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Abstract

We consider presentations that were derived in [3] for the interval groups asso-
ciated with proper quasi-Coxeter elements of the Coxeter group W(D,,). We
use combinatorial methods to derive alternative presentations for the groups,
and use these new presentations to show that the interval group associated with
a proper quasi-Coxeter element of W(D,,) cannot be isomorphic to the Artin
group of type D,,. While the specific problems we solve arise from the study
of interval groups, their solution provides an illustration of how techniques in-
dicated by computational observation can be used to derive properties of all
groups within an infinite family.

1. Introduction

This article uses combinatorial methods to answer a question that arises from the
results of [3]. In particular, we prove that the presentations in an infinite family
associated with the Coxeter group W (D,,) define groups that are not isomorphic
to the Artin groups of the same type. Our proof of that non-isomorphism was
driven by observations made during computation with those presentations, and
provides an illustration of how a collection of computer results that strongly
indicate the correctness of a general conjecture for infinite classes of groups can
be used in writing a theoretical proof of those general results.

The presentations that we consider are those of interval groups associated with
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quasi-Coxeter elements of the Coxeter group W (D,,). The article [3] constructs
these presentations, defining each interval group as a one-relator quotient of
an Artin group A(A), for a Carter diagram A associated with the associated
conjugacy class of quasi-Coxeter elements. The question of whether a group so
defined is isomorphic to the Artin group A(D,,) is a natural one arising out of the
theory of interval groups associated with Coxeter (rather then quasi-Coxeter)
elements of W(D,,) [5]. However the question could only be partially answered
using that theory (an answer is provided for even n in [4]). The proof in this
article, valid for all integers n, uses none of that theory, and works purely from
the presentations derived in [3], using the method of Reidemeister-Schreier [10,
Section 2.5].

The main results of this article are Theorem 1.1, which uses combinatorial
methods to find alternative presentations for the interval groups considered
in this article, as one-relator quotients of a different Artin group (the affine
Artin group A(An,l)), and Theorem 1.3, which uses those new presentations
to prove that none of those interval groups is isomorphic to the Artin group
of type D,, (for appropriate n). Our proof of Theorem 1.3 finds subgroups
of groups in the two infinite families that would have to correspond under an
isomorphism between a pair of groups, uses Reidemeister-Schreier techniques to
compute presentations of those subgroups, and then demonstrates that these
presentations have different abelianisations, thereby establishing the claimed
non-isomorphism.

While the questions that are answered in this article arise from the study of
interval groups in [3], that article provides motivation only, and no knowledge
of it is necessary for understanding of this current article. We have chosen not to
define Coxeter elements or quasi-Coxeter elements of the Coxeter group W (D,,)
in this article, or to explain the construction of the interval groups associated
to those elements, because we do not need this information; we merely study
presentations that are found in [3].

Each of the presentations from [3] that we study in this article is associated
with a Carter diagram associated with the Coxeter group W (D,,). Those Carter
diagrams are classified in [7], where they are called admissible diagrams. It is
the diagrams D, (a;) (1 < i < [§] — 1) of [7] that are associated with the
quasi-Coxeter elements of W (D,,).

In this article we use the notation A, ,, from [3] for the diagram with n vertices
that is formed by attaching paths containing ¢t — 1 and n — 3 — ¢t edges to
vertices at opposite ends of a diagonal of a square, where 1 < ¢t < n — 3. For
1 <t < (n—2)/2, this is the Carter diagram D,,(a;).

We use the notation A, to denote the n-gon on n vertices; when n is even this
is a Carter diagram, denoted by D, (bz_1) in [7]. We note that it is also the

Coxeter diagram of affine type A,_;



Each of the diagrams A;, can be found as the result of applying a sequence of
mutations to the diagram D,,, and hence it is covered by [9, Theorem 1.1] and
[8, Theorem A]. Those results prove that, for any diagram I' derived from a
finite type Coxeter diagram I' by a sequence of mutations, the Artin group A(T")
is isomorphic to the quotient of the Artin group A(I”) by the normal closure of
a set of cycle commutators (defined in Section 2 below) associated with the set
of chordless cycles of IV, each of which relates generators that correspond to the
vertices of a chordless cycle.

Each A, contains a single 4-cycle, and A,, a single n-cycle. So each diagram
A = Ay, or A, provides us with a presentation of A(D,) as a one-relator
quotient of A(A). Similarly, by [6, Theorem 3.10] (or alternatively by later
work of [2] that is cited by [9]), the Coxeter group W(D,,) can be found as a
one-relator quotient of W(A).

In Section 3 of this paper, we re-prove some of the isomorphisms proved as
corollaries of [9, Theorem 1.1], by presenting explicit isomorphisms, and use the
same methods to prove the following new result. Note that we define twisted
cycle commutators in Section 2 below. See also Figure 1 below for our numbering
of the vertices of the Coxeter diagrams, and hence our labelling of the generators
of the corresponding Artin group referred to in the theorem.

Theorem 1.1. For each t with 1 < t < n — 3, the following two groups are
isomorphic:

(1) the quotient Q = Qn . of A(Av,) by the normal closure of the twisted
cycle commutator TC(b1,ba, b3, by), and

(2) the quotient G = Gnt of A(A,) by the t-twisted cycle commutator
TC(a1, a2, ..., an )t

Remark 1.2. It is clear, by rotating the diagram A, through 180°, that
A(Asy) = A(An—2-t4), and it follows from Lemma 2.5 below that Q¢ =
Qnon—2—t for all1 <t <mn—3. So we could assume that t < |(n —2)/2], but
this is not necessary for the proof.

It follows from the theorem that the groups Gy + and Gy, n—2—+ are isomorphic;
this can also be proved directly by applying the automorphism of A(A,,) induced
byap—)a;l for1<i<n.

It is natural to ask if the groups @ and G have soluble word problems, but we
have been unable to answer that question.

In Section 4 we prove Theorem 1.3 (stated below) that the groups @, and
G+ are not isomorphic to the Artin group of type D,,. This theorem contrasts
with the results of [9] that we have already mentioned, and which we re-prove
in Section 3 as Propositions 3.1, 3.2 and 3.3, which find isomorphisms between
A(D,,) and each of the quotients A(A,;,) by the normal closure of the cycle
commutator CC(by,bs, b3, by), and of A(A,,) by the normal closure of the cycle



commutator cC(ay,as,...,a,). We note that each of these presentations for
quotients by cycle commutators can be derived in a natural way as a presentation
for the interval group of a Coxeter (rather than quasi-Coxeter) element of type
D,,, on a subset of the set of all reflections (using methods described in [3]).

Theorem 1.3. The groups Qn: and Gy + referred to in Theorem 1.1 are not
isomorphic to A(D,,) for any n,t withn >4 and 1 <t <n—3.

This result for n up to about 70 was originally proved by computer calculations,
in which we found subgroups of the groups G of Theorem 1.1 and of A(D,)
that would have to correspond under a putative isomorphism, but which had
different abelianisations. We were able to observe the details of the steps in the
computer calculations, and to use these to construct a proof for general n.

We note that the article [4] contains a proof that the groups @, are non-
isomorphic to A(D,,) when n is even, but that proof does not extend to the
case where n is odd. We have not resolved the question of whether, for a given
value of n, the groups G, ; are isomorphic for different values of ¢, except for
the isomorphism G, + = G,, ,—2—+ mentioned in the remark above.
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2. Notation and preliminary lemmas

Throughout this article we denote the identity element of a group by 1. Given
words u,v we write u = v to indicate that words are identical as strings, and
u =¢ v to indicate that u, v represent the same element of the group G.

The labelling of the vertices in the diagrams that we shall now describe can be
seen in Figure 1.

We label the vertices of the Coxeter diagram of D,, as 1,2,...,n, with 1 and 2
labelling the two vertices at ends of the fork, 3 joined to both 1 and 2, and then
4,5,6,...,n labelling the successive vertices from 3 to the end of the diagram.
We label the generators of the Artin group A(D,) as z1,...,%,. So x; and
xo commute, 1 and xo braid with z3, the generator x; braids with z;,q1 for
3 <i<n—1, and all other pairs of generators commute.

We label the vertices of the A,, diagram (this is fln_l) as 1,2,...,n around the
cycle. We label the generators of the Artin group A(A,) as ay,...,a,. So, for
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Figure 1: The labelled diagrams

1 <i<n-—1, a; braids with a;y1, a, braids with a; and all other pairs of
generators commute.

We label the vertices of the A;, diagram 1,2,...,n with 1,2,3,4 around a
square, and 1,5,6,...,n labelling consecutive vertices on a path. We label
the generators of the Artin group A(A;,,) as by,...,b,. So the pairs {b1,b2},
{bg,bg}, {bg,b4}, {b4,b1}, {bl,bg,} and then {bi;bi—i-l} for 5 S ) S n—1 braid,
and all other pairs of generators commute.

Define r := n—3—t, and s := t—1, so that the two arms of A, ,, contain r and s
edges respectively. Some of our constructions may seem clearer when expressed
in terms of the parameters r, s rather than t. For ¢t > 1, we label the vertices of
the Ay, diagram 1,2,...,n, with 1,2, 3,4 around a square, and 1,5,6,...,4+7r
and 3,547r,...,n =4+ + s each labelling sequential vertices on a path (where
we recall that r = n —3 —¢ and s = t — 1). We label the generators of the
Artin group A(Ay) as by, ..., batr, Copy ..., Cn. So the pairs {b1, b2}, {b2, b3},
{b3,b4}, {bs,b1}; {b1,b5} and {b;,b;11} for 5 < i < 3+ r; and {bs, 54} and
{¢i,ciy1} for 5+ r < i <n—1 braid, while all other pairs of vertices commute.

Definition 2.1. For n > 3, we define the cycle commutator cC(y1,ya, ..., Yn)
to be the commutator [y1,y2 ... yn_lyny;il .. .y;l]. So we have, for example,

CC(yr, Y2, ¥s, ya) = Y1, Y2ysyays Yz -

We define the twisted cycle commutator TC(y1, y2, 3, y4) to be the commutator
[yl,y;1y3y4y§1yg] and, for n > 4 and 1 <t < n — 2, we define the t-twisted
cycle commutator TC(y1,¥2, ..., ¥Yn); to be the commutator

Wi, Y Yere Yn1UnYn 1 Y a Yt - Y.

So in particular TC(y1, Y2, Y3, ¥a)1 = TC(y1, Y2, Y3, Y4), and TC(y1, Y2, -+, Yn)p_o
is the commutator

Wi us t y  Ynn1 - Y2

In the above definitions, the reader should feel free to use whichever of the



two possible definitions of the commutator [g, h] they prefer - it will make no
difference! We shall show in Lemmas 2.4 and 2.5 below that, in the context of
our applications, these definitions have various equivalent formulations.

For group elements g, h, we will write CM (g, h) to mean that g and h commute
(i.e. gh =¢ hg) and BR(g, h) to mean that g and h braid (i.e. ghg =¢ hgh.) We
will sometimes write statements such as BR(g, h) = BR(g’, #’). By this we mean
that the two statements BR(g, h) and BR(g’,h') are logically equivalent. We
will sometimes refer to the conjugate of such a relation, by an element k; by this
we mean a relation of the form k~'ghk =g k~'hgk or k~'ghgk =g k~'hghk.

The following technical lemmas will be used repeatedly in Section 3.

Lemma 2.2. Let G be a group, and suppose that f,g,h € G satisfy BR(f,g),
BR(g,h) and CM(f,h). Then

(i) BR(f,ghg™"), BR(f,g""'hg), and BR(f, fghg™'f~');
(ii)) CM(g, fghg™*f~1), CM(f~'gf, h™*gh), and CM(fgf~* hgh™?).

Proof. Since hghg~™'h™! =g g and h commutes with f, we have
BR(f,9) = BR(f,hghg™'h™') = BR(f,ghg™")

and similarly h='g~'hgh =g g implies BR(f, g~ 'hg). Then BR(f, fghg~'f~1)
follows by conjugating BR(f, ghg™!) by f.

Furthermore, putting w = fghg='f~!, we have

gw = gfghg ' f ' = fafhg ' f ! =c fghfg ' f T =¢ fohg ' f g = wy,

proving CM(g, fghg=tf~1). Also, conjugating CM(f,h), we derive the two
equalities:

CM(g9~'fg,97'hg) = CM(fgf "', hgh™"),
CM(gfg~ ", ghg™") = CM(f 'gf h™"gh).

O

Lemma 2.3. Let G be a group, and suppose that y1,...,yx € G (with k > 2)
satisfy BR(ys, yiy1) for 1 <i <k and CM(y;,y;) for 1 <i<j—1<k—1 (as
in the braid group). Let w := y1ys2 - - yk_lyky,;ll e y;lyfl. Then

(1) w=cyy Uile Y2 iy Y1 Yk
(i) BR(y1,w), BR(yx,w), and (if k > 3) BR(yx,v),
where v =1y, 1 Yy Y1Y2 - Yk—1;
(i1i) CM(y;,w) for2 <i<k—1.

Proof. (i) We prove this by induction on k. It follows directly from BR(y1, y2)
when k = 2. For k > 2, we use BR(yx_1,yx) to replace the subword yi_1yxy; ",



of w by y;lyk,lyk, and then use CM(y;,yx) for 1 < i < k —2 and induction to
complete the proof.

(ii) To get BR(yx,w), note that BR(yx,yx—1) implies BR(yx, yk_lyk_lyk) =
BR(y, yk,lyky,;_ll)7 and conjugating this by y1 - - - yr_2, which commutes with
Yk, gives BR(yy, w). This implies BR(yx, yrwy;, ') = BR(yx,v). Similarly, it
follows from BR.(y1,%2) that BR(y1, y1%2v; ") = BR(y1, 5 '9192) and (when
k > 3) conjugating by yk_l = 'yg_l gives BR(y1, yk_l oyy "1y - k), and then
BR(y1,w) follows from Part (i). When k = 2, BR(y;, w) follows from BR(y1, y2)-

(iii) For a given ¢ with 2 < ¢ < k—1, let f = y;—1, ¢ = v, and h =

Yit1 Yk 1YkYn y;rll. Then we have CM(f, h) and BR(f, g), and BR(g, h)
1

follows from (ii), so CM(y;, yi—1Y; « - - yk,lyky;_ll i ~y;1y;_1) follows from Lemma 2.2 (ii).

Conjugating by y1 - - - yi—2 gives CM (y;, w). O

The next lemma is also proved as [8, Lemma 2.4]. We repeat the proof here
because we will need to use essentially the same argument in the following lemma
on twisted cycle commutators.

Lemma 2.4. Letn > 3, and suppose that a1, as, ..., a, are elements of a group
G that satisfy the defining relations of A(A,,). Then the n properties

CC(CLl,CLQ, . ,an) =c 1, CC(CLQ,CLg, .. .,0,1) =c1,.. .,Cc(an,al, .. .,an_l) =a1

are all equivalent.

Proof. We have

cc(ar,az,...,ay) =g 1

U

-1
CM(a1,az...an_1ana, "4 ...

!

-1 -1
CM(anaia,, ,anas...an_10n0, 1 ..

)

)
CM(analagl, as ... an_ganan_lana;ilagla;iQ . a;l) =q

)

)

)

CM(analale, as... an_gan_la;iQ ... G5 =
CM(alanala;Iafl, aias ... an,gan,la;i2 .. a;lafl =q
CM(an,a1as .. . an_gan_la;ig . az_lal_1
and so cC(an,ai,...,a,—1) =¢ 1, and we derive the equivalence of the proper-
ties by iterating this argument. O
Lemma 2.5. Letn >3 and 1 <t <n— 2, and suppose that a1, as,...,a, are

elements of a group G that satisfy the defining relations of A(A,). Then the
following statements hold.

(i) The n properties

TC(a,az,...,an): =¢ 1, TC(az,as,...,a1)t =g 1,...,
TC(an,al,...,an_l)t =G 1



are all equivalent.
(i) LetI:={2,3,...,n—1} and let S be a subset of I with |S| =t. Define
€ forielbye,=—1ifiecSande;,=1ifi &S.

TC(a1,a2,...,a,); =¢ 1 = [a1,a5? -+~ a; Fana, 7 - ay ] =g 1.
Proof. We prove (ii) first. There is nothing to prove if ¢ = n— 2, so suppose that

t <n—2 (and hence n > 4). Let k € I with k <n—2, and fori € I'\ {k,k+1},
choose ¢; = +1. Define

— €2 €g—1_—1 €k42 €En—1
G = GOy Qg Qk10pgp Oy

R €2 -1 _€k+2 _€n—1
Cy = a9 ak 1 akak+1ak+2 Qp 1 -

We shall show below that, for any choice of k and ¢;, we have
[a1,cranc ] =a 1 <= [a1, c2anc; ] =c 1. (%)

Once () is proved, (ii) will follow. For suppose S of size t is given. There must
exist 4,4+ 1 € I such that exactly one of ¢ and 7+ 1 is in S, and then the set S’
formed from S by deleting from S one of those elements of {i,i+ 1} and adding
in the other one, also has size t; a sequence of such ‘moves’ can be found to
define a sequence of sets S = Sy, S1,...5, ={2,3,...,¢t+ 1}, for which any two
sets that are adjacent in the sequence differ by a single pair of elements 4,7 + 1
of I. We associate the commutator [a1,a$?® - -~ a," J ana, ;" -+ - a ] with the
set S and TC(ay,az,...,a,): with the set {2,...,¢+ 1}. We use () to prove
equivalence of the relations defined by commutators associated with successive
terms in that sequence, and then (ii) follows.

To avoid horrific notation, we shall write out the proof of (x) in the specific case
n==6,k=3,t=2,e =1, ¢ = —1, which we hope Will make the general case
clear. In this case ¢; = a2a§1a4a5 and Co = G20G30, a5 . Using the braid and
commutativity relations in G, we have

- -1
[a1,c1anc] = [al,agag a4a5 a6a5a4 a3a2

—1
[a1,a; tazaz tasas tagasa) a3a2 ay

IIIHIII

-1 -1, -1 -1
[a1,a2a; a3 asay asasa; a3a4a2 ]

-1 -1 -1 -1
[a1,a0a3a; a3 ay asa5a30405 a2 =

-1, -1 —1
[a1, azazay taz tagasasaz tay ] = [a1, caancy ] =a 1.
For (i) with ¢ < n — 2, we can prove as in the proof of Lemma 2.4 that
TC(a1,az,...,a,)t =¢ 1 if and only if
—1 -1 -1 —1 —1
CM(an,a1a5" -+ 1 Qg2 Qp_2ln 10, g+ Gy oGyq1 -~ Q207 ),

and the result now follows from (ii). The proof when ¢ = n — 2 is similar, but in
that case we conjugate the commuting relation by a; ' and then by al_l rather
than by a,, and a;. O



3. Specific transformations to show isomorphisms between A(D,,)
and the quotients of A(A)

Although Propositions 3.1, 3.2, and 3.3 can be found as corollaries of [9, Theo-
rem 1.1], we have provided our own proofs, in order to see explicit isomorphisms.
Our construction of the proofs of those propositions also helped us to construct
the proof of Theorem 1.1, which is a new result.

Our proofs of these three propositions and of Theorem 1.1 below all have the
following structure. We are trying to establish that two groups A and B defined
by presentations on generators as, ..., a, and S, ..., B, are isomorphic. To do
this, we first define homomorphisms ¢ : A — B and ¢ : B — A, and then prove
that ¢ and v are mutually inverse, which implies that they are isomorphisms.
We construct ¢ by first defining ¢(ay),...,d(a,) as words over the §; (and
we abuse notation by denoting these words by a1,...,a,) and then verify that
these images satisfy the defining relations of the group A, which proves that
the map ¢ defined on the generators extends to a homomorphism A — B. The
homomorphism ¥ : B — A is defined similarly. To prove that ¢ and 1 are
mutually inverse, it is sufficient to verify this on the generators; that is, we
show that (¢(as)) = a; and ((8:)) = for 1 < i < n.

Proposition 3.1. Ifn > 4, then the Artin group G := A(D,,) is isomorphic to
the quotient Q of the Artin group A(A,) on generators ay, .. .,a, by the normal

closure of the cycle commutator CC(aq,ag, ..., ay).
Proof. Where x1,...,x, are generators of the group G in its standard presen-
tation, we define elements a,...,a, of G as words over x1,...,x, as follows.
al ‘= X1, A2 = T3, A3 = T4y...,Ap_-1 = Ty,
-1, -1

Qp =T, Ty 4" ~x3_1m2333 R I

Given the Artin relations between the x;, we need to verify that all of the
relations of A(A,) hold between the a;, and also verify the cycle commutator
relation cc(ay,as,...,a,) =¢ 1. That will prove that the map from @ to G
defined by mapping each generator a; of @) to the element a; of G that we have

just defined extends to a homomorphism from @ to G.

We have

an = aptya, s ay was - an 20y SO Ty = asaz -+ Gn_1anay - cay’,
and cc(ay, ag, - ..,a,) =¢ 1 follows immediately from CM(z1,x2).
We see that, since x4, ..., 2z, all commute with z1, the relator BR(a1,a,) is

equivalent to BR(scl,xglmgxg), and that this (conjugating) is equivalent to
BR(z9, 237125 "), which follows from Lemma 2.2 (i) applied with f = x5, g =
r3, h = x1.



The other relations are immediate apart from those that involve a,: i.e. BR(ap—1,ay)
and CM(a;, a,,) for 2 < i < n—2. They all follow from Lemma 2.3 (ii) and (iii).

Conversely, given generators aq, ..., a, of @, we define elements x1,...,x, of Q
as products of those.

. - -1 -1 -1 - -
Tl = a1, T2 = A2G3 - Ap_-10nG,y_q 03 Qg9 ,T3 = A2,...,Tp = Un_-1

Then we need to verify that all the relations of G hold between the x;. That
will prove that the map from G to @ defined by mapping each generator x; of
G to the element z; of @ that we have just defined extends to a homomorphism

from G to Q.

The relation CM(x1, z2) is precisely ¢C(a1, ag, - - , an) =g 1. All other relations
not involving x5 follow immediately from those of the n-gon. So that leaves
BR(z2,z3) and CM(x2,zy) for 4 < k < n. These all follow from Lemma 2.3 (ii)
and (iii).

We also need to check that the two maps between the two groups are mutually
inverse, but this is clear from their actions on the generators. O

Proposition 3.2. If n > 4, then the Artin group G := A(D,,) is isomorphic
to the quotient Q of the Artin group A(Ai,) on generators by, ..., b, by the
normal closure of the cycle commutator CC(by, by, bs, bs).

Proof. Where z1,...,x, are the generators of G in its standard presentation
we define elements bq,...,b, of G as products of those as follows.

—-1,_.—-1
b1 = T4, bQ = I3, b3 =T, b4 =Xy Ty T2T371,
b :=xp for 5 <k < n.

We need now to check that the relations of @@ hold between these elements of
G. All relations of @ involving by for k > 5 are immediate, as are BR(by, b2),
BR(b2,b3) and CM(by, b3) whereas, since by freely reduces to I2I3I1$g1$2_1 by
Lemma 2.3 (i), BR(bs, bs) and CM(bz,bs) come from Lemma 2.3 (ii) and (iii).
Furthermore, since by =g xgxflachlx;l and z; and x5 commute with x4, we
see that BR(by, b1) follows from BR(x3, 4), whereas, since b2b3b4b§1b51 =g To,
cc(by, be, b3, by) =g 1 follows immediately from CM(xs,x4).

In the other direction, we define elements x; of @ in terms of the generators b;
of @ as follows.

I = bg, To = bgbgb4b3_1b2_1, T3 = bg, Ty = bl,
rg = by for 5 < k < n.

All relations of G involving z for k > 5 are immediate, as are BR(z1,z3),
BR(z4,23) and CM(x1,24), whereas BR(z2,23) and CM(z1,2z2) come from

10



Lemma 2.3 (ii) and (iii). Finally, CM(zq,24) is precisely the relation
CC(bl,bQ,b3,b4) =G 1.

The fact that the two homomorphisms that we have defined are mutually inverse
follows immediately from their definitions. O

Proposition 3.3. For 1 < t < n — 3, the quotient Q1 of the Artin group

A(A1,,) on generators by, ..., b, by the normal closure of the cycle commutator
cC(b1,ba, b3, by) is isomorphic to the quotient Qo of the Artin group A(Ay,,) on
generators by, ..., bayr, Coqr,...,Cn by the normal closure of the cycle commu-

tator cC(by, by, b3, ba).

Proof. In the homomorphisms that we shall define between these groups, the
generators by in the two groups will correspond for 1 < k < r + 4, that is each
map will map each such generator by of the first group to the generator by of
the second group, so there should be no danger of confusion. In order to find a
homomorphism from )2 to ()1, we define elements c; of ()1 as products of the
generators by, ...,b, of Q, as follows.

Copr 1= b5irbaiy - bsbibabgby by TS b
and ¢ := by, for 6 + r < k < n. Note that, by Lemma 2.3 (i), we have
Cspr =y b3 by b7 Tbs b by by - - bsbibobs.

We only need to verify the relations of Q2 that involve ¢54-. Of these CM (¢, c54r)
is immediate for £ > 6 + r. Since by, - - - bsb1babs commutes with cgi, = bgpr
(when s > 1), BR(¢g4r, ¢54+) follows from BR(betr, bs+r), whereas BR (b3, c541)
and CM (bg, cs4r) for k = 1,2 and 5 < k < 447 follow from Lemma 2.3 (ii) and
(ii).

Finally, applying Lemma 24 to the cycle commutator relation
cC(by, by, bs, by) =¢q, 1 gives CM(by, b1babsby 'b7 ") and, since by commutes with
b5+r e b5, we get CM(b4, C5+r).

In the other direction, in order to define a homomorphism from @1 to Q2, we
define elements by of Qs for kK > 5 + r as follows.

bsr i= basrbair -+ bsbibabzesynby by oy TS b
and by := ¢ for 6 +r < k < n. Note that, by Lemma 2.3 (i), we have
bssr =Qu Coypby 103 b7 b5 by ba by - bsbibabscs .

We only need to verify the relations of )1 that involve bs,.,.. Of these CM (by, bs.)

is immediate for k > 6 + r. Since by, - - - bsb1babs commutes with cgy, = bgyr,
BR(bgtr, b54r) follows from BR(cg4r, ¢54+r), whereas BR(byir, b5+ ), BR(b4ry b541)s
and CM(by, bs4,) for k =1,2,3 and 5 < k < 3 + r follow from Lemma 2.3 (ii)

and (iii).
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We can also use Lemma 2.3 (i) to give
— —1 —17—-1;—1 -1
bs+r =Qs Copbatrbsyr -+ bsbibabsby "by by -+ b3l C5r,

and then, since Cgirb4+r -+ bs commutes with by, CM(by,bsy,) follows from
CM (by, bybabsby 'b71).

It follows immediately from their definitions and Lemma 2.3 (i), that the two
homomorphisms that we have defined are mutually inverse. O

Proof of Theorem 1.1. Let aq,...,a, denote the generators of G. The pre-
sentations for G and @ clearly match when n = 4, so we may assume that

n > 5. Then we define elements by, ...,b,44,C54¢,...,¢, of G as products of
the generators aq,...,a,, as follows.

by = a2a3~-~ar+1ar+2a;i1 ---a;lagl,

by = a2"'Gr+2@;j3"'ay_bilanan—1"'%-&-3“?.&2"'02_17

by = ar_j4 _ a;ilanan_l - apyq (= a, when s =0),

by = ai,

b = Qg7 for 5 <k <r44,

¢ = ap_1forb5+r<k<n.

We need to verify that the relations of @) hold between the elements by, ..., byt
Cr45,---,Cn. The relations of () among the b; and ¢, that do not involve by, by
or by are all immediate, as are CM(by,b3), CM(by, ;) for 5+ < k < n and
CM(b3, by) for 5 < k <r+4.

Also, since a; commutes with a,—1 - - @44, BR(bs, bs) follows immediately from
BR(a1,a,). Similarly, since by =¢ a;l2 e a;lagag -+ apq2 by Lemma 2.3 (i),
we see that BR(by, bs) follows from BR(a1,a2) and CM(ay,as - - ari2).

Now BR(by,b5), CM(by,by) for 6 < k < r 4+ 4, BR(bs, ¢54+), and CM(bs, cx)
for 6 +r < k < n all follow from Lemma 2.3 (ii) and (iii).

That leaves the relations involving bs. Let g := a;jr . --a;ilanan_l C 3.
Then, since

-1 —1 -1 -1 -1
by =az - ary1Gr42a, 1 0y and be = ag - Grp10r 4290, 90, 1t 0s

BR(b1,bs) is equivalent to BR(a,«+2,a,ﬂ+2gar_j2) and hence to BR(a,+2,9),
which follows from Lemma 2.3 (ii).

To verify BR(bg, b3), again note that by = ag - - - a,urgga;_iQ e a;l Then, since
by =¢ ar+3ga;§3 and ag,...,a,4o commute with b3, we see that BR(bg,b3)
is equivalent to BR(g,a,139a, ). Now Lemma 2.3 (ii) gives BR(a,+s3,9),
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SO ar+gga;+13 =g g ‘a,;39, from which BR(g7ar+3ga;+13) (and hence also
BR(bs, b3)) follows immediately.

By Lemma 2.5(ii), the relation CM(bg,bs) follows from the relator
TC(a1,az,...,a,)s+1 of G.

As we saw above, Lemma 2.3 (ii) gives BR(a,12,9) and, since we also have
CM(a;, g) for 2 < i < r+1, we can apply Lemma 2.3 to the sequence as, . . ., ar12, g,
and then Lemma 2.3 (iii) implies CM(ba,by) for 5 < k < r + 4. Furthermore
(since asg - - - ar42 commutes with cg), CM(bg, ¢) is equivalent to CM(g, ¢x) for
5+ r < k < n, which also follows from Lemma 2.3 (iii).

It remains to verify that TC(by,bo,b3,b4)1 =¢ 1. Since by commutes with
ap for 2 < k < a,42, and BR(bs,a,+3) by Lemma 2.3 (ii), while also by =
as -+ arga(a, | sbsaris)a, s ay ", we have

bobsby ' =c az---ar2(arsbsarss)bs(ar sy aris)asly o ay !

-1 -1
=a a2...ar+2a7_+3ar+2...a2

Now, using this expression for bgbgb;l, we find that bflbgbgbglbl reduces to a, 43
using free reduction and the commuting relations between a,3 and ag, ..., a;41.

Hence CM (by, by 'babsby 'by) follows from CM (a1, a,3), and now TC(by, by, bz, bs)1 =¢
1 follows from this, by Lemma 2.5 (i).

In the other direction, let bq,...,c, denote the generators of @, and define
elements aq,...,a, in @ as follows.
ay = by,

-1 -1 5-1
az = bry4bryg- - b5b1b5 e br+3br+4’

ap :=bpyr_ for 3<k<r+2

i3 = by babsby 1by,

ap =cpy1 forr+4<k<n-1,

Op = Cp * + - cr+5bgc;}5 ---c;t (= b3 when s = 0).

n

We need to verify that the relations of G hold between the elements aq, ..., a,

of Q.

The relations of G among the a; that do not involve ag, a,43 or a, are all
immediate, as are CM(az, ay) for r+4 < k < n—1, CM(ay, ay) for 3 < k < r+2,
and CM(ay43,ag) for 3<k<r+landr+5<k<n-1.

Now BR(ai,a,) follows from BR(by,bs) since by commutes with ¢, - - cri5,
and CM(az, a,,) follows similarly from CM(by, b3), whereas CM (a1, a,43) comes
from TC(b1,ba,b3,b4) = 1 and Lemma 2.5 (i).
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Since a,13 commutes with b, 4 - - - bg, CM(as, a,3) reduces to CM(b5b1bg1, Arg3)s
which is equivalent to Cl\/[(bflb5b17 ar+3), and this follows from CM (b5, bgbgbgl).
Similarly, since a; commutes with b,44 - - - bs, BR(a1, as) reduces to BR(by, b1).

Next we see that BR(ag,a3) comes from Lemma 2.3 (ii), and CM(az,ay) for
4 <k <r+2 come from Lemma 2.3 (iii). Similarly, BR(a,_1,a,) comes from
Lemma 2.3 (ii) and CM(ag, a,,) for r+4 < k < n—2 come from Lemma 2.3 (iii).

Furthermore, we have BR(by, bab3by ') by Lemma 2.2 (i) and, since we also have
CM (bs, babsby '), we get BR(a,42,a,13) = BR(bs, by babsby 'by) by applying
Lemma 2.2 (i) with f = b5, g = by and h = bybsb; '

From BR(cqy5,b3) and CM(c, 15,07 'ba), we get BR(c,i5,b; "babsby 'by) =
BR(ar44,ar43).

Since b; commutes with a,, and bgbgbgl commutes with ¢, - - - ¢y16, CM(an, ar43)
reduces to CM(CT+5b3C;&5, babsb, '), which we get by applying Lemma 2.2 (ii)
with f = c¢,45, g = bs and h = bs.

It remains to check that TC(a1,as9,...,an)s+1 =¢ 1. We find that
as - -+ ar+2a:_&3 . a;llanan_l . a/r+3a’:_&2 . a2_1

freely reduces to b,44 - - -b5b2b§1b;lblbgbflbgbgbglbgl e b;}4 which, since by

and bz commute, is equal in G to

brya - bsboby tby Thsbabsby b3t b, =¢
br+4---b5bzb§1~-'b#4 =g b,

and this commutes with a; = by, so the relation TC(a1,as,...,a,)s+1 =¢ 1
follows from Lemma 2.5 (ii).

Finally, we need to check that both composites of the homomorphisms between
the two groups are equal to the identity.

First consider the images of the a; under the composite mapping G — Q — G.
They map back to a; immediately except when ¢ = 2,7+ 3 or n, and for a,, this
follows using a free reduction. Note that by Lemma 2.3 (i), the definition of b,
in G is equivalent to by := a;_&Q e a;lagag -+ - ar4+2 and using this, we find that
a9 also maps back to itself by using a free reduction. As for a,3, we saw earlier
that the image of b 'babsb, 'by under the map Q — G reduces to a,43 in G by
using free reduction and the commuting relations, and so it too maps back to

itself.

The images of b; under the composite mapping ) — G — @ are immediately
equal to b; except for by, b and bs. The same applies to b3 using a free reduction,
and also for by after rewriting it as a;jz . a;lagag -+ - apy2 as above.

Finally, for b, note first that the image of as---a,4o under the map G — @
freely reduces to b,44 - - - bsb1, whereas the image of ar_j4 e a;ilanan_1 g
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freely reduces to b3, and hence that of a;i:; . a;ilanan,l -+ - ap43 reduces to
by tbobs tby th1bsby Thababy Ty =g by Mbaby tby hababsby b =g by tbabs

and, since by commutes with b,44 - - - b5, we find that the image of by under the
composite is indeed bs. O

4. Proving non-isomorphism

The aim of this section is to prove Theorem 1.3. By Proposition 3.1 and The-
orem 1.1, this is equivalent to proving that the quotients of A(A,) by the
normal closures of the cycle and twisted cycle commutators cC(aq, ag,...,a,)
and TC(a1,as,...,a,): are not isomorphic for any ¢ with 1 < ¢ < n — 3, which
is what we shall prove here. (Note that these quotients are isomorphic when
t = n—2, which can be seen by considering the automorphism of A(A,,) induced
byai+—>ai_1 for 1 <i<n.)

When n = 4, the result is easily proved by computer. For example, the two
quotients have 9 and 8 conjugacy classes of subgroups of index 4. So we shall
assume from now on that n > 4.

We start with a result that is probably already known. In general, two surjective
homomorphisms 01,09 : G — H are said to be equivalent if they have the same
kernels or, equivalently, if there is an automorphism « of H with a(o1(g)) =
o2(g) for all g € G.

Proposition 4.1. All surjective homomorphisms o : A(A,) — Sym(n) are
equivalent when n > 4.

Proof. Let o : A(A,) — Sym(n) be a surjective homomorphism. We consider
the restriction of o to the subgroup B := (aj,as,...,a,—1) of A(A,), which
is isomorphic to the braid group B,. If o(B) is abelian then, since ay and
a, commute, we have o(az) € Z(Sym(n)) = 1. But the generators a; are all
conjugate in A(A,,) so this is impossible. Hence o(B) is nonabelian.

In [11, Theorem A] Lin proved that, for n > 4, all homomorphisms of B,, to
Sym(k) with & < n have cyclic image. So, if ¢(B) is intransitive then it is
abelian, contrary to what we just proved. Artin proved in [1] that, for n > 4,
all homomorphisms from B, to a transitive subgroup of Sym(n) are surjec-
tive and equivalent to the homomorphism in which the generators map to the
transpositions (4,74 1) for 1 < i < n.

So we may assume that o(a;) = (i,i + 1) for 1 < i < n. Now, since o(a,)
commutes with the images of o(a;) for 2 < i < n — 2 and these images generate
the subgroup Sym(n —2) of Sym(n) acting on {2, 3,...,n—1}, which has trivial
centre, we see that the only possible image of o, is (1,n). O
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4.1. Subgroups of A(A,,) and its quotients

Let G := A(A,) = (X | R) be our standard presentation of A, with X =
{a1,...,a,}. Let Gg and Gy for 1 < t < n — 2 be the quotients of G by
the normal closures of the cycle commutator cC(ay, as, ..., a,) and the twisted
cycle commutator TC(ay, asg,. .., an)t, respectively. Define o : G — Sym(n) by
o(a;) = (i,i+1) for 1 <i <n and o(ay) = (1,n). Then, since we are assuming
that n > 4, Proposition 4.1 tells us that o is a representative of the unique
equivalence class of surjective homomorphisms G — Sym(n).

Since cc(ay, ag, ..., a,) and TC(a1,as,...,ay): are both contained in ker(o), it
follows that there is also a unique equivalence class of surjective homomorphisms
G; — Sym(n) for 0 < i < n, with the map o; induced by o as representative.

Let H < G be the inverse image in G of the stabiliser in Sym(n) of the unordered
pair {1,2} under . So |G : H| = n(n — 1)/2. Define H; for 1 <i < mn —2
to be the corresponding subgroups of G;, and note that they also have index
n(n —1)/2 in G;. In fact the uniqueness of the equivalence classes of surjective
homomorphisms G; — Sym(n) implies that an isomorphism Gy — Gy for 1 <
t <n—2 would map Hy to an image of H; under an automorphism of Sym(n),
and so there would be such an isomorphism mapping Hy to H;. The remainder of
this section will be devoted to the proof of Proposition 4.3, stated below, which
shows that Hy and H; have different abelianisations when 1 < ¢ < n — 3, and so
they cannot be isomorphic. This will also complete the proof of Theorem 1.3.

Remark 4.2. We initially carried out corresponding calculations using the in-
verse tmage in G of the stabiliser of 1 in Sym(n), which has index n in G, but we
found that the corresponding subgroups Hy and H; both had the abelianisation
% ® 72, so that did not work.

Proposition 4.3. For all n > 4 isomorphisms exist between H/[H, H| and Z*,
between Hy/[Ho, Ho) and Z & 73, and between Hy/[Hy, Hy] and % & % & Z?
for1<t<n-3.

The proof of this proposition will be completed only at the very end of Sec-
tion 4.5.

4.2. Computing presentations of subgroups

We shall now present a quick summary of the methods based on the Reidemeister-
Schreier algorithm that are used in computer calculations of presentations of
subgroups of finite index of groups defined by a finite presentation. In the fol-
lowing subsections we shall use this theory to carry out a calculation of this
type by hand for an infinite family of examples, although this calculation was
based on observations of the results of computer calculations in small cases.
This theory can be found in many textbooks; our description here is based on
that in [10, Section 2.5.2].
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Let G := (X | R) be a group defined by a presentation, let H < G, and let T
be a right transversal of H in G that contains the empty word e. For ¢t € T and
g € G, we denote the unique element of Htg NT by tg. (So g is the image of
t under g in the action of G on T induced by its natural action on the right
cosets of H in G.) In the remainder of this section, we shall apply the results of
this section to various pairs G, H that have just been introduced, namely to the
pair (G,H) = (G, H) = (A(A,), H) as well as the pairs (G;, H;) of subgroups
of those. Hence we have been careful to distinguish between (G, H) and (G, H)
typographically.

Let Y be a subset of H and suppose that, for each ¢t € T and = € X, there exists
a word p(t,z) € (Y*)* with tx =¢ p(t,)u, where u = fx. This implies that
ur~t =g p(t,r)"t, and we define p(u,z~1) := p(t,x)"L.

We can now recursively extend the definition of p to words w € (X*)*, by
defining p(t,€) = € for all t € T and, for a word v € (X*)* and 2 € X%,
p(t,vx) = p(t,v)p(u, x), where tv = u. So we have tw =g p(t,w)tw for all t € T
and w € (X*)*.

Note that, if w represents an element of H, then @ = ¢, and so w =g p(t, w),
which proves:

Proposition 4.4. Under the assumptions above, we have H = (Y).

Suppose that, for each y € Y, we are given a word ¢(y) € (X*)* with y =¢ ©(y).
The following result, which we shall use in our hand calculations, is proved in
[10, Theorem 2.63] and the remark that follows it. We note that we are following
the common practice of abusing notation by using Y to denote both a subset of
H and a set of generators in a presentation of H.

Theorem 4.5. Under the assumptions above, (Y | S1 U S3) is a presentation
of H on the generating set Y, where S = {p(t,w) : t € T,w € R}, and
S ={ple,p(y)y™" sy €Y}

In our application below, the relators R are given as a set R’ of relations w; =
wa, and it is convenient to replace the relators in S; by the equivalent relations
{p(t,w1) = p(t,w2) : t € T, (w1 = w2) € R'}.

4.8. The words p(t,x) for the subgroup H of G.

Our aim in the remainder of this section is to apply Theorem 4.5 to the sub-
groups H of G and H; of G; that were defined in Subsection 4.1. We start by
finding a generating set Y of H and a transversal T' of H in GG, and computing
the words p(t,a;) € (Y*)* fort € T and 1 <i < n.
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Define the words

n

Gi=ar, &Gi=aip1 (2<i<n—2), &1 =03, & =a2, fns1 = a2ay Hai~
i=3

It is straightforward to check that the words & € (X¥)* represent elements
of H for 1 <7 < n+ 1, and we denote the element of H that is represented
by the word &; by y;. So, in the notation of the preceding subsection, we can
define ¢(y;) := &;. It follows from Proposition 4.6 below and Theorem 4.5 that
H=(y:1<i<n+1).

For 1 < k < < n, define

-1 k—1
tk,l = Hai H a;.
=2 =1

Then the element o(tx;) € Sym(n) maps 1 to k and 2 to ! (note that we are
composing permutations from left to right), so the elements ¢ ; form a right
transversal of H in G.

Proposition 4.6. For1 <k <l <nandl1l <m < n, let words p(tk’ham) cyYy™
and pairs of integers k',1" be as specified by the following table.

Then for all such k,l,m, the equation ty iam =¢ p(tk,i, am)tr 11 holds.

Case i) (7.7)
l<m<n Ym—1 (k, 1)
l=m<n € (k,1+1)
k=m=1-1 Y1 (k1)
k=m<l-1 € (k+1,1)
ke<m=1-1 |yl i1
E<m<l-1 Ym (k, 1)

= v
k=m+1 YTt (k—1,0)
k> m+1 Ym+1 (kvl)

—1
k=1,l=m=n | y"*" (k1)
k=1l<m=n yny;il (I,n)
E>1l=m=n | ypt1 (1,k)

—1
k>11<m=n |yt (k1)

Proof. We shall go through the table entries line by line, proving the claimed
result in each case.

When [ <m < n, a,, commutes with ¢;; and a, = ym—_1.

. k-1
When | = m < n, a,, commutes with ]_[j:1 a;, and so ty 1 =q tgi+1-
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When k =m =1 — 1, we need to prove that

-1 -1 —
o (I o= I I
=2 j=1

which we do by induction on [. The base case [ = 2 is trivial. Since a;_;
commutes with a; - - - a;_3 we have, using induction,

-1 1—2 -2 -3
H a; H a; | ai—-1 =¢ H a; H aj | aj—-10;—-20]—-1 =G
i=2 j=1 =2 =1
-2 -3 =2 -3
H a; aj | ap—20;—-10;—2 =g a1 H a; H aj; | aj-101—2 =@
i=2 j=1 i=2 j=1

-1 —
wTlo I e

=2 j=1

The result for K = m < [ — 1 is immediate.

When k < m =1 — 1, note first that the claimed value of p(ts;, anm) is

ylis v — (@@)Tizs e = (aflis )2

— —1
which, by Lemma 2.3, is equal in G to (a?_ 1)(1‘15:3 )" and so, after free cancel-

lation, we have y}:[ 2 Ui "Tri—1 =G (Hi zaz) al 1 H 1 a;, and the claim follows

from the fact that a;—; commutes with H 1 aj.
When k < m < -1, since a,, commutes with H ~1 a; and with 12t

proof reduces to showing that (HT;I az> Qm = Gm41 Hl o ai, which follows

i—ma2 @i, the

from BR(a,, am+1) and the fact that a,,41 commutes with ", La;.

The case k = m + 1 seems to be the most difficult to prove. Note first that a;
commuting with H?:g a; followed by Lemma 2.3 give

—1

-1
y,l? 11 ¥ —g ar(a2) Il 9) gy =g a7 (a2)TU= @) g
SO

K k-1 \—1 — —
YA Yt =g oy (ad) (T2 @) ar[Jai [Tas
=2 ]

-1,
Now, the right hand side of this equality contains the subword aln’ 2% which,

k—2 \—1
by Lemma 2.3 is equal in G to a,(cn‘ Vi) , and this substitution results in the
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expression
. 1l 1 -
1 1 al
Il‘“ akakl ||a1||aj

which, since Hf:_f a; commutes with Hi;k a;, reduces to ay * (Hl 5 az) aj Hl 1 G
Now, by applying Lemma 4.7 below to a prefix of this expression followed by
commutativity relations, we find that it is equal in G to

k—1 -1
Haz HaL arag_, H a; GHaz Ha] iy = tgiag—1 =ty Q.

i=k+1

When k > m+1 we find, by using the commutativity relations and BR(am, am+1),
that (Hf;ll aj) Um =G Qma1 Hf;ll a; and similarly, since m +1 < [ —1, we
have (Hé;é aj) Uil =G Gmr2 Hé;IQ a;. So in this case

tk1Gm =G Ama2tk,l = Ymy1le,

and the result follows.

n -1
For the case k = 1 and [ = m = n, note that yy”+1 = ag‘”‘“ s ai) and, since

a; commutes with H?:_; a;, thls is equal in G to

(I ai)™

— —1
(aranaray oy Y= o) = ay

(using BR(aq,ay)). It follows by free cancellation that
1 _, n—1 n—1
Yn Yn
Y1 +1t1,n =l A H a; = (H ai) an = tl,nanr
i=2 i=2

When k£ =1 and | < m = n, we apply commutativity to get
—1

n—1 -1 n—1 n—1 -1
-1 -1 —1
ynyn+1tgn —a Hal ay ag HaiHaj =G ap0 Hai HaiHaj.
i=2  j=1 i=2 i=2 j=1

The final product freely reduces to a, Hi;; a; which, since a,, commutes with
-1 . .
[I.=5 @i, is equal in G to ¢y jay.

For the case £ > 1, [ = m = n, we use first that a,, commutes with H;:Ql a;

and then that a; commutes with [[/= a; to see that

n—1 k-1 n—1 k-1
thim = tknGn = H a; (H ai> an =G (H a1> an (H ai>
1=2 =2

=2 =1

n k—1
= a0 H a; H a; = Yny1l1,k-
i=3 i=2
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Finally, for the case k > 1, [ < m = n, we need to verify
-1 k-1 /-1 k-1

(H a; H ai) an =G Yp" o (H a; H ai)
i=2 =1 i=2  i=1

. . —2
We note that, since a; commutes with H?=3 a;, we have

S e e (e )
(an_1a1a,)" ! (1—[;:22 a"')_l 1 -1 -1 (1‘[@*2 ai)_l
=G (&n_"{l e ) = (an—lalanan—la; ay a;—l) o

Braid and commutator relations reduce that last product to

n—2 a; -1
(alanafl)(ni:2 )

3

and then the commutator relators between a; for i = [,...,n — 2 and both a;
and a,, reduce it further to

(alanafl)( Sra)

So now, applying commutator relations, we deduce that
. -1 k-1 -1 k-1
Y -
Yn o tky  =c <H a¢> (alana1 1) (H ai) =G (H ai) (aray) (H ai)
=2 i=1 i=2 i=2
-1 k-1
=q <H a; H ai) an =G tk,10n

=2 i=1

Lemma 4.7. Suppose that 1 <k <n. Then
k-1 k k—1 k—2
afl <H ai> a% Hai =G H a; <H al-) akaifl.
i=2 i=1 i=2 i=1

Proof. The proof is by induction on k. In the base case k = 2, the relation to be
proved is a;la%alag =g aga?, which follows from BR(a1,az). So assume that
k> 2.

Using the fact that a; commutes with a3 and with Hf:_?)l a;, as well as BR(ay, az),
we deduce that the left hand side of the required relation is equal in G to

k—1 k k—1 k
—1 2 _ -1 2
a1 aza1 a; | G a; =G A2a109 a; | a a;
=3 =2 1=3 1=2
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which, by applying the inductive hypothesis applied to the sequence ao, as, . .., ax
followed by commutativity relations, is equal in G first to

k—1 k-2
2
aga1 H a; H a; | Qg1
1=3 =2

and then (since a; commutes with each a; with ¢ > 3) to

k-1 k-2

2
H a; H a; | GrpQy_1-
=2 =1

4.4. The relations of H/[H, H).

We shall now use Theorem 4.5 to calculate the set S; U Ss of defining relators of
H on the generators y;, using in those calculations the values of p(t i, an,) that
were verified in Proposition 4.6. Since we want to calculate a presentation of
H/[H, H|, we shall abelianise the relators of H immediately, and write them as
words in the images z; of y; in H/[H, H] using additive notation. Note that this
means that each of the entries for p(tx,;, @) in the table within Proposition 4.6
that are conjugates y¥ for some i and some w € (Y*)* can be replaced by y;
for the purposes of these calculations, and we shall henceforth denote such a
conjugate of y; by ¢(y;). So apart from the entry yny;il in the case k = 1,1 <
m = n (which will be replaced by z, — z5,+1), these are all words of length at
most 1.

We find that all the relators of H within the set So = {p(e,p(y:))y; ' : 1 <
i <n+ 1} are empty. For example, where i = n + 1, ¢(ynt1) = acar [}_5 ai,
and we have tl’gag = tl’g7 t1,3a1 = t2}37 tg’lal = t271+1 for 3 S l S n — 17 and
to n@n = Yn+1t1,2, S0 the resulting relator of H is yn“y;}rl, freely reducing to
the empty word.

So now we consider the relators of H within the set S1 = {p(tx 1, w) : tp1 €
T,w € R}. We find that each relator of H/[H, H] is derived several times, for
various values of ¢, w.

The calculations of the abelianisations of relations of H that are derived from
relations a;a;11a; = a;41a;ai+1 (1 <@ < n), apa1a, = a1a,01, O Q;a; = a;a;
(I1<i<j—1<mn-1)ofG are routine. So we shall work out a couple of
examples, and otherwise list the results.

We derive relations z; = z;41 for H/[H, H] for all ¢ with 2 < j < n — 3 using
the braid relations w = a;a;410; = a;410;a;41 of G with 1 <i<n — 1.

More precisely, exactly what is derived from the braid relation above depends
on the associated transversal element ¢t = t; ;. Suppose first that ¢ <n — 1. If
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[ < i then we derive z;_1 = z;, while if kK < i <[ — 3 then we derive z; = z;41,
and if i +1 < k — 1 we derive z;41 = z;42, but all other cases give an empty
relation. Otherwise suppose that ¢ = n. Then if (k,1) = (1,n — 1) we derive
Zn_1 = Zn, while if 1 < k < n — 1,1 = n we derive z,,_1 = z,, but all other
cases give an empty relation.

The braid relation a,a1a, = ajaya; is more complicated, and yields the empty
relation for (k,1) = (1,2) and (1,n); z, + 22 = 2p—2 + 2,—1 when 1 = k,
3<l<n; zp_o =2 when 2 <k <l <mn;z, =2,-1 when (k,1) = (2,n); and
Zn_o = 29 Wwhen 2 < k <l =n.

For example, for the relation a,aia, = aiapa; with 1 = k, 3 <[ < n, we
-1

get tl,lan = ynyn+1tl,n7 tl,nal = yQtl,nv tl,nan = yn-‘rltl,l; and tl,lal = t2,l7

to1an = c(Yn—2)t2, 2,01 = ¢(Yn—1)Yn—1t1, which, as claimed, yields z, + 2o =

Zn—2 + z,—1 on abelianisation.

For the relations a;a; = aja; (1 <i < j—1<mn—1,and (i,5)=(1,n)) of G,
there is a large but finite number of different cases to consider depending on the

relative values i, j, k,l. We claim first that they all yield the empty relation of
H/[H, H| when j < n.

To see this, assume that j < n, and note first that, if k,1 & {4,414+ 1,5,j + 1},
then x ja; = tg a5 = tx,;, and so the resulting relation p(ty,;, w1) = p(t, wa) is
just p(tkr, ai)p(te, a;) = p(ter, aj)p(tei, a;), which is trivial on abelianisation.

Suppose next that exactly one of k, [ is in {4, 4+ 1,5, + 1}, say k € {i,i + 1}
(the other three cases are similar). Then ¢y ,a; = ti; and ¢ a; = tp;, with
k' =k £1, and then ty/ ja; = t)r;. We find from the table in Proposition 4.6
that p(tr1, a;) = p(te 1, a5) = yj—1 or y; (depending on whether [ < j or I > j),
so again the resulting relation of H/[H, H] is trivial.

Finally (still assuming that j < n), suppose that k,l € {i,i + 1,7,7 + 1}, so
ke{i,i+1}andl € {j,j+1}. Thenm =ty g, with kK =k+1, W =trr,
with I/ = [ £ 1, and tpra; = tyja; = Ty Again, by using the table of
Proposition 4.6, we find that in each of the four possible cases for k and [, we
get the trivial relation of H/[H, H].

When j = n we find, by similar calculations using the table of Proposition 4.6,
that we get the relation z; = z;41 of H/[H,H] when 2 < ¢ < n — 2 and
(k=1i<l—1<n—1orl=n,i<k—1); and the relation z;_1 = z; when
3<i<n—-land (k=1,i>lorl=n,i>k).

For example, if 2<i<n-—-3,j=n,k=1,and i <l —1 < n—1, then we have
t11a; = yit11, t10n = yny;iltlm, and t; na; = Yi+1ti,n, S0 we get the relation
Zi = Zit+1, as claimed.

Now all of these relations taken together reduce to zo = z3 = -+ = z,_o and
Zn = Zn—1, and hence H/[H, H] is free abelian of rank 4 with free basis the
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images of z1, 22, 2z, Zp41. This proves the first part of Proposition 4.3.

4.5. The cycle and twisted cycle commutator relations of H;/[H;, H;]

The relations of Hy and H; for 1 < t < n — 2 consist of all of the relations
of H together with those that are derived from the cycle and twisted cycle
commutator relations of Gy and G;. These twisted cycle commutator relations
have the form ajw = wa,, where w = va,v™!, and v = asas - --a,_; for the
cycle commutator cC(ay, ag, . ..,a,), and v = a;lagl e a;_llaHg <@y for
the twisted cycle commutator TC(aq,as, ..., an);.

Since o(a1) and o(w) both fix {1,2} in all of the groups H;, we see that the
relations p(tg i, a1w) = p(tg, war) of H; are trivial when k& > 2 and when
{k,1} = {1,2}. So we need only consider the cases when k=1 or 2 and [ > 2.

In these cases, we have t; ;a1 = to; and ;a1 = c(yn—1)t1,1, whereas t1 w =
oqte, and tow = agty,; for some words oy, agy € (Y*)* (which may depend
also on which group H; we are considering). Then the relations of H; in the
cases t = 1 and 2 and | > 2 are ag; = a1yp—1 and y,_1aq; = aigy, respectively,
which have the same abelianisation, and hence we need only consider the cases
k=1,3<1<n.

Before calculating the ensuing relations of H;/[H;, H;], it is helpful to calculate
the images of {1,1} and of {2,{} under the image o(v) of the word v under o.
Since o (a.m,) = o(a,,!) for all i, these are the same in all of the groups H;.

We have {1,1}7(@m) = {11} for 2 < m <1 -2, {1,1}°@-1) = {1, — 1}, and
{1,0—1}o@m) = {11 — 1} for I <m <n—1,s0 {1,1}°®) = {1,1 - 1}.

For the image of {2,1}, we have {m,1}?(@) = {m + 1,1} for 2 < m <1 — 2,
{1—1,1}7(@-1) = {1—1,1},and {I—1,m}°(@m) = {I—1,m+1} for ] <m < n—1,
so {2,137 = {I —1,n}.

In the case of Hy, the quotient by the normal closure of the cycle commutator, we
have ¢ ;v = Byti,—1 and to v = Boti_1,, for some words Sy, o € (Y*)*, and
also t1 j—1a, = yny;iltl,lyn and ;1 5nGn = Ynt1t1,k—1 S0, denoting the images
of B, for in Hy/[Ho, Ho] by Y11, Va1, the resulting relations of Hy/[Hy, Ho| are
Yai + Znt1 — Y1 = Y1+ Zn — Znt1 — Y2 + 2Zn—1 OI, equivalently,

2v1 — 2921 + Zp—1 + 2 — 22p41 = 0.

n—1
1=

A routine calculation shows that, for all  with 3 <[ < n, we have yi; = >, 2;

and 9, = 21, so from the cycle commutator we get the single extra relation

n—2
—221 + 2 Z 2 + 3Zn_1 + 2p — 2Zn+1-
=2
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We saw above that z, and z,_; have equal images in H/[H,H], so
Ho/[Ho,Ho] = % @23

In the case of the quotients H; of H by the normal closures of the twisted cycle
commutators TC(ay,as, ..., a,):, the corresponding words in (Y*)* and their
images in H;/[H;, H;] depend also on ¢, and so we denote them by 3;;; and ;¢
for ¢ = 1,2. In this case, the corresponding calculation shows that we get two
extra relations when 1 < ¢ < ¢t—3. (We observed at the beginning of this section
that Gp = Gy_2 and hence Hy = H;_5.)

When t+1 <[ — 2 we have

t+1 n—2
Vit = — E zi + g zi + Zp—1, Yo = —tzn—1+ 21,
i— i=t42

and when t +1 > [ — 1 we have

t n—2
==Y zi+ Y, 2z Yur=—(t—1)z1— 2.
1=2 i=t+1

Here is some more detail for the case t +1 > 1 —1. For 2 <4 <[ —2 we
get tl,lai_l = yi_ltu, then tl,lal_}l = ty,-1, then for I < i < ¢t + 1 we have
tlyl,lai_l = yi__lltlyl,l, and finally for t +2 < i < n — 1 we have ¢;;_1a; =
Yi—1t1,,—1, which results in the claimed value of ;.

For 2 <i<1—2 we get ti,gai_l = ¢(Yn-1)"tit1,4, then tl_ual_fl = yfltl_l,l,
then for | < ¢ < t+ 1 we have tl,l,iti_l = c(yn—1) " "i—1.i+1, and finally for
t+2 <i<n-—1wehave t;_1;a; = t;—1,i+1, so this results in the claimed value
for yo¢.

The above equations result in the two relations

t+1
fQZzZqLZZzl + (2t +3)2n1 + 2n — 22Znp1 = O,
1=t+2
22172221+2221 + (2t —1D)zn1 4 2p — 2241 = 0
1=t+1

of H;/[H, Hy]. Subtracting the first of these from the second yields 4z; +
42111 —4z,—1 = 0 and, again using the fact that z,_; and z, have equal images
in H/[H, H], we see that H;/[H;, H] & % &) é ® 72, for 1 <t < n, which
completes the proof of Proposition 4.3.
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