which normally generates K, and another set L C K, we would
have generators for the ideals N#, L# (resp. N## L##). Working out whether or
not L# = N# (resp. N## = L##)is then purely a problem in commutative ring
theory. If then L# # N# (or N## # L##), we may conclude that L does not
normally generate K.

In §4 we will show in general how to compute I{[G]# and B, from a presentation
of G. However to do this we first need to build up a collection of identities which hold
in Ag. We will now drop the square parentheses which we have used to distinguish
elements of k[G] and elements of Ag. Thus from now on, given = € £[G] it will be
understood that  may also denote [z] € Ag depending on context.

By Lemma 2.4, we know that if € H[G]# then x = Z, and if y € Ag then y = ¢
(noting dropped parentheses). Conversely for all © € Ag we have T € K[G]#, e g
So we may denote a general element of /i[G}# by Z and a general element of Ag by Z.

Lemma 3.1. Given %, € Ag we have, Tij + §7 € x|G]*, Zij — §7 € Aq.
Proof. We need only note that (£y)* = §*Z* = §# and similarly (¢yZ)* = Zy. O

Definition 3.2. We define a dot product Ag x Ag — K,[G]# and bracket Ag x Aqg — Ag:

—

. ., . 1.,
x-y=—§(xy—|—yx), [Z, 9] = (m — ).

. For Z,y,7 € Ag we have:

—5(T — 2y*) = 75 — 77,
%(a:y ya:) (so in particular xy —yx € Ag),
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Proof. 1) We have

Ty = —(@-2y-y)+—y)@—-2%)

— 00| —

T T g L —
1@ +YT —zyt —yw) = —o (7Y —ay’).
using Lemma 2.7i. Then Lemma 2.7ii gives:

P — 1, o
—5 @y —2y*) = —5 27y — 22y) = 7§ - 73.

ii) As Z, § are central in Ag, we have:

——

Ty —yi=(x-2)(y—9) — (y—9(r — ) =2y — yz.

iii) From (i) and (ii) we know that:

7,7 =~ Gy — vz — Gy — o)),

Also from (ii) we know that (zy — yx)* = yzr — xy, so by Lemma 2.7iii:

7,47 =~ Gy — w2z ~ vz — ) = —5 (77 — 759).

O

Recall Defintion 2.17. Let B be a generating set for the module Ag over the ring
k[G)¥. From Lemma 3.3i it immediately follows that:

Corollary 3.4. Given a set L C G, we have the ideal L## < KJ[G]# generated by
{b-l|be B,l e L}.

Recall from Lemma 2.5 that Ag is a module over x[G]¥.

Lemma 3.5. i) The dot product and the bracket are bilinear maps over k[G]¥.

it) The dot product is symmetric and the bracket is skew-symmetric.

iii) The bracket obeys the Jacobi identity: [[Z,y], 2] + [[¥, 2], Z] + [[Z, Z], 9] = 0.
iv) The scalar triple product (Z,¥,2) — [Z, 4] - Z, is an alternating trilinear map.
v) The triple bracket may be expanded as follows:

[Z,9],2 = (Z-2)7 - (§- 2)Z.

Proof. 1) This follows from the centrality of K[G}# in Ag.

ii) This is immediate from the definitions.

iii) This follows from the form of the definition and may be verified by calculation.
iv) Consider the form of the scalar triple product given by Lemma 3.3iii. If any pair
of Z, ¢, Z are equal then applying Lemma 2.7i if necessary, we get [Z,¢] - Z = 0.

v) We have

(72 — §iE7 — 2T + Zj7).

Hf’mva =

= =
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On the other hand:

e o oo 1 L L s S
(- 2)§— (¥~ z)w=—§((x + Z3)y — F(§Z + 2Y)) = 5 (¥Y7 — Z7Y).

Thus taking the difference gives:
- G | o | N | ofmes | e
(12,9, 2] = (& 2)§ = (§- £)7) = | (= (27 + gT)Z + 277 + §7)) = 0,

as by Lemma 3.1 we have & + §Z € x[G]" central.

Corollary 3.6. We may deduce that given &%y, 2, € Ag we have:
i) [i?ﬂ'[?ﬂﬁ]Z(f'f)(ﬁ'w)—(f'w)(ﬁ-f)'
m) Hf’m’ [57'“7]] = ([_’72} u_}')g— ([:/j’é’] ' ’LTJ')
) ([Z, 7] - = (- .
v) [[Z,9), [7, @] = (& 2)[g, 7] + (7 W)[l’ 2 = (& W)y, 2] — (§- 2)[Z, ).

Proof. i) As 3-cycles are even permutations, this follows from Lemma 3.5iv.

ii) From (i) we have [Z, 3] - [2, W] = [|Z, W], Z] - . Then Lemma 3.5v gives
[2,d],2] - 4= ((Z- 2)d — (@ - £)2) - § = (Z- 2)(§ - &) — (T~ @) (F - 2)-

iii) We expand using Lemma 3.5v, taking [Z, @] as an input to get the first identity,
and [Z, 7] as an input to get the second.

iv) We use Lemma 3.5v to expand the quadruple product [[[Z,¢], @], Z] in two ways:

[[[f,zﬂ,lﬁ],ﬂ = (['f’g] ' Z)U_j_ (Z u_j)[fvzj]a
[z, 4], @], 2] = (& W)[g, 2] — (§ - &) [Z, 2].

Equating the two yields the result.
v) From (iii) we have [[Z, 7], [Z,7]] = —([Z, 9] - )@ + ([Z, 9] - W)Z . We may then use
(iv) to substitute in for the expressions ([Z,y] - 2)w and ([Z, §] - W)Z. O

We can recover multiplication in Ag from the module structure of Ag over the
ring K[G]#, together with the dot product and bracket:

Lemma 3.7. Given z,y € Ag we may express their product in the following terms:
Yy =2y —T-§+ Y+ g + [Z, 9]
Thus in particular Ty = 2y — & - § and zy= T + §T + [Z, 7]
Proof. We have
vy = @T+D@H+Y) = TWHIF+IG+ YL = Ty — T §+ 27 + §T + [T, 9.

To get the expressions for Ty and x_@, note that xy = zy+ ;y, and by Lemma 2.3 this

is the unique decomposition as a sum of an element of H[G]# and an element of Ag.
O
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Lemma 3.8. For Z,y,Z,W € Ag we may expand the following products in Ag:
i) T =7 §+[7.9)
i) [T, 97 = —[Z,9] - 7+ (Z- 2)j — (¥ - 2)7,
( (

Proof. i) This follows immediately from Definition 3.2.
ii) By Lemma 3.7 the products may be written:

[572715: —[f,ﬂ] Z+ [[57m7ﬂ7 Z[fﬂ = _[i:?m Z- [[57m751

The triple bracket may then be expanded by Lemma 3.5v to give the result.

iii) From Lemma 3.7 we have
[#, 9117, @] = =[Z,9] - [, @] + [[Z, 9], [Z, @]

We then expand [Z, 4] - [Z, @] by Corollary 3.6ii and [[Z, §], [Z, @]] by Corollary 3.6iii.
O

Expanding products in Ag can yield identities in /@[G]#:

Lemma 3.9. For z,y,z € Ag we have 3(TYz + ZyT) =TYz + T2y + Y22 — 2T Y 2.
Proof. By Lemma 3.7 we have

- — _ - - _ SN _ 5
TYz +ayz = ayz = (Y — T Y+ 2§+ YT+ [Z,9))(Z + 2).

Equating components in K[G]#, we get
Wz = 2gz- (7 )z (G D (T Dy 74 7.
Only the last term changes sign when = and z are swapped, so

— —\ =\ —

1, e
S @z +7yT) =192~ (Z-4)2 = (§- £)z — (T~ 2)F.

Finally, we may use Lemma 3.3i to substitute in expressions for the dot products.
O

#I
i)
([7, 2] - @) (@ - @) — ([7, 2] - 0)(§ - @) + ([7, 9] - &)(Z - @) — ([,9] - 2)( - @) = 0.

ii)

Fa  #v T
(@9 -2)(gd o)=\g-a g0 §-d
@ 2@ 7w
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Proof. i) From Corollary 3.6iii we know

([7, 2] - &)& — ([Z, 2] - W)y + ([Z,9] - 0)Z = ([Z,5] - )& = 0.
We then take the dot product of both sides with 4 to obtain the result.
ii) By Corollary 3.6ii we have

[Z,9), @] - [[@,9), 2] = (9] [@0)(Z @) - (7 9] - 2)([@, V] - @). (1)
From Lemma 3.5v we have
(7,9, @] = @ @)j— (G- @ and ([@8,5 = (@ 27— (@ 7.
Also by Corollary 3.6ii we have
([z,9]-[a,0)) = (&-a)(y-0) = (Z-0)(F-d).

Substituting these three expressions into (1) and rearranging gives:

(@i a0 = (@06-9- @ o a) (7 )

/\
Ni
Ci

=1

&

S
N——

- (@ @5-Gor) (@

Multiplying out the dot product then gives the result.

This lemma will be sufficient for describing the ring structure of £[G]* in §4. We
note one further identity, this time between dot products only:

Corollary 3.11. Let Z,7, Z, W, @, 7,5,t € Aq. We have:

r-u v r-s Tt
goi o §ev §es gt |
Z-u Z-U Z-8 Z-t '
— — - = - = -
w - U w U W - S w -t

Proof. We expand the determinant along the top row, using Lemma 3.10ii to express

the minors:
(7.2 @) (17,81 (@ @) - (@5 - D@ 7) + (@8- D7) - (@73 7))

Lemma 3.10i then implies that the second factor here is 0. O

We finish this section with some identities relating to powers and commutators of

group elements.

Definition 3.12. For n € Z let P, be the polynomial over K determined by:

P():O, P1:1, QZ‘PH(I):Pn,l(QE)—f—PnJrl(ZE)

We may break down powers of group elements using Lemma 2.7ii:
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Lemma 3.13. Given g,h,k € G we have gh"k = ghkP,(h) — gkP,,_1(h).
Proof. The cases n = 0,1 follow from P, = —1,FPy =0,P; = 1. For r € Z we have
ghm=1k = 2hgh"k — gh+1k,
ght™2k = 2hgh™tlk — gh"k,

by Lemma 2.7ii. Thus if the statement of the lemma holds for n = r,7 + 1, then it
also holds for n = r — 1,7 4+ 2 and we are done by induction. O

Lemma 3.14. Given g,h € G we have gh™ — gh= = (gh — gh=1) P, (h).
Proof. Apply Lemma 3.13 with k& = e to get: gh™ — gh—" =
(ghPn(h) = GPu—1(h)) = (gh= 1Py (h) — GPa—1(h)) = (gh — gh=1) Pu(h).
O

Corollary 3.15. Given h € G the ideal {h"}## < k[G)7 is contained in the ideal
generated by P, (h).

This will be important when we consider free products of cyclic groups in Sections
5 and 6, as they may be expressed as free groups, quotiented out by the normal
subgroup generated by a power of each generator.

Let a,b € G and let I < K[G]# be the ideal generated by scalar triple products
{[@,b] - & ¢ € Ag}. The following lemma shows that if z,y € G map to the same
group element when the relation that a commutes with b is added, then z — 4 € I.

Lemma 3.16. We have an equality of ideals: {a='b~tab}?# = I.

Proof. Given ¢ € Ag, Lemma 3.3iii gives:

-

1, — — 1 -
[@,b]-¢= —§(cab —cha) = —i(cba(aflbflab) —cba) € {a” b ab}*.

Thus I C {a~'b~tab}#. Conversely, given ¢ € Ag, Lemma 3.3iii gives:

-

—%(c(a*lbflab) —c)= —%( (ca=1b=NYab — (ca=1b=1)ba) = [@, b (ca b~ 1)e I.

Thus {a~'b~tab}* C I. O

Lemma 3.17. i) We have: [a,b] - [@,b] = (@-@)(b-b) — (@- b)2.
ii) Commutators in k[G]" break down as follows:

aba—1b-T = 2ab° — dabab + 2a2 + 26° — 1

Proof. i) This follows immediately from Corollary 3.6ii.

-

ii) Lemma 3.7 yields an expression for ba Notlng that [a b]-@=abl-b=0Dhy
Lemma 3.5iv, this gives: [@,b] - [@,b] = —[a, b]- ba— @b (a _1b b.
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Thus Lemma 3.3iii gives

- -

@, (@5 = (@5 (a~'b~)= —3 (aba 5T — 1)

Thus from (i):

- -

aba=1b~T =1 - 2([d@,b] - [@,8]) = 1 - 2((@- @)(b- b) — (@-b)°).

We complete the proof by substituting in the identities:

N
d-di=—(a-a ') =1-a? b-b=1-10b? @-b=ab— ab,
which all follow from Lemma 3.3i. O

4 A complete description of x[G]"

# #

By a complete description of k[G]” we mean a set of elements which generate k[G]™ as
a ring over k, together with a defining set of relations which those generators satisfy.

Suppose that K is a normal subgroup of G with G/K = H, and suppose that
L C K normally generates K in G. By Theorem 2.16 we know that if we have a
complete description of x[G]¥ and a generating set for Ag over [G]¥, then we also
have a complete description of k[H]* = k[G]*/L#. We merely need to add the
generating set for L¥ (from Definition 2.14) to the set of relations describing /ﬁ[G}#.

Given an indexing set I, for each i € I, let g; € F; denote the corresponding
letter in the free group on I. Let L = {r; € Fy| j € J}, for some indexing set J and
elements r; € J. As before let K <1 G be the normal closure of L.

Definition 4.1. A presentation of G is a pair of lists: (g;,i € I|r;,j € J), together
with a group isomorphism F;/K = G (with L, K defined as above).

We now fix a presentation (g;,i € I|r;,j € J) of a group G with K, L as before.
Elements of F; may be regarded as elements of G, via the isomorphism F;/K = G.
We will make clear which of these we mean from context.

The purpose of this section is to produce a complete description of H[G]# from this
data. From the discussion above we only need a complete description of x[F7]# and
a generating set for Ap, as a module over x[F;]¥. Then, using x[G]* = x[F;|* /L#,
we have a complete description of x[G]”.

If the indexing set I is finite, then we will show that we only require a finite
number of generators for /{[G}# as a ring over . Further, if J is also finite, then our
description of £[G]* will only have a finite number of relations.

We begin by defining an abstract ring R; which we will later identify with x[F7]*.
Let R; denote the quotient of the polynomial ring &[A;, m;j;, wi k|4, j, k € I| by the
following relations for i, j, k, [, s,t € I:

RI: Mij = Mji, Wijk = Whij, Wijk = —Whkji
R2: mi; = 1— )\12
R3: Wik Mis — Wik Mjs + WijiMks — WijkMis = 0

My Mys Mt
R4: w,-jkwlst = mji Mmjs ™mijt
MEr  Mis Mt
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We define a ring homomorphism ¢: Ry — K[G]# by:

X o= G iel,
¢: mMij — g_;g_Jiv i?jEI,
Wijk — [gﬁl‘ag;]gﬁ/;‘v Z7]akel

Lemma 4.2. The ring homomorphism ¢ is well defined.

Proof. We must check that the relations R1, R2, R3, R4 are respected by ¢. This is
the case for R1 by Lemma 3.5ii, Lemma 3.5iv and Corollary 3.6i.
It is also the case for R2 as by Lemma 3.3i we have

Olmii) = Gi - Gi = —Gi -9 ' =1 - Gi* = o(1 - X2).
Lemma 3.10i implies ¢ respects R3 and Lemma 3.10ii implies ¢ respects R4. O
Let B denote the set: {1} U{g;|i € I} U{[gi, g;]|i,j € I} C Ag.
Lemma 4.3. ¢ is surjective and B is a generating set for Ag as a module over n[G]#.

Proof. We will show that any element of Ag is a linear combination of elements
of B over ¢(R;). Then given z € s[G]" we will have z = 1¢(a) + y, for some
a € R,y € Ag. By Lemma 2.3 y = 0 and = = ¢(«) so we conclude ¢ is surjective.
Let (B)¢(Ry) denote the set of linear combinations of B over ¢(Ry). Clearly
(B)$(Ry) is a vector space over k. For i € I we have g;,g; * € (B)¢(Ry) as

gi=16(N) + G, g ' =16(\) - Gi-
Further, by Lemma 3.8 we know (B)¢(R;) is closed under multiplication. O

Thus we have an explicit generating set B for Ag as a module over /{[G}#. Note
that if I is finite, then B is also a finite set. Further, given any finite set S C G, the
ideal S# is then generated by a finite set (given in Definition 2.14).

Also, if I is finite then Rj is a finitely generated commutative ring over k and
hence Noetherian. By Lemma 4.3 n[G]# is a quotient of Ry, so we also have that

H[G]# is a Noetherian ring, finitely generated over x. This is a stark contrast with
the usual group ring, which need not be Noetherian for a finitely generated group.

Let C C {gigj|i,j € I} satisfy that for all ¢,j € I, either g;9; € C or g;g; € C.
Let B' = {1} U{g;|i € I} UC C Ag. This can be a convenient alternative to B:

Lemma 4.4. B’ is also a generating set for Ag as a module over H[G]#.
Proof. For i,j € I we have g; = —1g; + ¢g;. By Lemma 3.7,
gi, 951 = 1(Gi - g5 — 9:95) + 995 — Gigs — G50
= =199 — 9i95) — 9;9: + Gi9; + 93 i-
Hence the span of B’ contains B, which (by Lemma 4.3) generates Ag. O
We have sets:

= {Lhulgili e I} U{lgi, gjlli,j € I} C ARy,

B
B {1YU{glieI}UC C Ap,,
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where C C {gigjli,j € I} C Ap, satisfies that for all 4,5 € I, either g;g; € C or
g;g; € C. (Note that here we are no longer identifying the g; with their images in G).
Taking Lemma 4.2 with J = ¢ gives a ring homomorphism ¢: R; — K,[F]]#:

by — Gi, i €1,
(b: mij — ggg_]’v iujeIa
Wijk [g'lag_j]g_;ca iajakej'

Taking the J = () case of Lemma 4.3 and Lemma 4.4 we get:
Lemma 4.5. g/b\ is surjective and ]§, B generate Ap, as a module over n[FI]#.

The remainder of this section will be devoted to showing that <$ is injective and
hence a ring isomorphism. As R; was defined in terms of generators and relations, we
will have a complete description for x[F I]#. Lemma 4.5 gives generating sets B, B’
for Ap, as a /i[FI]#fmodule. Definition 2.14 provides generating sets for the ideal
L# < k[F;]*. Thus we will then have a complete description for £[G]* = x[F;]# /L#.

In particular if I is a finite set then Rj is finitely generated and our presentation
for it has a finite set of generators and relations. Thus once we have proved the
injectivity of ¢, we will have a finite description of H[F]]#. Further if I is finite then

so are B, B’. Hence if J is also finite, we will have a finite generating set for the ideal
L# < k[F;)* and thus a finite description of k[G]*.

Our strategy in proving that ¢: Ry — n[FI]# is injective will be to construct
another ring homomorphism ¢: k[F I]# — S, where Sy is an algebraic extension
of a ring of invariants of SO3(k). As descriptions of such rings are provided by
the fundamental theorems of classical invariant theory, we may then verify that the
composition ¥¢: Ry — Sy is injective. Thus we will have shown that ¢ is injective.

Let T be the polynomial ring &[u;, x;, yi, z;| i € I], quotiented by the relations:

2 2 2 2 .
wi +x +yp 27 =1, Viel.
Let Hy = Ty|ey, ea, e3], where e1, es, €3 are non-commuting variables satisfying:
612 = 622 = 632 — €1€2€3 = —1.

Note in particular that e;es = —ege; = e3. Also Hy has a basis {1, e1, €2, e3} over T7.
We define a ring homomorphism ¢: x[Fr] — Hy by:

QZ' 9i = i +xie1 +yiex + zies, 1€l
. 71 .
9; = W — Tie1 — Yiez — Zies, i€l

Lemma 4.6. VZ: K[Fr) — Hj is a well defined ring homomorphism.

Proof. Note that:

(
(

~

W(g: ) = (s —xier — yiea — zies) (i + xi€1 + yies + zie3)

<) )

9i )&(9;1) = (i +mier +yiea + zieg) (i — Tiey — yiea — zie3) = 1,
9; ) (g; = 1.
O

Definition 4.7. For any ¢ = u + aey + bes + ces € Hy, with u,a,b,c € Ty, we define
its conjugate to be ¢* = u — ae; — bey — ces.
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One may directly verify that for g1, ¢o € Hy, one has (g1g2)* = ¢5q7.
Lemma 4.8. For a € k[F}]| we have &(a*) = (@(a))*

Proof. This is true when o = g; or o = gi_1 for any ¢ € I. Clearly if it is true for
a, B € k[Fy] then it is true for any k-linear combination of o and . It remains to
show that it is true for ag:

((aB))”

|
<
e
=)
=
et

I
<)
=
=
)
e
et

If o € k[Fy]*, then

~ ~ o~

(@) = P(a”) = (P(@))",

SO IZ(OA) € Ty and is central in Hy. Thus QZ induces a well defined ring homomorphism:
1; :Ap, — Hy.

Let S; C T denote the image of K[F 1]# C Ap, under this induced map. Then let
v: &[F)* = 8,

denote the restriction of ¢ to x[Fy]*.
For a, o’ € Ap,, we may pick u,u’,a,a’,b,V', ¢, ¢’ € Ty such that

$lo) = utaer+bes + ces,
wa) = u +de +Vey+ des.
Then
v@ = 5P+ i) = 5 (7@ + @) =u
T = (T - T)) = 5(F0) ~ Fla))") = aer +bes +cen

Similarly, 1(@') = o/ and (@) = d’e; + Ve + ces.

Lemma 4.9. Continuing with this notation we have:
i) Y(a-o) = ad + bV +cc.
i) (@ a']) = (b’ — b ey — (ac’ — ca’)es + (abl — ba')es.

Proof. From Definition 3.2 we have:

Wa-a) = —3(B@B@) +H@FE)) = aa+bH +cc,
oa.a)) = 3 @) - d@de)) =
(b —cb)er — (ad —ca'es +  (abl —ba)es.
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We now need to show that the composition wa R; — Sy is injective. We know
that (/5 is surjective. By construction ¢ is also surjective. Therefore St is generated
by the qu( i) wqb(mz]) z/)qzﬁ(w”k) over all 4,5,k € I. By Lemma 4.9 we have:

Po(Ni) = () = i i e I

Yo(miz) = (g gj) = (zimj +yiy; + 2i25), iwj € I,
. i Yi Z

Yo(wije) = PG, g5) - gk) = i Y %, i,k € I
T Yk 2k

Let V7 C St be the subring generated over x by the wgg(mij) and wg/i;(w”k) The
second fundamental theorem of the invariant theory of SOs(k) [18, Chap. II §17]
states that the relations between these elements are precisely those implied by R1,
R3, R4. Note that the proof in [18, Chap. II §17] is for the case kK = R. However the
result is clearly independent of the field of characteristic zero, k.

From the construction of T, we have that S; is a multiple quadratic extension
of V; by the elements {y;|7 € I}, where each p; satisfies the relation implied by R2:

17 + Yp(mi;) = 1.
Lemma 4.10. The relations R1, R2, R3, R4 imply all relations between the elements

~

vo(N),  vo(mi),  Yd(wijk).

Proof. Suppose some polynomial expression in the 1/)(%()\1'), wa(mij), ¢$(wi]‘k) is zero
in S7. Under the relation implied by R2, this expression may be written as a V;—
linear combination of products of distinct ¥¢@();). As these are linearly independent
over V7, each coefficient must be zero as an element of V; and hence trivial under the
relations implied by R1, R3, R4. O

Lemma 4.11. The composition ¢$: R; — St is an isomorphism.

Proof. The ring Sy is generated by the wa()\i), wQAﬁ(mij), ¢$(wijk)7 1,4,k € I, subject

to precisely the relations implied by R1, R2, R3, R4. O
Theorem 4.12. We have an isomorphism of rings ¢: K[F. }# — Ry.
Proof. We know $ is surjective by Lemma 4.5 and injective by Lemma 4.11. O

From now on we regard the isomorphism (;AS : Ry — k[F I]# as simply the identity.
That is we regard the A;, m;;, w;;, as elements of IQ[F]]#, or indeed their images in
k[G])* depending on context. Also we write R; and x[F;]¥ interchangeably. We
summarize the results from this section in the following theorems:

Theorem 4.13. Suppose we have a presentation (g;,i € I|r;,j € J) for a group G. Let
L,B,B, § @ Ry be as defined in this section.
i) We may describe R[F]]# by identifying it with R;.
it) Both B and B’ are generating sets for Ar, as a module over m[FI]
1) We may then describe /@[G}# by identifying it with H[FI]#/L#.

iv) We may take either B or B’ as generating sets for Ag as a module over H[G]#.
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Theorem 4.14. In particular, if I and J are finite:
i) We have a finite description of k[F;]*.
ii) The sets E, B are finite and we have a finite generating set for the ideal L#.
iii) Thus we have a finite description of k|G]. In particular k|G)* is Noetherian,
and finitely generated as an algebra over k.
iv) Also B, B’ are finite sets.

Now given a finitely presented group G and two finite subsets N, M C G we are
in a position to apply Theorem 2.16 (or Theorem 2.19) to attempt to show that
they do not generate the same normal subgroup. From the theorems above we may
compute the ring x[G]? and find finite sets of generators for the ideals N# M#
(or N## M##). We are then left with the task of determining if these ideals are
identical. In the next section we demonstrate this method by giving a proof of a result
to do with the normal generation of free products of pairs of cyclic groups.

5 Free product of two cyclic groups
We may now compute /{[G}# from a presentation of G. As an example we consider:

G = CysxCy = (91, 92| 97, 93,
where s,t > 1. Here the indexing set for the generators is just I = {1,2}.
Lemma 5.1. Ry is the polynomial ring in three variables: Ry = k[A1, A2, mia).

Proof. From R1 we have mi2 = ma;. Also by R1 we have that w;j, = —w;;, = 0 for
all i,5,k € {1,2}, as i, 4, k cannot be distinct. R3 then becomes vacuous as does R4
(noting that a matrix with repeated rows must have zero determinant). Finally R2
allows us to express mqy1, Moo in terms of Ay, Ao. O

If we let L = {g%,g%} C Fy, then we have that x[G]* = R;/L# (by Theorems
2.16 and 4.12). To compute L# we first need generating sets for Ap, over R;. By
Lemma 4.5 we may take By: = {1, 91, 92,9291} and Byt = {1,92,91,9192}. Hence by
Lemma 2.15 the following elements generate the ideal L#:

9 -1, gt -, 9297 — Jas 92977 — B0, @)
e t+1 —_— t —_— t+1 —_—
95— 1, g3 — g2, 9195 — 91, q19s ~ — 9192

Recall Lemma 3.13, taking k = e: Given g, h € F; we have:
gh™ = ghP,(h) — gP,_1(h).

Thus we may express our generating set (2) as polynomial expressions in g1, 92, 192, 9291 -
Further, by Lemma 2.7i and Lemma 3.3i, we may express these in terms of A1, Ao, mis:

g1 = A1, 92 = Az, 0102 = 0201 = A A2 — M2

Lemma 5.2. We conclude that [G]* is the ring k|1, A2, m1s] quotiented by the set of
elements (2), expressed as polynomial expressions in the A1, Ao, m1a.
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We now consider a result due to Boyer [4]. This states that for any w € Cs x C,
the normal closure of a proper power w”, where r > 1, is not the whole group. This
result is an instance of a more general phenomena in combinatorial group theory,
where proper powers are seen to have smaller normal closures than general elements.
In a certain sense, an element of the form ¢” is counted as merely % of an element
as far as normal generation is concerned (see for example [1]). This idea is central to
the Potential Counterexamples 1.1 and 1.2.

We will prove Boyer’s result, demonstrating that a group theoretic result proved
in 1988 may be reduced to elementary algebra when one considers the commutative
version of the group ring.

Let G = Cs x Cy for s,t > 1 and take any w € G and integer r > 1. Let

f:G = Cyx Oy

be the abelianisation homomorphism. If w” did normally generate G then f(w) would
generate Cy x Cy, so we may write f(w) = (g1, 9g2) where g; is a generator for C and
go is a generator for C;. We then have:

G = <91192‘ gfvg§>

Pick a word in the letters g1, g2 to represent w, so that the total index of the letter
g1 is 1, and the total index of the letter go is also 1 (as f(w) = (g1, 92) € Cs x C; this
can be achieved by adding the correct powers of g and g4 to any word representing
w). We abuse notation by also denoting this word w.

If w" did normally generate G, then we would have that the normal closure of
95,95, w" € Fr was the whole group (where, as before, I = {1,2}). That is, to show
that w" does not normally generate G, it is sufficient by Theorem 2.19 to show that
the ideals {g5, g5, w"}## {g1, g2} 7 < K[FI]# are not equal.

From Corollary 3.15 we know that {g5, g5, w"}## is contained in the ideal gen-
erated by Ps(g7), P:(92), P-(w). It is therefore sufficient to show that this ideal does
not contain the elements g;2 — 1, go2 — 1 € {g1, go } ##.

Lemma 5.3. There exists a (possibly trivial) field extension F of k which contains
ro0ots i1, ua of the polynomials Ps, P; respectively, as well as elements sy, sa satisfying
5124+ 2 =1 and 522 + o2 = 1.

Further, in any such field F, we have s1, s invertible.

Proof. The degrees of Ps, P, are s — 1,t — 1 > 0 respectively (see Definition 3.12), so
we may obtain I by (if necessary) adjoining to k the roots u1, po, as well as the roots
s1, s2 of the quadratics s12 + ,u12 =1 and s92 + u22 =1.

The only way s; or so could be 0 is if u; = +1 or pus = +1. In that case we would
have Ps(1) =0 or Ps(—1) =0 or P,(1) =0 or P(—1) =0.

However P, (1) =n and P,(—1) = —1""n (see Defintion 3.12). O

Recall that K[F[]# is identified with R; by Theorem 4.12, and R; is merely
K[A1, A2, m12] by Lemma 5.1. We have a ring homomorphism 6: x[F;]# — F[z]:

A1 =
0: AQ = U2
mia2 +— 8182

where 6 restricts to the identity on k. (Here F[z] denotes the polynomial ring).
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Lemma 5.4. If G is normally generated by a proper power w”, then P.(0(W)) is a unit.
Proof. By construction 8(Ps(g1)) = 0 and 0(P,(g2)) = 0. By Lemma 2.7ii:
0(g12 — 1) = 20(g1> — 1) = —25,> and  0(g2 —1) =20(32% — 1) = —2s5°.

Here we know —2s12, —2s5? are invertible by Lemma 5.3. Thus the only way that the
ideal generated by Ps(g1), P;(g2), P-(w) could contain the elements ¢g12 — 1, go2 — 1 is
if (P-(w)) = P-(6(w)) is a unit in Fz]. O

As P, has strictly positive degree  — 1, in order to show that P,.(f(w)) is not a
degree 0 polynomial in F[z], it suffices to show that 6(w) is not a degree 0 polynomial
in F[z]. We therefore examine w more closely.

Recall that our choice of generators g1, g2 and choice of word to represent w implies
that in Fy we have w = g1g2C, for some C in the commutator subgroup [Fr, Fr] < F.
Thus W — g1gz € ker(h*), where h: Fr — Z x 7 is the abelianisation homomorphism.

Lemma 5.5. The ideal ker(h?) is generated by [gigé] . [ﬁ,gz]

Proof. The kernel of h is normally generated by g; ! gy Y9192 € F;. Thus by Theorem
2.16, we have ker(h#) = {97 g5 ‘g192}7.

By Lemma 4.3 we have the following generating set for Ap, over n[FI]#:
{g?, gé, [ﬁ,gé]} Thus by Lemma 3.16 we have {g; ‘g5 '9192}7 generated by:

i — - — - —

[91,92]- 91=0, [91, 93] 92= 0, [91, 92] - [91, g2]

Lemma 5.6. For some polynomial q(x) € F[x] we have:

O(w) = —s1801 + prpia + (1 — 2%)q(x).

Proof. By Lemma 5.5 for some Q € K[F]]# we have: w = gigs + [5{,572] . [g_{,g?;]Q
Applying Lemma 3.3i and Lemma 3.17i to this we get:

- =

@=—(91-g2) + 719 + (1= 70) (1 = 72°) — (g1 - 92)*) Q-
Applying 0 to both sides we obtain the desired identity. O
Combining Lemma 5.4 and Lemma 5.6 we have:

Theorem 5.7. Let G = Cs % Cy and let w™ be a proper power of some element w € G,
forr s,t > 1. For a field k let F and pq, ua, $1,s2 € F and q(x) € Flz] be as previously
defined. We have an implication B2 =—> B1 where B1, B2 are the statements:

B1: The proper power w" does not normally generate G.
B2: The polynomial P.(—s1822 + pipa + (1 — 22)q(x)) € Flz] is not a unit.

However statement B2 is an immediate consequence of the elementary result:

Lemma 5.8. Let F be any field and let py,po, 81,82 € F with s1,s2 # 0 and let
q(z) € Flz]. Forr > 1 we have that the polynomial

Py(=s1822 + pupiz + (1 — 2*)q(2)) € Fla] (3)

has degree at least v — 1. Thus in particular it is not a unit in Flx].
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Proof. The polynomial P, has degree r — 1 (see Definition 3.12). Thus if ¢(z) = 0
then (3) has degree r — 1 and if ¢(x) # 0 then (3) has degree at least 2(r — 1). O

Thus we have an alternative proof of the following theorem:

Theorem 5.9 (Boyer). The free product Cs x Cy cannot be normally generated by a
proper power w”, where r,s,t > 1.

Intuitively speaking, we wished to show that repeating a word r times would
lead to an element in G which was too ‘big’ to normally generate the whole group.
However, because of the mysterious way in which words can unexpectedly appear in
the normal closure of other words, this intuition was hard to pin down. Applying the
functor # reduced the difficult to prove statement B1 to the elementary statement
B2, that a polynomial of positive degree is too ‘big’ to be a unit.

As the number of generators needed to generate the groups we consider goes up,
so too does the complexity of the commutative algebra we are left with after applying
the functor #. In the next section we consider a result involving the free product
of 3 cyclic groups. The statement in commutative algebra which this reduces too is
concise and it is possible that it may be provable by elementary commutative algebra.
However, unlike B2, it is not immediately obvious that this is the case.

6 The Scott-Wiegold conjecture

The Scott-Wiegold conjecture [15, Problem 5.53] was an open problem for forty years,
before it was proven [9] by Jim Howie. Thus it illustrates how even very difficult
problems in group theory can be translated into (hopefully simpler) problems in
commutative algebra, by considering the commutative version of the group ring.

We take the statement of the Scott-Wiegold conjecture (SW1) and reduce it to
a statement purely about commutative rings (SW2) analogously to Theorem 5.7.
However this time it is not immediately obvious if it is just a case of a general result
in commutative algebra, analogous to Lemma 5.8.

We will leave a more general result as a conjecture (Conjecture 6.18), though we
expect that it is true at least in the case when we choose our field to be R. As in
Theorem 5.7, the statement SW2 need only be true over one field to imply SW1.

Fix r;s,t > 1 and let G = C,. x Cs x C;. The Scott-Wiegold Conjecture states that
for any w € G, the group G is not normally generated by w.

Suppose that it was and (as in §5) consider the abelianisation homomorphism:

f:G—Cpx Cy x Ch.

If w € G did normally generate G then f(w) would generate C,. x Cs x Cy, so we may
write f(w) = (91,92, 93) where g1 is a generator for C,., go is a generator for Cy and
gs is a generator for Cy. We then have:

G = (91,92, 93] 97, 95, 95)-

Let I = {1,2.3} so that F; denotes the group of words in the letters g1, g2, g3 (and
their inverses). Pick a word in F7 to represent w, so that the total index of the letters
91,92, g3 is 1 in each case (we know f(w) = (g1, 92,93) € Cr X Cs x C}, so this can be
achieved by adding the correct powers of g7, g5, g% to any word representing w). We
abuse notation by also denoting this word w € F7.
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If w € G did normally generate G, then we would have that the normal closure
of g7, 95, g5, w € F; was the whole group. That is, to show that w does not normally
generate G, it is sufficient by Theorem 2.19 to show that:

{91, 95, 95,0} # {g1, 92,95} (4)
as ideals in H[FI]# = R;.
Lemma 6.1. R is the polynomial ring in 7 variables, subject to a single relation:
R; = K[A1, A2, A3, m12, ma3, M3, wia3]/Relation

where Relation is given by:

2
1-— )\1 mio mas1
2 2
w123 = mio 1-— /\2 m232
ms1 mos 1-— /\3

Proof. Recall from §4 the relations R1, R2, R3, R4 which R; is subject to. By R1 we
know that w23 is up to sign the only non-zero w;;; and that for i # j, m;; must be
maiz, Mg or mg1. By R2 we may express the my; in terms of the \;.

Then R4 implies Relation, taking ¢, j, k and [, s,t to be 1, 2, 3 respectively. Noting
that the determinant of a matrix is alternating in the column vectors of the matrix
(resp. the row vectors of a matrix), we see that assigning different values to the
indices, we get no new relations from RA4.

Finally note that two of the indices i, j, k,[ must be identical in R3. One may
check that R1 implies that the left hand side of R3 is alternating in 4, j,k,l. Thus
whichever values are assigned to the indices ¢, j, k, [, R3 merely gives 0 = 0. O

For ¢« = 1,2,3, we have that the image of \; in /{[G]# is algebraic over k (apply
Lemma 3.13 to g7 to see that A\; P,(A\;) — Po—1(N) —1— 0 € k[G), for n = r, s, ort).
As in §5, we ‘absorb’ these ‘pre-algebraic’ elements by extending the field k.

Lemma 6.2. There exists a (possibly trivial) field extension F of k which contains
T00tS i1, l2, 3 of the polynomials P,., Ps, Py respectively, as well as elements s1, So, S3
satisfying s;> + ;2 =1, i = 1,2,3. Further, in any such field the s; are invertible.

Proof. Same as for Lemma 5.3: We note that for i = 1,2,3 we have p; # +1, as -1,1
are not roots of P,., P or P;. O

Let A = Flz, y, u,v]/{(1—22)(1—y2) — (u®+v?)). We define a map 0: [F;]* — A:

A1 1
A2 — M2
Az = H3

%) mio —> S182%
ma1 S$351Y
ma3 = Sa253(u+ xy)
w123 > 5182830V

where 6 is a ring homomorphism which restricts to the identity on x.

Lemma 6.3. The map 0 is well defined.
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Proof. Tt is sufficient to verify that 6 applied to both sides of Relation results in a
true identity in A. That is, we must check that:

1 T Y
v=|z 1 u—+ xy
Yy u-+2xy 1

Note we have cleared the factors of s7,s3,s3 on both sides here, which on the right

hand side come from pulling out a factor of s, so and s3 from the 1¢, 2°d and 34
rows and columns of the matrix respectively. Expanding the determinant we get:
(1 —22)(1 — y?) — u2, which does indeed equal v?, by the defining relation in A. [

Lemma 6.4. The ideal in A generated by 0({g1, g2, g3}7 %) is the entire ring.

Proof. Corollary 3.4 gives g; - g € {91, 92,93}7" for i = 1,2,3. But 9@; . E)
=0(1—-g;?) =1 — p? = 52, which is invertible in A by Lemma 6.2. O

Lemma 6.5. The ideal generated by 0({g}, g5, 95, w}*#) is generated by O({w}##).

Proof. By Corollary 3.15 we have that the ideal {g7, g5, g5}## is contained in the
ideal generated by P.(g7), Ps(9z), P:(73). Applying 6 to these three elements gives:
P.(p1), Ps(pz2), Pi(pg) € A, which by construction equal 0. O

Thus combining Lemma 6.4 and Lemma 6.5 we deduce:

Lemma 6.6. If 0({w}”#) generates a proper ideal in A then (4) holds and hence w
does not normally generate G.

Let w1, wa, wh, w3, w demote the following elements of A:

— - _ — — — _ _ - — —
wy = 0(g1 - W), w2=8219([gj’gj]'w)> w528118219<[gj’%2]'[gj’w]),
wz = s5'0([g1, 93] - @), wh=s7"s5'0([g1,93] - [g1, D))

Lemma 6.7. The ideal generated by 0({w}##) has generating set: {wy,wa, wh, w3, wh}.

Proof. From Lemma 4.3 we obtain a generating set for Ap,. Then applying Corollary
3.4 we obtain a generating set for {w}##. Applying @ yields a generating set for the
ideal generated by 0({w}##):

o1 = 6(g1 - @), v2 = 6(g2 - @), vs = 6(g3 - @),
- — i - = o - = .
vig = 0([g1,92] - W), waz = 0([g2,93] - W), va1 = 0([g3,91] - D)).
We must first verify that the w;, w} all lie in the ideal generated by these elements.
Clearly, wy = vy, ws = 52_1’1)12,’(1)3 = 753_11)31. By Corollary 3.6ii:

- — B T E SR e

-
[91, 92] - [91, W] = (91 - g1)(g2 -@) — (g1 W) (92 - 91),
— = = = =N, o N
91, 93] - [91, @] = (91 - 91) (g3 W) — (91 W) (g3 - 91)-
Applying 0 and dividing through by s1s2, s153 respectively we get:
wh = 8185 w9 — TV, wh = 5185 V3 — YUy (5)

Now we must show that the w;,w, generate the v;,v;;. Again we have, vy =
wy, V12 = SoWs, V31 = —S3ws. Rearranging (5) we get:

-1 / -1 -1 / -1
Vg = 81 SaWy + 81 SaxWi, V3 = 81 S3wsz + §1 S3yws.
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It remains to show that vaz lies in the span of the w;,w;. By Corollary 3.6iv:

e T T I e - == =

(L1, 92)- 93) g1= (g1 - 91)lg2. 93] — (92 - 91)lg1, 93] + (g3 - 91) (91, g2).
Taking the - product with @ and applying 6 we get:
$18283VW] = S2Up3 — §15283TW3 + 515253YWs.
Rearranging gives vq3 = 51_152531)11)1 + 51_15253xw3 — 31_15253yw2, as required. O

Thus by Lemma 6.6, in order to show that w does not normally generate G, it
suffices to show that 1 € A cannot be expressed as a linear combination of the w;, w}.

Lemma 6.8. We have the following relation between wq, w}, ws, wh:

—u v 1—2a2 0 Wo 0
—v —u 0 1—2? wh 0

1—y? 0 —u —v w3 | o (6)
0 1— g2 v —u wh 0

Proof. Consider the expression:

[l91. 921, 93] - [l91. g2, g, ]

Expanding this as a - product of two brackets using Corollary 3.6ii we get:

(g1, 92), 93] - [lg1. 93], lg1, ]
(91,92 - [91, 92)) (g5 “lg1. @) — ([91, 93] - [91, ¥]) (g5 -[91, 92))

= —((g1-91)(92 - 2) — (91 - 92)*) (91, 93] - &) — ([91, 2] 95)([91, 93] - [g1, @)).
On the other hand we may replace [[g1, 93], [91, @]] with ([g1, ga]-@) g1 by Corollary
3.6iii. Thus:

[[91792] ] [[91792] [917117]]

([[91,92] } 91)([91,92} - )
= ([gg,gl] [gl,gg])([g_{,g?g] xn) (cycling 1 scalar triple product)
= ((91-93)(g1 - 92) — (91 - 91)(92 - 93))([91, 9] - ).

—

Equating these two expansions of [[g1, g3], 93] - [[91, 93], [91, )], applying 6 to both
sides, and dividing through by s?s3s3, yields the top row of (6).

If instead we equate the two expansions of [[g1,gs], 93] - [[g1, 93], [91,@]], but in-
terchange all g%’s and g?,’s, before applying 6 to both sides, and dividing through by
528953, we obtain the third row of (6).

Now consider the expression:

T T e T
gla]]

[lg1, 92 [91, 93] - [[91, 92], [

—

By Conollany 3. e sbsiate (31, - 39 3 o [, 383, 38 and (7,51-) 5
for [[917.92]’ [gla u_j]]

= (91 - 91)([91, 2] 93)([g1, 93] - ).
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On the other hand we could apply Corollary 3.6ii to expand the expression as a -
product of two brackets:

[l91: 93], lg1. 931] - [lg1, 93], g1, ]
= ([gl,gz] 191,92 (91, 93] - [91, 7)) = (91, 92] - [91, 93])([91. g2] - g1, @)
(91 91)(92 - 95) — (g1 - 92)*)([1, 93] - [g1,8])

Y - =, = %4)*)‘,])

—((g1 - 91)(92 - 93) — (91 - 93)(91 - 92))(lg1, g2] - [g1, W

Equating these two expansions of [[g_)l,g_;], [g_Lg_g,]] . [[a,;g}, [g_;,u_)’]], applying 6 to
both sides, and dividing through by s$sss3, yields the second row of (6).

If instead we equate the two expansions of [[g1, ], [g1. g3]] - [[91, 93], [g1,]], but
interchange all g_>2’s and g_;,’s, before applying 6 to both sides, and dividing through
by s3s25%, we obtain the fourth row of (6). O

We will give a generating set for the kernel of the matrix in Lemma 6.8. First we
need to better understand the ring A.

Lemma 6.9. We may regard A as a quadratic extension of the polynomial ring Flz, y, ul;
so every element of A may written uniquely in the form a+ o’v with a,a’ € Flz,y,u].

Proof. Given any element of A we may regard it as a polynomial in v, with coefficients
in Fz,y, u]. If an element of A has degree greater than 1 as a polynomial in v, then
the defining relation in A: (1 — 22)(1 — y?) = u® + v?, allows us to represent the
element as a polynomial in v of lesser degree. Any element of A may be represented
as a polynomial in v of minimal degree, which will then have the required form.

To see that this is unique, suppose we have two degree at most 1 polynomials in
v representing the same element of A. Then the difference must be at most degree 1
as a polynomial in v. However it must also be divisible by the degree 2 polynomial
(1 —2%)(1 — y?) — u® — v%. Thus the difference is 0. O

Let M denote the matrix:

u v 1— 22 0
—v U 0 1 — 22

M= 1—y? 0 u —v (7)
0 1—y? v U

Lemma 6.10. The columns of the matriz M generate the kernel of the matriz in (6).

Proof. Direct calculation shows that the columns of M lie in the kernel.
Now suppose that:

—u v 1—2? 0 z1 0
—v —u 0 1—2? 22 0

1—y? 0 —u —v zz | | O (8)
0 1—y? v —U 24 0

Reducing the third row of (8) modulo the ideal I = (u, v, 1—22) we get (1—y?)z; =
0. However 1 — y? is not a zero divisor in the ring A/I = F[z,y]/(1 — 2?). Thus
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z1 € I, and subtracting some A-linear combination of the first three columns of M
from (21, 22, 23, 24)7, we may assume that z; = 0.

Then the second row of (8) gives uze = (1 — x2)z4. Representing 20,24 as in
Lemma 6.9 and noting that the polynomial ring Flx, y,u| is a unique factorisation
domain, we have that 1 — 22 divides zo. Thus subtracting some multiple of the fourth
column of M from (z1, 22, 23, 24)7, we may assume that z; = 25 = 0.

Then the first and second row of (8) give (1 — 22)23 = 0 and (1 — 22)2z4 = 0.
Representing zs, z4 as in Lemma 6.9 and noting that 1 — 22 is not a zero divisor in
the polynomial ring Flz, y, u], we conclude that z3 = z4 = 0.

Thus starting with an arbitrary (z1, 2o, 23, 24)7 satisfying (8) and subtracting a
linear combination of the columns of M, we are left with (0,0,0,0)7. O

Definition 6.11. We say that an element of A is represented by M if it lies in the
image of the bilinear map represented by M. That is a € A is represented by M
precisely when there exist qq,qz € A* such that a = q17 Mqa.

Lemma 6.12. Any linear combination of we, wh, ws, w4 is represented by M.

Proof. By Lemma 6.8 we have that (wsq, wh, w3, w})? satisfies (8). Thus by Lemma
6.10 we have (wg,wh, ws, w)T = Mqs for some q2 € A*. So if a € A is a linear
combination of wa, wh, w3, w}, then a = q17 Mqz for some q; € A*. O

Having thus constrained linear combinations of wa, wj, w3, wj, we turn our atten-
tion to the element w; = 0(5 <) € A. Our approach is similar to that in §5, in that
we first consider the abelianisation homomorphism:

h: F1 -7 X7 X 7.

Lemma 6.13. We have (571> W) — (g_{ . glg_Sgg) € ker(h#).

Proof. By Lemma 3.3i we have:

— —

(51 ) — (31 - r330s) = —5 (T — 79205) — (95 "0 — Ta75)). o)

Recall that the word w € F; was constructed so that h(w) = h(g19293). Thus
h(gi1w) = h(g?g2g3) and h(g; *w) = h(gags). We conclude:

W (G — g3g293) =0,  h# (g7 'w — Gags) = 0,
s0 by (9) we get h# ((g1 - @) — (91 - g19293)) = 0. O

Hence we know that w; has the form 9(5?1 . glg;gg) + « for some « in the ideal
J generated by 60(ker(h#)). We will proceed to give a generating set for the ideal .J,

but first we expand 0(;1 . glgzgg).
Fix W € A to be the following;:

W = —5?52531@ + [41435182X + 41428183y + S%ug,ug. (10)

Lemma 6.14. We have 9(9_; . glg_;gg) =W — s¥s983u + [115152530.
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Proof. By Lemma 3.7 we have g2g3 = g2 93 — (g_g . g_g,) +73 9_)2 +72 g_fo, +[57>27g_§,] Again
applying Lemma 3.7 we have:

— S U TN S - — T - —
919293= (G2G3— 92 - 93) 91 +91(93 92 +G2 93 +[92,93]) + (91,93 92 +72 93 +[g2, g3]].

Taking the - product with a, the last term vanishes. Then applying 6 to both sides
yields the result. O

Lemma 6.15. The ideal J generated by 0(ker(h?)) is generated by: u,v,1 —z%, 1 —y>.

Proof. As F has three generators g1, g2, g3, the kernel of h is normally generated by
the commutators gflgglglgg, gl_lgg_lglgg, 92_193_19293. Thus by Theorem 2.16:

ker(h*) = {9795 9192, 91 ' 95 ‘9193, 95 ' 95 ' 9293} 7.

Taking the generating set for A, from Lemma 4.3 and applying Lemma 3.16 we
obtain a generating set for ker(h?) given by taking the - products of

et I it B o i I it T

. —- —
[91, 92 [91, 93], [92,93]  with 91,92, 93,91, 92, [91, 93], [92, 93]-

Avoiding zero’s and repeats this leaves a generating set of seven elements for
ker(h?). After applying 6 to these seven elements (using Corollary 3.6ii to simplify)
and rescaling by units in [F, we are left with a generating set for J:

u,v,1 — 22,1 — 92, 1— (u+2y)?, z(u+ zy) — v, z —y(u+ xy).

To complete the proof we need only note that:

L= (ut+ay)? = (1-2°)+2*(1-y®) — (u+2zy)u,

w(utay) -y = zu—y(l-2z),

r—ylutzy) = z(1-y*)-yu

O
Lemma 6.16. We have w; = W + «, for some o € J.
Proof. By Lemma 6.13 we have wy — 9(9_)1 . glgggg) € J. Thus by Lemma 6.14:
wy — W + s2s253u — 1115182530 € J.

Noting that s%sos3u — p1s152830 € J we have w; — W € J. O

Theorem 6.17. For r,s,t > 1 let G = C, x Cs x Cy, let the field F and elements
1, fh2, 13, S1, 82,83 € F be as in Lemma 6.2 and let A = Flx,y,u,v]/((1 — 2?)(1 —
y?) — (u? +v?)). Further let J <1 A be the ideal generated by {u,v,1 — 2,1 —y*}, let
W e A be as given by (10) and let the matriz M be as given by (7).

We have an implication of statements SW2 =—> SW1 where SW1, SW2 are:

SW1: No w € G normally generates G.
SW2: Given a € A represented by M and o € J, the elements {a, W + a} generate
a proper ideal in A.
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Proof. Assume that SW2 is true. Suppose w € G normally generates G. Let a be
any linear combination of wa, wj, w3, w5. Lemma 6.12 tells us a is represented by M.
Lemma 6.16 tells us wy = W + « for some a € J. Then SW2 implies that we cannot
write 1 = Aw; + a with A € A. Thus wy, we, wh, w3, ws generate a proper ideal in A.

From Lemma 6.7 we know that this proper ideal is precisely the ideal generated by
O({w}##) . From Lemma 6.6 we conclude that w does not normally generate G. [

Thus applying the functor # to the groups involved in the Scott-Wiegold con-
jecture reduces the problem to proving SW2, a statement in commutative algebra.
Unlike B2 this statement is not immediately obvious, so we cannot claim this time,
that the theory associated to # immediately proves the result.

Note however that Theorem 6.17 holds for any field F satisfying the properties
demanded by Lemma 6.2. That is SW2 only needs to hold for one such field in order
to deduce the Scott-Wiegold conjecture. We expect that modifying Howie’s original
proof [9], one may take F = R and have |s3s283| > |s182p1 3] + |s183p1 02| + |3 pa 3],
and prove SW2 in this case, thus proving the Scott-Wiegold conjecture.

This may seem a long-winded approach given the concise nature of the proof in [9].
One benefit of doing it this way is that the topological arguments in [9], when applied
to statements about ideal generation such as SW2, can be understood algebraically
in terms of Euler classes / Euler class groups [3, 12], and weak Mennicke symbols [11].

However what would really be illuminating is a proof of a more general algebraic
statement which implies SW2, analogous to how Lemma 5.8 implies B2. Ideally:

Conjecture 6.18. Let F be any field, let
A =TFlz,y,u,0] /(1 - 2%) (1 —y?) - (u® +07)),

and let J <1 A be the ideal generated by {u,v,1 — 22,1 —y?}. Let M be as defined in
(7) and let W' = cszy + coy + c1x + co, with co,c1,¢2,¢3 € F and ¢z # 0.

Given a € A represented by M and o € J, the elements {a, W' + a} generate a
proper ideal in A.

If a result such as this could be proved then we would understand, at the level
of commutative group rings, the obstruction to normally generating C, x Cs x Cy by
a single element. Then having attained results using # about 3-generated groups as
well as 2-generated groups (Theorem 5.9), we could hope to approach the 4-generated
groups from Potential counterexamples 1.1 and 1.2 by these means. As discussed in
81, if successful this could result in the resolution of several conjectures; in the first
place the Wiegold conjecture and the Relation Gap problem.
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