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Abstract
We construct a finitely presented non-amenable group without free non-cyclic subgroups
thus providing a finitely presented counterexample to von Neumann’s problem. Our group is

an extension of a group of finite exponent n >> 1 by a cyclic group, so it satisfies the identity
[z,y]" = 1.
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1 Introduction

1.1 Short history of the problem

Hausdorff [15] proved in 1914 that one can subdivide the 2-sphere minus a countable set of points
into 3 parts A, B, C, such that each of these three parts can be obtained from each of the other two
parts by a rotation, and the union of two of these parts can be obtained by rotating the third part.
This implied that one cannot define a finitely additive measure on the 2-sphere which is invariant
under the group SO(3). In 1924 Banach and Tarski [4] generalized Hausdorfl’s result by proving,
in particular, that in R3, every two bounded sets A, B with non-empty interiors can be decomposed
A =", A;, B=\J], Bjsuch that A; can be rotated to B;, i = 1,...,n (the so called Banach-
Tarski paradox). Von Neumann [22] was first who noticed that the cause of the Banach-Tarski
paradox is not the geometry of R3 but an algebraic property of the group SO(3). He introduced
the concept of an amenable group (he called such groups “measurable”) as a group G which has
a left invariant finitely additive measure p, pu(G) = 1, noticed that if a group is amenable then
any set it acts upon freely also has an invariant measure and proved that a group is not amenable
provided it contains a free non-abelian subgroup. He also showed that groups like PSL(2,7Z),
SL(2,7Z) contain free non-abelian subgroups. So analogs of Banach-Tarski paradox can be found in
R? and even R. Von Neumann showed that the class of amenable groups contains abelian groups,
finite groups and is closed under taking subgroups, extensions, and infinite unions of increasing
sequences of groups. Day and Specht showed that this class is closed under homomorphic images.
The class of groups without free non-abelian subgroups is also closed under these operations and
contains abelian and finite groups.
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The problem of existence of non-amenable groups without non-abelian free subgroups probably
goes back to von Neumann and became known as the “von Neumann problem” in the fifties. As
far as we know, the first paper where this problem was formulated was the paper by Day [10]. It is
also mentioned in the monograph by Greenleaf [12] based on his lectures given in Berkeley in 1967.
Tits [35] proved that every non-amenable matrix group over a field of characteristic 0 contains a
non-abelian free subgroup. In particular every semisimple Lie group over a field of characteristic 0
contains such a subgroup (see also Vershik [36]).

First counterexamples to the von Neumann problem were constructed by Ol’shanskii [26]. He
proved that the groups with all proper subgroups cyclic constructed by him, both torsion-free [24]
and torsion [25] (the so called “Tarski monsters”), are not amenable. Later Adian [1] showed that
the non-cyclic free Burnside group of odd exponent n > 665 with at least two generators (that
is the group given by the presentation (ai,...,a, | v = 1) where u runs over all words in the
alphabet {ai,...,a;,}) is not amenable. It is interesting that the possibility of using torsion groups
and, in particular, Burnside groups as potential counterexamples to von Neumann’s problem was
mentioned by Day [10], conjectured by Kesten [18], and by B.H. Neumann’s in his review of Specht’s
paper [34] in Zentralblatt. Notice that examples in [26] and [1] are based on Grigorchuk’s criterion
of amenability [13], which is a refined version of Kesten’s criterion from [17].

Both Ol’shanskii’s and Adian’s examples are not finitely presented: in the modern terminology
these groups are inductive limits of word hyperbolic groups, but they are not hyperbolic themselves.
Since many mathematicians (especially topologists) are mostly interested in groups acting “nicely”
on manifolds, it is natural to ask if there exists a finitely presented non-amenable group without
non-abelian free subgroups. This question was explicitly formulated, for example, by Grigorchuk in
[20] and by Cohen in [9]. This question is one of a series of similar questions about finding finitely
presented “monsters”, i.e. groups with unusual properties. Probably the most famous problem in
that series is the problem about finding a finitely presented infinite torsion group. Other similar
problems ask for finitely presented divisible group (group where every element has roots of every
degree), finitely presented Tarski monster, etc. In each case a finitely generated example can be
constructed as a limit of hyperbolic groups (see [27]), and there is no hope to construct finitely
presented examples as such limits.

One difficulty in constructing a finitely presented non-amenable group without free non-abelian
subgroups is that there are “very few” known finitely presented groups without free non-abelian
subgroups. Most non-trivial examples are solvable or “almost” solvable (see [19]), and so they
are amenable. The only known examples of finitely presented groups without free non-abelian
subgroups for which the problem of amenability is non-trivial, are R.Thompson’s group F and its
close “relatives”. The fact that F' does not contain free non-abelian subgroups was proved by Brin
and Squier in [6]. A conjecture that F' is not amenable was formulated first by Geoghegan [11]. A
considerable amount of work has been done to prove this conjecture (see [7]) but it is still open.

One approach to constructing a finitely presented counterexample to the von Neumann problem
would be in using the Higman embedding theorem which states that every recursively presented
group can be embedded into a finitely presented group. So one can take a known finitely generated
non-amenable group without non-abelian free subgroups and embed it into a finitely presented
group. Of course, the resulting group will be non-amenable since the class of amenable groups
is closed under taking subgroups. Unfortunately all known constructions of Higman embeddings
(see, for example, [31]) use amalgamated products and non-ascending HNN extensions, which
immediately leads to non-abelian free subgroups. Nevertheless Higman-like embeddings play an
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important role in our construction.
Our main result is the following.

Theorem 1.1. For every sufficiently large odd n, there exists a finitely presented group G which
satisfies the following conditions.

1. G is an ascending HNN extension of a finitely generated infinite group of exponent n.

2. G s an extension of a non-locally finite group of exponent n by an infinite cyclic group.

3. G contains a subgroup isomorphic to a free Burnside group of exponent n with 2 generators.
4. G is a non-amenable finitely presented group without free non-cyclic subgroups.

Notice that parts 1 and 3 of Theorem 1.1 immediately imply part 2. By a theorem of Adian
[1], part 3 implies that G is not amenable. Thus parts 1 and 3 imply part 4.

Note that the first example of a finitely presented group which is a cyclic extension of an infinite
torsion group was constructed by Grigorchuk [14]. But the torsion subgroup in Grigorchuk’s group
does not have a bounded exponent and his group is amenable (it was the first example of a finitely
presented amenable but not elementary amenable group).

1.2 The scheme of the proof and the plan of the paper

Let us present the main ideas of our construction (we simplify the notation for the sake of clarity).
We first embed the free Burnside group B(m,n) = (B) of odd exponent n >> 1! with m > 1
generators {by,...,b,} = B into a finitely presented group §’ = (€ | R) where B C €. This is done
in a similar way as in our papers [30], [31] but we need a more complicated S-machine than in [30]
(S-machines were introduced by Sapir in [33]). Then we take a copy A = {ai, ..., am} of the set B,
and a new generator t, and consider the group given by the following three sets of relations?

(1) the set R or relations over a set C, corresponding to our S-machine S (it is denoted in the
paper by Z(S,A)), i.e. the relations of the finitely presented group §’ containing B(m,n);

(2) (u-relations) y = uy, where uy,y € C, is a certain word in A (we shall discuss the choice of
these words later, for now one can think of them as satisfying a very strong small cancellation
condition); these relations make §' ( and B(m,n)) embedded into a finitely presented group
generated by A;

!The number n in the paper is chosen after one chooses several auxiliary parameters a > 8 > ..., related by a
system of inequalities. We first choose «, then 3, ~, etc. Although the values of parameters and n can be calculated
precisely (for example n > 10'°), we are not doing it here because the consistency of the system of inequalities is
obvious. Indeed, each inequality has the form f(z,y,...) > 0 where z < y < ..., and for already chosen positive values
of y, ..., this inequality is obviously true for any sufficiently small positive value of the smallest parameter x (this is
the Lowest Parameter Principle from [27]).

2This construction stemmed from Rips’s idea which he publicized for several years. He suggested to consider the
group generated by € subject to relations from R and relations of the form y = u, where uy, y € C, are “long and
complicated” words in B. The resulting group is clearly finitely presented and torsion. So if it were infinite, it would
be an example of an infinite finitely presented torsion group (a solution of an outstanding group theory problem). If
such an example were to exist, it would most certainly be non-amenable. Unfortunately in most cases the resulting
group is obviously finite, and Rips’ idea has not been implemented yet. Our group is not torsion but it is torsion by
cyclic and it satisfies the identity [z,y]" = 1.
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(3) (t-relations) tta;t = b;,i = 1, ..., m; these relations make (A) a conjugate of its subgroup of
exponent n (of course, the group (A) gets factorized).

The resulting group § is obviously generated by the set AU{t} and is an ascending HNN extension
of its subgroup (A) with the stable letter t. Every element in (A) is a conjugate of an element of
(B), so (A) is an m-generated group of exponent n. This immediately implies that G is an extension
of a group of exponent n (the union of increasing sequence of subgroups t*(A)t=% s = 1,2,...) by
a cyclic group.

Hence it remains to prove that (A) contains a copy of the free Burnside group B(2,n).

In order to prove that, we construct a list of defining relations of the subgroup (A). As we have
pointed out, the subgroup (A U C) = (A) of G clearly satisfies all Burnside relations of the form
v"™ = 1. Thus we can add all Burnside relations.

(4) v™ =1 where v is a word in AU C.

to the presentation of group § without changing the group.

If Burnside relations were the only relations in § among letters from B, the subgroup of §G
generated by B would be isomorphic to the free Burnside group B(m,n) and that would be the end
of the story. Unfortunately there are many more relations in the subgroup (B) of §. Indeed, take any
relation 7(y1, ..., ¥s), yi € €, of §. Using u-relations (2), we can rewrite it as r(uq, ...,us) = 1 where
u; = uy,. Then using t-relations, we can substitute each letter a; in each wu; by the corresponding
letter b; € B. This gives us a relation " = 1 which will be called a relation derived from the relation
r = 1, the operator producing derived relations will be called the t-operator. We can apply the
t-operator again and again producing the second, third, ..., derivatives " = 1,7 =1, ... or r = 1.
We can add all derived relations

(5) " =1,7" =1,... for all relations r € R

to the presentation of § without changing §.

Now consider the group H generated by C subject to the relations (1) from R, the Burnside
relations (4) and the derived relations (5). (In the paper, this group is denoted by Hpyq(00).) The
structure of the relations of H immediately implies (see Lemma 9.11) that H contains subgroups
isomorphic to B(2,n). Thus it is enough to show that the natural map from H to § is an embedding.

So far our argument was completely generic. We have not used any specific properties of words
uy, and the S-machine S. Let us explain now (in general terms) what these properties are and how
they come into play.

The idea is to consider another two auxiliary groups. The group G; generated by A U € subject
to the relations (1) from R, wu-relations (2), the Burnside relations (4), and the derived relations
(5). We are not claiming so far that G; is the subgroup of § generated by A (although it is going
to be so). It is clear that G; is generated by A and is given by relations (1) and (5) where every
letter y € € is replaced by the corresponding word u, in the alphabet A plus all Burnside relations
(4) in the alphabet A. Let L be the normal subgroup of the free Burnside group B(A,n) (freely
generated by A) generated as a normal subgroup by all relators (1) from R and all derived relators
(5) where letters from C are replaced by the corresponding words u,. Then G; is isomorphic to
B(A,n)/L.
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Consider the subgroup U of B(A,n) generated (as a subgroup) by {u, | y € €}. The words u,,
y € C, are chosen in such a way that the subgroup U is a free Burnside group freely generated by
uy, y € €, and it satisfies the congruence extension property, namely every normal subgroup of U
is the intersection of a normal subgroup of B(A,n) with U.3

All defining relators of Gy are inside U. Since U satisfies the congruence extension property, the
normal subgroup L of U generated by these relators is equal to LNU. Hence U/L is a subgroup of
B(A,n)/L = G;. But by the choice of U, there exists a (natural) isomorphism between U and the
free Burnside group B(€, n) generated by €, and this isomorphism takes L to the normal subgroup
generated by relators from R and the derived relations (5). Therefore U/L is isomorphic to H
(since, by construction, H is generated by € subject to the Burnside relations, relations from R
and derived relations)! Hence H is a subgroup of §;. Let G2 be the subgroup of H generated by B.

Therefore we have

S1>H > G,.

Notice that the map a; — b;, i = 1, ..., m, can be extended to a homomorphism ¢ 2 : §1 — Go.
Indeed, as we mentioned above G; is generated by A subject to Burnside relations, all relators from
R and all derived relators (5) where letters from € are replaced by the corresponding words wu,.
If we apply ¢1,2 to these relations, we get Burnside relations and derived relations which hold in
G2 <H.

The main technical statement of the paper (Lemma 10.2) shows that ¢; 2 is an isomorphism,
that is for every relation w(by,...,by) of Go the relation w(ay,...,an) holds in G;. This implies
that the HNN extension (Gi,t | t7!G1t = Gs) is isomorphic to G. Indeed, this HNN extension
is generated by G; and t, subject to relations (1), (2), (4), (5) of G plus relations (3). So this
HNN extension is presented by relations (1)-(5) which is the presentation of §. Therefore G; is a
subgroup of G, hence H is a subgroup of G as well.

The proof of the fact that ¢; 2 is an isomorphism requires a detailed analysis of the group H.
This group can be considered as a factor-group of the group H’ generated by € subject to the
relations (1) from R and derived relations (5) (this group is denoted in the paper by Hy,,) over
the normal subgroup generated by Burnside relations (4). In other words, H is the Burnside factor
of H'. Burnside factors of free groups and free products have been studied first by Adian and
Novikov in [23], [3]. Geometric approach based on the notion of A-map was employed in the study
of Burnside factors of these and more complicated groups in [27]. Papers [28], [16] extends this
approach to Burnside factors of hyperbolic groups. The main problem we face in this paper is
that H' is “very” non-hyperbolic. In particular, the set of relations R (denoted below by Z(S, A))
contains many commutativity relations, so H' contains non-cyclic torsion-free abelian subgroups
which cannot happen in a hyperbolic group.

Nevertheless (and it is one of the main ideas of the paper) one can make the Cayley graph of
H’ look hyperbolic if one divides the generators from € into two sets and consider letters from one
set as zero letters, and the corresponding edges of the Cayley graph as edges of length 0. Thus the

3The existence of such a subgroup with infinite number of generators is proved in Section 4, Theorem 4.4. Theorem
4.4 is of independent interest because it immediately implies, in particular, that every countable group of exponent
n is embeddable into a finitely generated group of exponent n. This was first proved by Obraztsov (see [27]). Notice
that similar results about existence of subgroups with the congruence extension property hold for the free group and
for non-elementary hyperbolic groups [28]. The explicit construction of a finite sequence of words u; which can be
used in this paper is provided in Remark 4.3 and goes back to [32].
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length of a path in the Cayley graph or in a van Kampen diagram over the presentation of H is
the number of non-zero edges of the path.

More precisely, the group H' is similar to the group G(S) of [33], [31], [30]. As we mentioned
above it corresponds to an S-machine S. The set € consists of tape letters (the set A), state letters
(the set K) and command letters (the set R). Recall that unlike an ordinary Turing machine, an
S-machine works with elements of a group, not elements of the free semigroup.

It turns out that the most productive point of view is to consider an S-machine as an inverse
semigroup of partial transformations of a set of states which are special (admissible) words of a
certain group H}, generated by K U A. The generators of the semigroup are the S-rules. The
machine S is the set of the S-rules. Every computation of the machine corresponds to a word over
S which is called the history of computation, i.e. the string of commands used in the computation.
With every computation h applied to an admissible element W, one associates a van Kampen
diagram T(W, h) (called a trapezium) over the presentation of H' (see Figure 1; a more precise
picture of a trapezium is Figure 14 in Section 7.3).

The first and the last words of the computation are written on the bases the trapezium, copies
of the history of the computation are written on the vertical sides. The horizontal strips (bands)
of cells correspond to applications of individual rules in the computation.

The trapezia T'(W, h) play central role in our study of the Burnside factor H of H'. As in [27],
the main idea is to construct a graded presentation R’ of H where longer relations have higher
ranks and such that every van Kampen diagram over the presentation of H' has the so called
property A from [27]. In all diagrams over the graded presentation of H, cells corresponding to
the relations from R and derived relations are considered as O-cells or cells of rank 1/2, and cells
corresponding to Burnside relations from the graded presentation are considered as cells of ranks 1,
2,.... So in these van Kampen diagrams “big” Burnside cells are surrounded by “invisible” 0-cells

and “small” cells.

Last word W - h

/
| [/
[/ .
I / / History h
[l [/
L ‘ [/

e

Starting word W

History h

Fig. 1.

The main part of property A is the property that if a diagram over R’ contains two Burnside cells
111, Iy connected by a rectangular contiguity subdiagram I' of rank 0 where the sides contained
in the contours of the two Burnside cells are “long enough” then these two cells cancel, that is the
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union of I', II, IT" can be replaced by a smaller subdiagram. This is a “graded substitute” to the
classic property of small cancellation diagrams (where contiguity subdiagrams contain no cells).

Roughly speaking nontrivial contiguity subdiagrams of rank 0 turn out to be trapezia of the
form T'(W,h) (after we clean them of Burnside 0-cells), so properties of contiguity subdiagrams
can be translated into properties of the machine S, and the inverse semigroup described above.

As an intermediate step in studying the group H, we construct a graded presentation of the
Burnside factor of the subgroup of H’ generated by RUA. To avoid repeating the same arguments
twice, for H' and for the subgroup, we formulate certain key properties (Z1), (Z2), (Z3) of a
presentation of a group with a separation of generators into zero and non-zero generators, so that
there exists a graded presentation of the Burnside factor of the group which satisfies property A
(Section 3).

In order to roughly explain these conditions, consider the following example. Let P = F4 X F
be the direct product of two free groups of rank m. Then the Burnside factor of P is simply
B(m,n) x B(m,n). Nevertheless the theory of [27] cannot be formally applied to P. Indeed, there
are arbitrarily thick rectangles corresponding to relations u~ ‘v 'uv = 1 in the Cayley graph of P
so diagrams over P are not A-maps in the terminology of [27] (i.e. they do not look like hyperbolic
spaces). But one can obtain the Burnside factor of P in two steps. First we factorize F4 to obtain
Q@ = B(m,n) x Fp. After that we consider all edges labeled by letters from A in the Cayley graph
of ) as edges of length 0. As a result the Cayley graph of ) becomes a hyperbolic space. This
allows us to apply the theory of A-maps from [27] to obtain the Burnside factor of ). The real
reason for the theory from [27] to work in @ is that @ satisfies our conditions (Z1), (Z2), (Z3). But
the class of groups satisfying these conditions is much bigger and includes groups corresponding to
S-machines considered in this paper. In particular (Z3) holds in @ because all O-letters centralize
Fp. This does not happen in more complicated situations. But we associate with every cyclically
reduced non-0-element w a “personal” subgroup 0(w) consisting of 0-elements which is normalized
by w.

The plan of the paper is the following. First in Section 2.2 we discuss some basic facts about
van Kampen diagrams and the main tools of studying them. In Section 2, we repeat the main
definitions and the main results of the theory of A-maps from [27, Chapter 5]. We also give some
modifications of statements from [27] that we need later.

Then in Section 3, we introduce properties (Z1), (Z2), (Z3) and study Burnside factors. Al-
though we follow the general scheme of [27], we encounter new significant difficulties. One of the
main difficulties is that non-zero elements can be conjugates of zero elements.

In Section 4, we prove some properties of the free Burnside group, in particular the existence
of a subgroup with congruence extension property (Theorem 4.4).

Then in Section 5, we define the presentation of our group §G by listing the rules of an S-machine
and showing how to convert the S-machine into a group.

In Section 6 we conduct a detailed study of the inverse semigroup corresponding to our S-
machine. Two important properties reflect the flavor of that section and can be singled out.
Lemma 6.5 (iv) says that if there is a computation starting with an element W, with history of
the form h? (that is if W is in the domain of h?), then there exists a computation with history h®
for every integer s. In other words, if a sequence of rules can be applied twice in a row, it can be
applied any number of times. That lemma is used in the geometric part of the paper when we are
cleaning contiguity subdiagrams of Burnside 0-cells (see Lemma 9.1). Proposition 6.17 provides an
important property of stabilizers of elements in the inverse semigroup generated by the S-rules. It
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says, basically, that if W is stabilized by h, ghg~' and g~ 'hg then it is stabilized by g*hg—* for any
integer s. This proposition is used when we consider long and narrow contiguity subdiagrams (see
Lemma 9.9). Another very important feature of our S-machine is that two words hy and hs in the
alphabet S define the same partial transformation on the intersection of their domains provided h
and hg are equal modulo Burnside relations (see Lemma 6.5 (ii)). Thus the work of the S-machine
is “compatible” with Burnside relations.

In the remaining sections of the paper, we show that properties (Z1), (Z2), (Z3) are satisfied
by the presentation of the group Hp,, corresponding to our S-machine.

The proof ends in Section 10.

Acknowledgment. The authors are grateful to E. Rips for inspiring discussions.

2 Maps and diagrams

Planar maps and van Kampen diagrams are standard tools to study complicated groups (see, for
example, [21] and [27]). Here we present the main concepts related to maps and diagrams. A van
Kampen diagram is a labeled map, so we start by discussing maps.

2.1 Graphs and maps

We are using the standard definition of a graph. In particular, every edge has a direction, and
every edge has an inverse edge (having the opposite direction). For every edge e, e_ and e, are
the beginning and the end vertices of the edge.

A map is simply a finite plane graph drawn on a disc or an annulus which subdivides this surface
into polygonal cells. Edges do not have labels, so no group presentations are involved in studying
maps. On the other hand the theory of maps helps find the structure of van Kampen diagrams
because every diagram becomes a map after we remove all the labels.

Let us recall the necessary definitions from [27].

A map is called graded if every cell II is assigned a non-negative number, r(II), its rank. A map
A is called a map of rank ¢ if all its cells have ranks < i. Every graded map has a type which is the
vector whose first coordinate is the maximal rank of a cell in the map, say, r, the second coordinate
is the number of cells of rank r in the map, the third coordinate is the number of cells of rank r — 1
and so on. We compare types lexicographically.

Let A be a graded map on a surface X. The cells of rank 0 in A are called 0-cells. Some of the
edges in A are called 0-edges. Other edges and cells will be called positive. We define the length of
a path p in a map as the number of positive edges in it. The length of a path p is denoted by |p|,
in particular, |0(II)| is the perimeter of a cell II.

We assume that

(M1) the inverse edge of a 0-edge is also a 0-edge,
(M2) either all edges in a 0-cell are 0-edges or exactly two of these edges are positive,

(M3) for every cell IT of rank r(IT) > 0 the length |9(II)| of its contour is positive.
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2.2 Bands

A van Kampen diagram over a presentation (X | R) is a planar map with edges labeled by elements
from X, such that the label of the contour of each cell belongs to R up to taking cyclic shifts and
inverses [27]. In [27], O-edges of van Kampen diagrams have label 1, but in this paper 0-edges
will be labeled also by the so called 0-letters. All diagrams which we shall consider in this paper,
when considered as planar maps, will obviously satisfy conditions (M1), (M2), (M3) from Section
2.1. By van Kampen Lemma, a word w over X is equal to 1 modulo R if and only if there exists
a van Kampen disc diagram over R with boundary label w. Similarly (see [21]) two words w;
and ws are conjugate modulo R if and only if there exists an annular diagram with the internal
counterclockwise contour labeled by w; and external counterclockwise contour labeled by ws. There
may be many diagrams with the same boundary label. Sometimes we can reduce the number of
cells in a diagram or ranks of cells by replacing a 2-cell subdiagram by another subdiagram with
the same boundary label. The simplest such situation is when there are two cells in a diagram
which have a common edge and are mirror images of each other. In this case one can cancel these
two cells (see [21]). In order strictly define this cancellation (to preserve the topological type of the
diagram), one needs to use the so called 0-refinement. The O-refinement consists of adding 0-cells
with (freely trivial) boundary labels of the form laa™! or 111 (see [27]).

As in our previous papers [33], [5] and [29], one of the main tools to study van Kampen diagrams
are bands and annuli.

Let S be a subset of X. An S-band B is a sequence of cells 71, ..., T, in a van Kampen diagram
such that

e Each two consecutive cells in this sequence have a common edge labeled by a letter from S.

e Each cell 7;, 1 = 1,...,n has exactly two S-edges (i.e. edges labeled by a letter from S5).

Figure 2 illustrates this concept. In this Figure edges e, eq,...,e,—1, f are S-edges, the lines
(s, €;),(m;, e,—1) connect fixed points in the cells with fixed points of the corresponding edges.

q2 1
™ e1 2 e2 S €n—1 Tn
e —e Df
|
l(m1,€) I(m,er) I(mg, e1) l(m2,62)  Umn-1,en-1)  U(mpsen1) (7, f)
Fig. 2.

The broken line formed by the lines I(m;,e;), {(m;, €;—1) connecting points inside neighboring
cells is called the connecting line* of the band B. The S-edges e and f are called the start and end
edges of the band.

The counterclockwise boundary of the subdiagram formed by the cells 71, ..., 7, of B has the
form e_lqlfqz_l. We call ¢; the bottom of B and g2 the top of B, denoted bot(B) and top(B).

“In [33], [5] this line was called the median of the band, but in [27], it is called the connecting line.
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A band 71, ..., m¢ is called reduced if 7; 1 is not a mirror image of 7;, i = 1, ..., t—1 (otherwise cells
m; and ;41 cancel and there exists a diagram with the same boundary label as U;m; ad containing
fewer cells).

We say that two bands cross if their connecting lines cross. We say that a band is an annulus if
its connecting line is a closed curve. In this case the first and the last cells of the band coincide (see
Figure 3a). We say that a band (annulus) is reduced if it does not contain neighbor cells that are
mirror images of each other. Such cells can be cancelled, so every band (annulus) can be reduced.

. . . g \
: N

Tn—1
T2 Tl = T, T Y1 - - T TYm | 7

Fig. 3.

If a band B connects two edges on the boundary of a van Kampen disc diagram A then the
connecting line of B divides the region bounded by 9(A) into two parts. Let Ay and Ay be the
maximal subdiagrams of A contained in these parts. Then we say that the (connecting line of the)
band B divides A into two subdiagrams A1 and A,. Notice that B does not belong to either Ay or
Ao and A = Ay U Ay UB. Similarly if A is an annular diagram and B is an annulus surrounding
the hole of A then the (connecting line of) B divides A into two annular subdiagrams.

The subdiagram bounded by the connecting line of an annulus in a disc diagram is called the
inside diagram of this band.

Let S and T be two disjoint sets of letters, let (7, 71, ..., T, ©) be an S-band and let (7, 71,

. vy Ym, ™) is a T-band. Suppose that:

e the connecting lines of these bands form a simple closed curve,

e on the boundary of 7 and on the boundary of 7’ the pairs of S-edges separate the pairs of
T-edges,

e the start and end edges of these bands are not contained in the region bounded by the
connecting lines of the bands.

Then we say that these bands form an (S, T)-annulus and the closed curve formed by the parts of
connecting lines of these bands is the connecting line of this annulus (see Figure 3b). For every
annulus we define the inside subdiagram diagram of the annulus as the subdiagram bounded by
the connecting line of the annulus.

2.3 Bonds and contiguity submaps

Now let us introduce the main concepts from Chapter 5 of [27]. Consider a map A. A path in A is
called reduced if it does not contain subpaths of length 2 which are homotopic to paths of length 0
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by homotopies involving only 0-cells. We shall usually suppose that the contour of A is subdivided
into several subpaths called sections. We usually assume that sections are reduced paths.

By property M2 if a 0-cell has a positive edge, it has exactly two positive edges. Thus we can
consider bands of 0O-cells having positive edges. The start and end edges of such bands are called
adjacent.

Let e and f be adjacent edges of A belonging to two positive cells II; and Iy or to sections of
the contour of A. Then there exists a band of O-cells connecting these edges. The union of the cells
of this band is called a 0-bond between the cells II; and Ils (or between a cell and a section of the
contour of A, or between two sections of the contour). The connecting line of the band is called
the connecting line of the bond. The contour of the 0-bond has the form p~!es™! f~! where p and
s are paths of length 0 because every 0-cell has at most two positive edges.

Now suppose we have chosen two pairs {e1, f1} and {es, fo} of adjacent edges such that ej, e
belong to the contour of a cell II; and f; L fy ! to the contour of a cell IIy. Then we have two bonds
E1 and E2. If E1 = E2 (that is €1 = €9, f1 = fg) then let I' = El. Now let E1 75 EQ and zlelwlffl
and zoeawa fy ! be the contours of these bonds. Further let y1 and yo be subpaths of the contours
of IT; and Il (of II; and g, or q; and ¢2) where y; (or y2) has the form ejpes or eape; (or fiufs
or foufi). If z1y1ways (or zay1wiy2) is a contour of a disc submap I' which does not contain II; or
I, then T is called a 0-contiguity submap of 11 to Iy (or II; to g or of g1 to g2). The contour of
I" is naturally subdivided into four parts. The paths y; and yo are called the contiguity arcs. We
write y; = D AII;, yo = T AIly or yo = T' A g. The other two paths are called the side arcs of the
contiguity submap.

The ratio |y1|/|0(I11)| (or |y2|/|0(Il2)| is called the degree of contiguity of the cell II; to the
cell IIy or to ¢ (or of IIy to II;). We denote the degree of contiguity of II; to Ils (or II; to ¢q) by
(I1;,I', II5) (or (II1,T, q)). Notice that this definition is not symmetric and when II; = IIy = II, for
example, then (II,T",II) is a pair of numbers.

A connecting line of I' is chosen as the connecting line of one of the bonds F; or Es.

We say that two contiguity submaps are disjoint if none of them has a common point with the
interior of the other one, and their contiguity arcs do not have common edges.

Now we are going to define k-bonds and k-contiguity submaps for £ > 0. In these definitions
we need a fixed number ¢, 0 < & < 1.

Let k£ > 0 and suppose that we have defined the concepts of j-bond and j-contiguity submap for
all j < k. Consider three cells 7, IIy, I3 (possibly with IT; = Il3) satisfying the following conditions:

L. r(m) =k, r(IIy) > k,r(Il2) > k,

2. there are disjoint submaps I'; and I's of ji-contiguity of 7 to II; and of 7 to Ilo, respectively,
with j1 < k, jo < k, such that II; is not contained in I's and Il is not contained in I'y,

3. (Trvrlanl) > g, (7T7F27H2) > €.

Then there is a minimal submap F in A containing m,I'1,'s. This submap is called a k-bond
between I1; and Ily defined by the contiguity submaps Ty and Ty with principal cell © (see Figure
4).

The contiguity arc g1 of the bond E to IIy is I'; AII;. It will be denoted by E A II;. Similarly
E A1l is by definition the arc go = I'y A\ IIo. The contour J(F) can be written in the form p1q1p2qo
where p1, po are called the side arcs of the bond FE.
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For each k-bond we fix a connecting line obtained by joining the terminal points of connecting
lines of I'y and I'y inside w. The connecting line divides 7 (and the whole E) into two connected

components.

Bonds between a cell and a section of the contour of A or between two sections of the contour

are defined in a similar way.

Now let E; be a k-bond and E5 be a j-bond between two cells II; and Ils, 7 < k and either
E1 = Es or these bonds are disjoint. If F4 = Es then I' = E; = Ej is called the k-contiguity
submap between II; and IIy determined by the bond E; = Es. If F; and E, are disjoint then the
corresponding contiguity submap I' is defined as the smallest submap containing F; and F, and

not containing II; and Iy (see Figure 5). The contiguity arcs q1 and go of ' are intersections of

(L) with 9(IT;) and J(IL,).

\_

-

Fig. 5.

The contour of I' has the form piqipage where p; and po are called the side arcs of I'. The
connecting line of ' is one of the connecting lines of £y or Ey. The ratio |¢qi|/|0(II)] is called the
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contiguity degree of T1; to Iy with respect to I' and is denoted by (I1y, ', II5). If II; = I = II then
(I, T, II) is a pair of numbers.

Contiguity submaps of a cell to a section of the contour and between sections of the contour
are defined in a similar way.

We are going to write “bonds” and “ contiguity submaps” in place of “k-bonds” and “k-
contiguity submaps”. Instead of writing “the contiguity submap I' of a cell IT to ...”, we sometimes
write “the I'- contiguity of II to ...”.

The above definition involved the standard decomposition of the contour of a contiguity submap
I into four sections p1qipags where ¢ = ' A1, g2 = T' AIls (or g2 = T' A q if ¢ is a section of
d(A)), we shall write p1qi1p2g2 = 9(111, T, I13), and so on.

As in [27] (see section 15, pages 164-166) we fix certain real numbers ¢ << ( << € <<
0 << 7 << f << «a between 0 and 1 where ”<<” means “much smaller”. Here “much” means
enough to satisfy all the inequalities in Chapters 5, 6 of [27]. We also set a = % +a, B=1-7,

Fy=1—7vh=6" n=1"1

2.4 Condition A

The set of positive cells of a diagram A is denoted by A(2) and as before the length of a path in
A is the number of positive edges in the path. A path p in A is called geodesic if |p| < |p/| for any
path p’ combinatorially homotopic to p.

The condition A has three parts:

Al If IT is a cell of rank j > 0, then [9(II)| > nj.

A2 Any subpath of length < max(j,2) of the contour of an arbitrary cell of rank j in A(2) is
geodesic in A.

A3 If m,IT € A(2) and I' is a contiguity submap of 7 to II with (7,T',II) > ¢, then |I' AII| <
(1 4+ v)k where k = r(II).

A map satisfying conditions Al, A2, A3 will be called an A-map. As in [27], Section 15.2,
a (cyclic) section g of a contour of a map A is called a smooth section of rank k > 0 (we write
r(q) = k) if:

1) every subpath of ¢ of length < max(k,2) of ¢ is geodesic in A;

2) for each contiguity submap I of a cell 7 to ¢ satisfying (7, T, q) > &, we have [I' A\ q| < (147)k.

It is shown in [27] that A-maps have several “hyperbolic” properties. We summarize these
properties here. (They show that A-maps of rank ¢ are hyperbolic spaces with hyperbolic constant
depending on i only.)

The next three lemmas are Lemmas 15.3, 15.4 and 15.8 in [27].

Lemma 2.1 shows that in a contiguity diagram between two cells side arcs are “much shorter”
than perimeters of these cells (so the cells are close to each other).

Lemma 2.1. Let A be an A-map, I' a contiguity submap of either:
(i) a cell Iy to a cell Iy or
(ii) a cell 11 to a boundary section q* of A, or
(iii) a boundary section q* to a boundary section ¢>.
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Let p1 and pa be the side arcs of T, and ¢ = max(|p1], |p2|). Then ¢ < 2e~1r(Ily) < ¢nr(Ily)
in cases (i) and (i), and ¢ < (nr(Ig) in case (i). Furthermore ¢ < (nr(qt) in cases (ii) and (iii)
provided ¢ is smooth.

Lemma 2.2 says that contiguity arcs in a contiguity subdiagram have “almost the same
lengths”.

Lemma 2.2. Let ¢ be the degree of I'-contiguity of a cell II; to a cell Iy (or to a section q of a
contour) in an A-map A, and ¢ =T N\ I(Il1), g2 are the contiguity arcs of T'. Then

(B =200 a1| < lgel-

In particular, |g2| > (¢ — 208)|0111|, and if also b > e, then |q1| < (1 + 20)|qa|-
Furthermore if gg =T\ 0lly or go =T' \ q and q is a smooth section, then

1| > B(1+ 2" ol

In particular, if 1 > ¢, then
1] > (1 —28)]qa].

Lemma 2.3 shows that the degree of contiguity of one cell to another cell cannot be significantly
bigger than 1/2 and the degree of contiguity of a cell of a bigger rank to a cell of a smaller rank
is very small.

Lemma 2.3. In an arbitrary A-map A the degree of contiguity of an arbitrary cell m to an arbitrary
cell I or to an arbitrary smooth section q of the contour via an arbitrary contiguity submap I is
less than &, and the degree of contiguity of ™ to I (or to q) with r(II) < r(m) (or r(q) < r(m)) is
less than e.

The next lemma is a generalization of the Greenlinger lemma from the theory of small can-
cellation groups [21]. It shows that any A-map contains a cell whose boundary is almost entirely
contiguous to the boundary of the diagram.

Lemma 2.4. a) Let A be a disc A-map whose contour is subdivided into at most 4 sections
', 4% ¢, q*, and r(A) > 0. Then there exists a positive cell © and disjoint contiguity submaps
I'1,....Tq of mtoqt,....q* (some of these submaps may be absent) such that the sum of corresponding
contiguity degrees Z?Zl(ﬂ', I';,q%) is greater than 5y =1 — .

b) Let A be an annular A-map whose contours are subdivided into at most 4 sections ¢, ¢*, ¢>, ¢*
regarded as cyclic or ordinary paths, and r(A) > 0. Then A has a positive cell m and disjoint
contiguity submaps T'1,..., Ty of ™ to ¢* ¢%, ¢, ¢* (up to three of these submaps may be absent)
such that the sum of contiguity degrees of these contiguity submaps is greater than 7.

Proof. All three statements are immediate corollaries of Theorem 16.1 from [27]. O

The next lemma follows from Lemma 2.4 in the same way as Theorem 16.2 follows from Corollary
16.1 in [27].

Lemma 2.5. If A is a disc or annular A-map with contour subdivided into at most 4 sections, and
r(A) > 0, then there exists a positive cell Il and a contiguity submap T' of I to one of the sections
q of the contour of A such that r(I') =0 and (IL,T', q) > €.
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Here we add an additional property whose proof is contained in the proof of Theorem 16.2 in
[27].

Lemma 2.6. Let A be a disc or annular A-map with contour subdivided into at most 4 sections.
Assume there is a cell 11 in A and a contiguity submap I' of II to one of the sections q of the
boundary with (II,T',q) > €. Then there is a cell T of A and a contiguity submap T of m to q such
that (") =0 and (7,17, q) > e.

The next four lemmas are Theorem 17.1, Corollary 17.1, Lemma 17.1 and Lemma 17.2 in [27].
The following lemma shows that smooth sections of contours of A-maps are almost geodesic.

Lemma 2.7. Let A be a disc map with contour gt or an annular A-map with contours q and t. If
q is a smooth section then (|q| < |t|.

The next nine lemmas demonstrate different variants of the fact that in A-maps, quasigeodesic
quadrangles are thin. But we need more precise statements than in the usual theory of hyperbolic
spaces. The constants appearing in these statements do not depend on the rank of diagrams while
the hyperbolic constants of A-maps tends to infinity with the rank.

Lemma 2.8. If a disc A-map A contains a cell I1 of positive rank, then |0A| > B|011|.

Lemma 2.9. Let A be a disc A-map with contour p1qipa2qe where g1 and gy are smooth sections
such that |q1] + |q2| > 0, |p1]| + [p2| < Y(|lq1]| + |g2|). Then there is either a 0-bond between g1 and go
or a cell 1 € A(2) and disjoint contiguity submaps 'y and T's of II to q1 and g2, respectively, such
that (IL,T1,q1) + (IL,Te,q2) > 6 =1— (.

We also need the following version of Lemma 2.9.

We say that a bond between two boundary sections ¢; and ¢ of a map is narrow if it is either
a 0-bond or, in the inductive definition of the bond, we have (7,I'1,q1) + (7,T'2,¢2) > 1 — /2 for
the principal cell II of the bond. A contiguity submap between ¢; and go is narrow if it is defined
by narrow bonds (according to the inductive definition).

Lemma 2.10. Let A be a disc A-map with contour p1q1p2q2 where q1 and gy are smooth sections
such that |q1| + |q2] > 0, |p1| + |p2| < a®(|q1] + |g2|). Then there is either a 0-bond between q and
g2 or a cell I € A(2) and disjoint contiguity submaps I'y and I's of II to q1,qa (respectively) such
that (IL, Ty, q1) + (I1, T2, g2) > 1 — /2. Hence I1, Ty and T's form a narrow bond between q; and gs.

Proof. The difference between the formulations of Lemma 2.10 and Lemma 17.2 of [27] is that the
parameters v and [ are now substituted by a? and 1 — a/2, respectively. The proof differs from
the proof of Lemma 17.2 [27] only in some insignificant details.

There is no change in Case 1) of the proof of Lemma 17.2 [27]. The only alteration in Case 2)
is the substitution of the first factor v for o in the left-hand side of the long inequality at the end.
It is easy to see that the resulting inequality is also true by the choice of the parameters.

In Case 3), we should assume now that (II,I',p;) > ¥ — (1 — a/2) = «/2 — v (instead of
(II,T,p1) >4 — B = B — in [27]). This leads to the similar substitution of the term 3 — « for
a/2 —~ in the right-hand side of inequality (7) of the proof. It remains to notice that the last long
inequality of Case 3) is still true after the substitution of 3 —+ by /2 — 7 in the right-hand side,
and the substitution of the factor v by a? in the left-hand side.

The difference 3 — 7 should be replaced by «/2 — 7 in the hypothesis of Case 4). This leads
to the same substitution in inequality (9) of the proof of Lemma 17.2 [27]. Then again, it remains
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to replace the term 3 — v by «/2 — « in the right-hand side of the concluding inequality, and to
replace the factor v by a2 in the left-hand side of it. O

Lemma 2.11. Let A be a disc A-map with contour p1q1p2q2, where ¢ and qo are smooth sections
of some ranks k and I, k < I, and |p1| + |p2| < v(|q1| + |g2|). Then there is a narrow contiguity
submap between q1 and qo with contour pqiphqs, where u = W' qiu”’, g = V"¢yv" and ||, V'] <

v Hpal + k), Ju”| [0 <y H(Ip2l + ak).

Proof. Up to the term “narrow”, the proof is the same as the proof of items 1) and 2) of Lemma
17.3 [27] (Lemma 2.12 below). In fact Lemma 2.11 follows from the proof of Lemma 17.3 [27]
because a/2 > f. O

Lemma 2.12. (Lemma 17.8 [27]) Let A be a disc A-map with contour pi1qip2qe where q1 and g2
are smooth sections of ranks k and [, k <, such that

Ip1| + [p2] < v(lqr] + lgz2|)- (1)

Then:
(1) there exist vertices o1 and o2 on q1 and g2 and a path x joining them in A such that |z| < ak.
(2) one can choose o1 and oy in such a way that the lengths of the initial segments of ¢1 and
g5 (or of qi and qa) ending at 0y and oa, are less than v~ (|p1| + ak) (or than v~ (|pa| + ak)).
(3)if (1) is replaced by
’p1|’ ’p2| < ak,

then any vertex o of q1 (or of q2) can be joined in A by a path y to a vertex o' on gz (or on q1) in
such a way that |y| < v k.

Consider a map A with contour pqi1p2ge, where q1, g2 are smooth sections and A is a narrow
contiguity submap between ¢; and g». We define an a-series as a maximal series of disjoint narrow
bonds between ¢; and ¢o. In particular, the maximal series contains the bonds from the definition
of narrow contiguity submap. By Ily we denote a cell of maximal perimeter among principal cells
of the bonds over all a-series.

Lemma 2.13. With the preceding notation, any vertex of q is at the distance at most o~ |0(Ilp)|
from the path qs.

Proof. Assume that E1,..., Es is the a-series. Let z{y! 2yl be the standard contour of Ej, where
yé is a subpath of ¢; for j = 1,2. By Lemma 2.1, |x§] < (a4 2¢)|011y|. By Lemmas 2.2 and 2.3,
|y§\ < (1 + 2B)a|oMy|. Therefore the distance between any vertex of some y} and g is less than
(a+2¢ + (1 +2B8)a/2)|0o| < |011y|/3 < a~ 10| l » l

Then we consider the submaps Ay, ..., A1 with contours (x})~12t(2™) 712, where 2L is

j
a subpath of ¢; for j = 1,2. One may suppose that |2{| + [24] < a 2(|z4| + |24™]), because

otherwise by Lemma 2.10 there would be an additional narrow bond in A;, which contradicts the
choice of the a-series. (Indeed (II,I'j,q;) > 1 — /2 —a > ¢ for j = 1,2 in the Lemma 2.10
by Lemma 2.3, and therefore that cell II is a principle cell of a bond between ¢; and g2.) Since
|lzb| 4 2T < (o + 4¢)|0TT|, we have |24| < a~1(1 + 4Ca~")|dMy|, and the distance between any
vertex of 2! and ¢g is less than |z}[/2 + (a + 2¢)|011g| < a~1|01], and the lemma is proved. [
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Lemma 2.14. (Lemma 17.4 [27].) Let A be a disc A-map with contour p1qi1p2qa, where q1 and g2
are smooth sections of ranks k and I, k <, and |p1|, |p2| < {(nk. Then the perimeter of every cell
of A is less than 3y~ 1(nk < nk and r(A) < 3y 1k < k.

Lemma 2.15. (Lemma 17.5 [27]). Let A be a disc A-map with contour p1q1p2q2, where g1 and g
are smooth sections of ranks k and I, and |q;| — M >0 for j = 1,2 and M = v~ (|p1| + |p2| + k).
Then it is possible to excise a submap from A with contour pqiphqs where ¢y (¢4) is a subpath of
@ (of @2). Ipl, Ips| < ok, and |qj| > |g;| = M for j =1,2.

The next lemma shows that annular A-maps can be cut by short paths to obtain a disc map.

Lemma 2.16. (Lemma 17.1, [27]) Let A be an annular A-map with contours p and q such that
any loop consisting of 0-edges of A is 0-homotopic. Then there is a path t connecting some vertices
o1 and oy of the paths p and q respectively, such that |t| < v(|p| + |ql)-

3 Burnside factors

3.1 Axioms

Recall that in Chapter 6 of [27], it is proved that for any sufficiently large odd n, there exists a
presentation of the free Burnside group B(m,n) with m > 2 generators, such that every reduced
diagram over this presentation is an A-map.

Our goal here is to generalize the theory from [27] to Burnside factors of non-free groups in the
following way.

In [27], 0-edges are labeled by 1 only, and (trivial) O-relators have the form 1-...-1ora-1-...-1-
a"!t-1-...-1. We need to increase the collection of labels of 0-edges and the collection of 0-relations.
In other words, we divide the generating set of our group into the set of O-letters and the set of
positive letters. Then in the diagrams, 0-letters label 0-edges. We shall also add defining relators
of our group which have the form uavb~!w where u, v, w are words consisting of 0-letters only (we
call such words 0-words), and a, b are a positive letters, as well as defining relations without positive
letters, to the list of zero relations. The corresponding cells in diagrams will be called 0-cells.

Let G be a group given by a presentation (X | R). Let X be a symmetric set (closed under
taking inverses). Let Y C X be a symmetric subset which we shall call the set of non-zero letters
or Y-letters. All other letters in X will be called 0-letters.

By the Y-length of a word A, written |A|y or just |A|, we mean the number of occurrences of
Y-letters in A.

Let G(o0) be the group given by the presentation (X | R) inside the variety of Burnside groups
of exponent n. We will choose a presentation of the group G(oo) in the class of all groups, that is
we add enough relations of the form A™ = 1 to ensure that G(oco) has exponent n. This infinite
presentation will have the form (X | R(co) = US;) where sets 8; will be disjoint, and relations
from §; will be called relations of rank i. Unlike [27, Chapter 6], i runs over 0,1/2,1,2,3,....
(i =0,1,2,... in [27, Chapter 6].) The set R will be equal to 8y U 8;/5. The detailed description
of sets 8; will be given below. We shall call this presentation of G(co) a graded presentation. Our
goal is the same as in [27]: we want every diagram over R(co) to be an A-map.

We are going to prove that this goal is possible to achieve if R satisfies conditions (Z1), (Z2),
(Z3) presented below. While listing these conditions, we also fix some notation and definitions.
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(Z1) The set R is the union of two disjoint subsets 8o = R and §8; /5. The group (X | o) is denoted
by G(0) and is called the group of rank 0. We call relations from 8y relations of rank 0. The
relations from §;/, have rank 1/2. The group (X |R) is denoted by G(1/2).

(Z1.1) The set 8¢ consists of all relations from R which have Y-length 0 and all relations of R
which have the form (up to a cyclic shift) ayiby, 1'— 1 where y1,y2 € YT, a and b are
of Y-length 0 (i.e. 0-words).

(Z1.2) The set 8y implies all Burnside relations v = 1 of Y-length 0.

The subgroup of G(0) generated by all 0-letters will be called the 0-subgroup of G(0). Elements
from this subgroup are called 0-elements. Elements not which are not conjugates of elements from
the 0-subgroup will be called essential. An essential element g from G(0) is called cyclically Y -
reduced if |g?|y = 2|gly. We shall show that g is cyclically Y-reduced if and only if it is cyclically
minimal (in rank 0), i.e. it is not a conjugate of a Y-shorter element in G(0) (Lemma 3.5).

Notice that condition (Z1.1) allows us to consider Y-bands in van Kampen diagrams over 8.
Maximal Y-bands do not intersect.

(Z2) The relators of the set 81/, will be called hubs. The corresponding cells in van Kampen
diagrams are also called hubs. They satisfy the following properties

(Z2.1) The Y-length of every hub is at least n.
(Z2.2) Every hub is linear in Y, i.e. contains at most one occurrence y*! for every letter y € Y.

(Z2.3) Assume that each of words viw; and wvows is a cyclic permutation of a hub or of its
inverse, and |v1| > e|vjwi|. Then an equality ujvy = wvoug for some O-words uq, us,
implies in G(0) equality usw; = wou; (see Figure 6).

w2
V2
u
U1 2
U1
w1
Fig. 6.

A word B over X is said to be cyclically minimal in rank 1/2 if it is not a conjugate in §(1/2)
of a word of smaller Y-length. An element g of G(0) is called cyclically minimal in rank 1/2 if it
is represented by a word which is cyclically minimal in rank 1/2.
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(Z3) With every essential element g € G(0) we associate a subgroup 0(g) < G(0), normalized by
g. If g is cyclically Y-reduced, let 0(g) be the maximal subgroup consisting of 0-elements
which contains ¢ in its normalizer. By Lemmas 3.3 (2) and 3.4 (3) below arbitrary essential
element g is equal to a product vuv ™! where u is cyclically Y-reduced. In this case we define
0(g) = vO(u)v~!. We shall prove in Lemma 3.7 that 0(g) is well defined.

(Z3.1) Assume that g is an essential cyclically minimal in rank 1/2 element of G(0) and for
some z € G(0), both x and g~*x¢* are O-elements. Then = € 0(g).

(Z3.2) For every essential cyclically minimal in rank 1/2 element g € G(0) there exists a 0-
element r such that for every integer s, g°r~* commutes with every element of 0(g).

In this section, we show how the theory from [27, Chapter 6] can be adapted to diagrams over
a presentation satisfying (Z1), (22), (Z3).

3.2 Corollaries of (Z1), (Z2), (Z3)

Here we are going to deduce some useful facts about groups G(0) whose presentations satisfy (Z1),
(Z2), (Z3). Some of them can be deduced from a presentation of G(0) as an HNN-extension.
The following lemma is obvious.

Lemma 3.1. If the set R satisfies property (Z1.1) then there exists a homomorphism from G(0)
to the group of integers Z which sends every Y -letter to 1 and every 0-letter to 0.

Lemma 3.2. Suppose that R satisfies (Z1.1). Let A be a wvan Kampen diagram over 8y and p
be a subpath of the boundary O(A). Suppose that a Y -band starting on p ends on p~t. Then ¢(p)
contains a subword of Y -length 2 which is equal to a 0-word in G(0).

Proof. Since Y-bands cannot intersect, there exists a Y-band T starting on edge e and ending on
edge f~!, where e, f € p, such that the shortest subpath p; of p containing e and f has length 2.
Let A; be the subdiagram of A bounded by p; and one of the sides ¢; of 7. The word ¢(q1) is a
0-word, so ¢(p1) is a subword of A of length 2 which is equal to a 0-word in G(0). O

A word A which does not contain a subword of Y-length 2 that is equal to a 0-word in G(0), will
be called Y-reduced. A word A is called cyclically Y -reduced if every cyclic shift of A is Y-reduced.
We use the sign = to denote the graphical (letter-by-letter) equality of words.

Lemma 3.3. Suppose that R satisfies (Z1.1). Then the following conditions hold.

(1) Let A be a word representing an element g € G(0), but |Aly > |gly. Then A is not
Y -reduced.

(2) If A is a Y -reduced word that represents a conjugate of an essential element g, but it is not
a shortest word representing a conjugate of g, then the word A has the form as a product UVU’
where |Uly > 0 and U'U is equal to a 0-word in G(0), V is a cyclically Y -reduced word.

Proof. (1) Let B be a shortest word representing g. Then there exists a diagram over 8 with
boundary pq where ¢(p) = A, ¢(q) = B~L.

Condition (Z1.1) imply that every Y-edge on A is the start edge of a maximal Y-band. Each
of these Y-bands ends on the boundary of A. Since |A|y > |Bly, one of the Y-bands starting on
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p ends on p. By Lemma 3.2 there exists a subword of A of length 2 which is equal to a 0-word in
G(0).

To prove part (2), one can take an annular diagram instead of a disc diagram as in part (1),
and prove that a cyclic shift of A has a subword of Y-length 2 which is equal to a 0-word in G(0).
Hence A = UVU’ where |Uly > 0, U'U is equal to a O-word W in G(0). Since the word VW
represents a conjugate of g and is shorter than A, we can conclude the proof by induction on |Aly .

O]

Lemma 3.4. Suppose that R satisfies (Z1.1). Then the following statements are true.

(1) If g € G(0) and A is a Y-reduced word representing g then there exists a decomposition
A = A1 As such that the element represented by A2 Ay is cyclically Y -reduced in G(0).

(2) If g is cyclically Y -reduced then for every integer m, |g™|y = |m||gly and g™ is cyclically
reduced.

(3) If g is cyclically Y -reduced and A is a shortest word representing g in G(0) then A is cyclically
Y -reduced.

Proof. (1) Let A be a Y-shortest word representing g and B be a shortest word representing g2. If
|Bly = 2|Al]y then g is cyclically reduced. Suppose that 2|A|y > |B|y. By Lemma 3.3 there exists
a subword C of A? of Y-length 2 which is equal to a 0-word D in G(0). By Lemma 3.1 we can
assume that C' = yjuy, ! where w is a 0-word and y,y2 € Y.

Since A is reduced, one can represent A as usy, Y Aiy1ur where ujus = u. Then the cyclic shift
Ajy1uys of A can be represented by Ay D which is by Lemma 3.3 a reduced word. Since this word
is Y-shorter than A we can apply induction and conclude that there exists a cyclic shift of A1D
which represents a cyclically reduced element.

(2) Let A be a shortest word representing g. Suppose that for some m > 0, A™ is not a shortest
word representing ¢"”*. Then by Lemma 3.3 A™ contains a subword of Y-length 2 which is equal to a
0-word in G(0). But then the same subword occurs in A2, so A2 is not a shortest word representing
g%, a contradiction.

(3) Notice that for every cyclic shift A; of A, A? is a subword of A3. It remains to apply part
(2) of this lemma. O

Lemma 3.5. Suppose that R satisfies (Z1.1). Let A be a Y -shortest word representing an essential
element g in G(0).

Then the following conditions are equivalent:

(i) A is cyclically Y -reduced;

(i) g is cyclically minimal in G(0) (that is g is not conjugate in G(0) of an element of a smaller
Y -length);

(iii) g is cyclically Y -reduced in G(0) (that is |g%|y = 2|gly ).

Proof. (i)—(ii). Suppose that every cyclic shift of A is Y-reduced. Then A cannot be represented
in the form UVU’ where |U|y > 0 and U'U is equal to a 0-word in G(0). Therefore by Lemma 3.3
(2), A is a shortest word among all words representing conjugates of g. Hence g is not a conjugate
of a shorter word, so g is cyclically minimal.
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(ii)—(iii). Suppose that g is cyclically minimal but |g?|y < 2|g|y. Then A2 is not a shortest
word representing g?>. By Lemma 3.3 (1), A2 is not reduced, which means that A? contains a
subword W of Y-length 2 which is equal to a 0-word in G(0). Since A is reduced (by assumption
it is a shortest word representing g), W = U'U where U’ is a suffix of A, U is a prefix of A. By
Lemma 3.1, |A| > 2. Hence A = UVU’ for some word V. The cyclic shift VU'U of A is not
reduced, so it represents an element of G(0) which is shorter than g. Hence g is a conjugate of a
shorter element, a contradiction.

(iii)— (i). This follows directly from Lemma 3.4 (2). O

Lemma 3.6. Suppose that R satisfies (Z1.1). Let x and g~ 'xg be O-elements and g = hf where
lg| = |f| + |h|. then h='zh is also an 0-element.

Proof. Let X,G, H be reduced words representing the elements x, g, h, respectively. By Lemma
3.3, the only possible reduction of the word G~ X G can be fulfilled in the middle of it. Then, after
|h| such reductions, we will see that the subword HX H ! is equal to a 0-word. ]

The next several lemmas deal with the subgroups 0(g) in property (Z3).

Lemma 3.7. Suppose that R satisfies (Z1.1). Then:

(1) the subgroup 0(g) is well-defined, i.e. vO(u)v—! does not depend on the presentation vuv™
of an element g where u is cyclically y-reduced.

(2) For every h € G(0) and every essential g, we have 0(hgh™') = hO(g)h 1.

1

Proof. Assume that g = v'v/(v")~! and v'0(u/)(v')~! # vO(u)v~t. Then
0(u') # (v') " wo(u)v 1.

Thus, to prove the statement, one may assume that g is cyclically Y-reduced. Therefore one has to
obtain equality 0(g) = v0(u)v~! for the maximal O-subgroups 0(g) and 0(u) normalized by g and
u, respectively. By the symmetry, it suffices to prove that v0(u)v~! is a 0-subgroup, because it is
normalized by ¢ = vuv ™.

Let G,U,V be shortest words representing elements ¢, u,v. Then there is an annular diagram
diagram over G(0) whose boundary labels are G = ¢(q1) and U = ¢(q5y ) and a path t, connecting
the initial vertices of ¢; and ¢» is labeled by V. Arbitrary Y-band starting with ¢; ends on ¢o, and
vise versa, since g and u are cyclically Y-reduced. Since these words are essential, (¢1)— can be
connected with a vertex of g2 by a path p with label P where |P| = 0. It defines a decomposition
U = UyUs. Hence V = PU; 'U* in G(0) for some integer k by Lemma 11.4 from [27].

Now, UFO(U)U~* = 0(U), by the definition of 0(U) = 0(u). Then U;'0(U)U; is also a
0-subgroup by Lemma 3.6 since the word U = U;Us normalizes 0(U). Finally, VO(U)V ! =
P(U'0(U)U,) P~ is a 0-subgroup because P is a 0-word.

The second statement of the lemma immediately follows from the first one. O

Lemma 3.8. Suppose that R satisfies (Z1.1). If g is an essential cyclically Y -reduced element of
G(0) and x € 0(g) then g°x is an essential and cyclically reduced element for s # 0 .

Proof. Suppose that gz = h~'uh for 0-element u and h € G(0). Then the Y-length of (g°z)™ is
at most 2|h|y for every integer m > 0. On the other, we have (¢°x)"™ = ¢*™x; for some 0-element
x1 € 0(g) since the 0-subgroup 0(g) is normalized by g . Therefore ¢* = h_lumhxl_1 and the
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Y-length of ¢*™ is at most 2|h|y for every integer m. This contradicts the fact that ¢° is cyclically
reduced by the second part of Lemma 3.4.

Similarly if gz is not cyclically reduced then |(gz)?|y < 2|gz|y = 2|g|y. Therefore for some
0-element x; we have |g%|y = |g%1|y < 2|g|y which contradicts the assumption that g is cyclically
reduced. O

Lemma 3.9. Suppose that R satisfies (Z1.1). If g is an essential element and x € 0(g) then
0(gz) = 0(g)-

Proof. By Lemma 3.7 we can assume that g is cyclically Y-reduced. Since x € 0(g), the subgroup
0(g) which is normalized by g, is also normalized by gz. Since by Lemma 3.8, gx is also cyclically
Y-reduced, we have 0(g) C 0(gz). In particular = € 0(gx), so ~! € 0(gz). Therefore, as above,
0(gr) C 0(gzz~"') = 0(g). Hence 0(g) = 0(gx). O

Lemma 3.10. Suppose that R satisfies (Z1.1). If g is an essential element then for every integer
m # 0, element g™ is essential and 0(¢g™) = 0(g)

Proof. By Lemma 3.4 (2) one may assume that both g and ¢ are cyclically reduced. Then g™
is essential by lemmas 3.4 (2) and 3.3, and subgroups 0(g) and 0(¢™) are O-subgroups. It is clear
that 0(g) C 0(g"™). Let = € 0(¢g™). Then x € 0(¢g™*) for any s # 0. Take any integer ¢t # 0. We
need to show that g~ ‘zg’ is a 0O-word. But we may choose s so that ¢"¢ = gtgt/ for some ' and
19| = |g*| + |¢*'| by Lemma 3.3. Then g—tzg" is a 0-word by Lemma 3.6. O

Lemma 3.11. Suppose that R satisfies (Z1.1). If g is an essential element of G(0) and x € 0(g),
1 #0, then g'z is an essential element and 0(g'z) = 0(g).

Proof. The claim follows immediately from lemmas 3.10, 3.9, 3.8. O

Lemma 3.12. Suppose that R satisfies conditions (Z1.1), (Z1.2) and (Z3.2). Then for every
essential element g € G(0) which is cyclically minimal in rank 1/2, and every x € 0(g), we have

(gz)" = g".

Proof. By the definition of 0(g) and Lemma 3.7, we can assume that g is cyclically reduced and x
is a 0-element. We have (gz)" = g"(g~ " txg"1)...(g"txg)x. Since by property (Z3.2), there exists
a 0-element r such that for every s, ¢°r~° commutes with x, we have g7 *x¢g® = r~%zr°. Therefore

(g7 e ). (g xg)z = (e (e ) = e ()™
By property (Z1.2) (ra)” =r™ =1 in G(0). Hence (gz)" = g". O

Lemma 3.13. Suppose that R satisfies conditions (Z1.1), (Z1.2), (Z3.2). Then for every essential
element g € G(0) which is cyclically minimal in rank 1/2, and every x € 0(g) we have g"x = xg™.

Proof. 1t follows from Lemma 3.12 that ¢" commutes with both g and gz. Therefore it commutes
with x. O

Lemma 3.14. Suppose that R satisfies (Z1.1). Let A be a reduced essential word over X and
let C be a 0-word. Suppose that the subgroup generated by A~°C A% consists of 0-elements. Then
Ce0(A).
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Proof. 1If A is cyclically reduced then C' € 0(A) by definition. Otherwise by Lemma 3.3 (2), A can
be represented as UV U’ where U'U is equal to a O-word W in G(0) and V is cyclically Y-reduced,
so every cyclic shift of V' is Y-reduced. Since we assume that A is essential, VW is an essential
word. By Lemma 3.3 (1) then every cyclic shift of VW is Y-reduced. Hence VW is cyclically
Y-reduced. By Lemma 3.6, U"!CU is a 0-element. Since the subgroup generated by A=5C A%,
s € Z, consists of O-elements and is normalized by A. Therefore U(VW)~$(U~tCU)(VW)$)U ! is
a 0-element for every s.

Notice that U(VW)*U~! is a reduced form of A°. Indeed, V is cyclically Y-reduced of A by
definition, VW is a conjugate of A of the same Y-length as V. Hence by Lemma 3.3 (2), VW
is cyclically reduced. By Lemma 3.4 (2) then (VW)* is cyclically Y-reduced. By Lemma 3.3(1),
U(VW)3U~! is reduced because every subword of Y-length 2 of U(VW)*U~! is either a subword
of A or a subword of (VW)?.

Since (as we have proved) A=*CA® is a O-element for every s, and U’ = WU ! is a suffix of A%,
by Lemma 3.6, the subgroup generated by (VW)~5(U~1CU)(VW)* consists of 0-elements and is
normalized by U~*AU = VW. Hence U~'CU is in 0(U~1AU). Therefore C € 0(A) by Lemma
3.7. O

Lemma 3.15. Suppose that R satisfies (Z1.1), (Z1.2), (Z3.1) and (Z3.2). Let g be an essential
element of G(0) represented by a cyclically reduced word A in G(0). Suppose that A contains a
subword B®, where B is a cyclically minimal in rank 1/2 word of a positive Y -length. Let A’ be the
word obtained by replacing that occurrence of BS by BS~™. Then 0(A) < 0(A’), provided the word
A’ represents an essential element of G(0).

Proof. Let © € 0(A). Then for every integer s, g *xg° is a 0-element. Fix s > 0. Let C be a 0-word
representing , D be the word representing ¢ *z¢°. Notice that B contains the fifth power of every
cyclic shift of B. Let B; be a cyclic shift of B starting with a letter from Y. Let A = A; B} As.
Clearly then the word A’ obtained from A by replacing B® by B5~" is equal to AlBi_”Ag in the
free group.

Consider a minimal van Kampen diagram with boundary label p1qip5 1q2_ ! where o(p1) =C,
d(p2) = D, ¢(q1) = ¢(q2) = A®. The path ¢; can be represented as

q1 = t1,1t1,2t1 381 at2 1t2 22 32 4...t5 115 285 3ts 4

where ¢(t;2) = B, o(tiz) = B1, i =1,...,5 (¢(titi3) is the fixed occurrence of B%in A).

Since A® is Y-reduced and p1, ps do not contain Y-edges, the maximal Y-bands starting on ¢;
provide a one-to-one correspondence between Y-edges of ¢; and Y-edges of g2. Since B; starts with
a Y-letter, t; o and ¢; 3 start with a Y-edges, e; and f; respectively, i =1, ..., s.

For every i =1, ..., s, consider the maximal Y-band 7; starting on e; and the maximal Y-band
B; starting on f;. Consider the smallest subdiagram A; bounded by a side of T;, a side of B;, ¢1,
q2, containing J; but not containing B;. The boundary of each A; has the form pjt; o(p) =1 (¢;)~*
where ¢(t;2) = ¢(t)) = B}, v; = ¢(pl) and v} = ¢(p!/) are 0-words. Therefore

—4 4 _
Bl UiBl — Ui

for every 1 =1, ..., s.
By Property (Z3.1) (all premises of (Z3.1) hold), v; € 0(B;). By Lemma 3.13, v; commutes
with B} For every i = 1,..., s consider a van Kampen diagram I'; with boundary p;g;(p})~1(q})~*
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where ¢(p;) = ¢(p;) = vi, ¢(¢;) = ¢(7;) = B™". Now cut the diagram A along each path p;. Thus
each path p; turns into two copies of p;, which we shall call the left copy and the right copy: the
right copy is contained in the diagram containing the band T;. For every i = 1, ..., s, identify paths
pi of I'; with the left copy of p;, p; with the right copy of p;, i =1, ..., s. As a result, we get a van
Kampen diagram with boundary label (A;B;"B}A2) 'C(A1B;"B}A2)°*D~1. Since as we have
noticed, A1 By ™Ay = A’, we have that (A')"*C(A’)* = D in §(0) for every positive s. The same
result for negative s can be proved similarly.

Hence the subgroup generated by (A")7*C(A")*, s € Z, consists of 0-elements and is normalized
by A’. By Lemma 3.14, C € 0(4’) as required. O

Lemma 3.16. Suppose that R satisfies (Z1.1), (Z2.1), (Z2.2), (Z2.3). Let g be an essential element
of G(0) represented by a cyclically reduced word A in G(0). Suppose that A contains a subword B
which is a prefiz of a cyclic shift C of a hub, C = BB’, and |B| > ¢|C|. Let A’ be the word obtained
by replacing that occurrence of B by (B')~!. Then, provided A’ represents an essential element of
G(0), we have inclusion 0(A) < 0(A").

Proof. The proof is similar to the proof of Lemma 3.15. Let x € 0(A). Then for every integer s,
g %zg® is a O-element. Fix s > 0. Let C be a 0-word representing x, D be the word representing
g %xg®. Since letters not from Y have Y-length 0, we can assume that B starts and ends with
Y-letters. Let A = AjBAs. Clearly then the word A’ obtained from A by replacing B by (B')~!
is equal to A1(B’)"1 Ay in the free group.

Consider a minimal van Kampen diagram with boundary label p1qipy 1q2_ ! where o(p1) = C,
d(p2) = D, ¢(q1) = ¢(q2) = A®. The path ¢; can be represented as

q1 = t11t1,2t1,382,1t2 982 3...15115,215,3

where ¢(t;2) = B, i =1, ..., s (¢(t;2) is the fixed occurrence of B in A).

Since A® is Y-reduced by Lemma 3.4 (2), and p1,p2 do not contain Y-edges, the maximal Y-
bands starting on ¢ provide a one-to-one correspondence between Y-edges of ¢; and Y-edges of ¢s.
Since B starts and ends with a Y-letter, t; o starts and ends with a Y-edges, e; and f; respectively,
1=1,..,s.

For every i = 1, ..., s, consider the maximal Y-band 7; starting on e; and the maximal Y-band
B; starting on f;. Consider the smallest subdiagram A; bounded by a side of T;, a side of B;,
q1, and go, containing T; and B;. The boundary of each A; has the form plt; o(p!)~1(t;)~! where
@(ti2) = (1)) = B, v; = ¢(p)) and v] = ¢(p!/) are 0-words. Therefore

v; B = ng

for every i =1, ..., s.
By Property (Z2.3) (all premises of (Z2.3) hold), we have
v (Bt = (B Wl,i=1,..s.

Thus for every ¢ = 1,...,s there exists a van Kampen diagram I'; over R with boundary
pitio(P!)71(t) ! where ¢(t;2) = (B')7L, ¢(#;) = (B’)~1. Now we can substitute the subdiagrams
A; in A by T';. The boundary label of the resulting diagram is equal (A’)~*C(A’)*D~!. Hence
(A)~5C(A")* = D in G(0) for every positive s. The same result for negative s can be proved
similarly.
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Hence the subgroup generated by (A")7C(A")*, s € Z, consists of 0-elements and is normalized
by A’. By Lemma 3.14 C' € 0(A’) as required. O

3.3 The construction of a graded presentation

In this section, we show how the theory from [27, Chapter 6] can be adapted to diagrams over a
presentation satisfying (Z1), (22), (23).

We are defining several concepts analogous to concepts in [27], chapter 6, by induction on the
rank ¢.

We say that a certain statement holds in rank i if it holds in the group G(i) given by R; = Ué-:OS j-

Recall that a word w is A-periodic if it is a subword of some power of the word A. Any A-
periodic word can be read (say, clockwise) on a cyclic graph with |A| edges, labeled, starting with
a vertex o, by the word A. Then every A-periodic word corresponds to a path on this graph. Let
W = W1Ws be a decomposition of an A-periodic word W, such that the word W7 ends at o, when
reading the word W on the cyclic graph, [IW| > |A|. Then we say that the decomposition is a phase
decomposition of W. If the label of a simple path p of an arbitrary labeled graph has an A-periodic
label W = ¢(p), then a vertex of p, defining a phase decomposition of p is said to be a phase vertex
of p.

Up to the end of this section, the Y -length of a word W will be called simply length and will be
denoted by |W|.

Let us define simple words of rank i = 0,1/2,1,2,... and periods of rank i = 1,2,3,.... Let
8o = Ro and 8;/, be the the set of hubs. Thus the groups G(0) and G(1/2) = G are defined by
relations of the sets Rp and Ry /5 = 89U /9, respectively. A word A of positive length is said to be
simple in rank 0 (resp. 1/2) if it is not a conjugate in rank 0 (resp. 1/2) either of a word of length
0 or of a product of the form B'P, where |B| < |A| and P € 0(B) in rank 0.

Suppose that ¢ > 1, and we have defined the sets of relators R;, j < 7, and the corresponding
groups G(j) of ranks j < i. Suppose also that we have defined simple words of ranks j, j < i, and
periods of rank j, 1 < j <.

For every i =1/2,1,2,3,.. let i_ denote ¢ —1if i > 1,1/2if i =1 or 0 if ¢ = 1/2. Similarly i,
is1/2ifi=0o0rlifi=1/20ri+1ifi> 1.

For every i > 1 consider the set X} of all words of length ¢ which are simple in rank i_, and the
equivalence ~;_ given in Lemma 3.24 (we apply it for the smaller rank here). Now choose a set of
representatives X; of the equivalence classes of X]. The words of X; are said to be periods of rank 4.
The set of words R; (defining the group G(7) or rank ) is the union of R;_; and §; = {A", A € X,;}.

Let A be a word of positive length. We say that A is simple in rank 4 > 1 if it is not a conjugate
in rank i either of a word of length 0 or of a word of the form B'P, where B is a period of rank
j < or an essential word with |B| < |A|, and P represents a word of the subgroup 0(B).

Let R(00) = UgPR;. If I1 is a cell of a diagram over R(oo) with the boundary labeled by a word
of the set 8;, then, by definition, r(II) = j. The boundary label of every cell of a rank > 1 (read
counterclockwise), has a period A defined up to cyclic shifts.

For j > 1, a pair of distinct cells II; and Iy of rank j of a diagram A is said to be a j-pair, if
their counterclockwise contours p; and p, are labeled by A™ and A™" for a period A of rank j and
there is a path t = (p1)— — (p2)— without self-intersections such that ¢(t) is equal, in rank j_, to
an element of 0(A). Then ¢(¢) and A™ commute in rank j_ by Lemma 3.13, and so the subdiagram
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with contour pitpst~! can be replaced in A by a diagram of rank j_. As a result, we obtain a
diagram with the same boundary label as A but of a smaller type.

Similarly, a pair of hubs II;, IIo with counterclockwise contours py, po forms a %-pair, if the
vertices (p1)— and (p2)— are connected by a path t without self-intersections such that the label of
the path pitpat~! is equal to 1 in G(0). Consequently, any diagram can be replaced by a diagram
having no j-pairs, j = 1/2,1,2,..., i.e. by a g-reduced diagram with the same boundary label(s)’.

Assume that g1 and g9 are disjoint sections of the boundary 9A of a diagram A of rank ¢, and
é(q1), ¢(g2) are A- and A~ 1-periodic words respectively, where |q1|, |q2| > |A|, A is simple in rank
1 or a period of rank 7 < i . We call ¢; and g2 compatible if there exist phase vertices 0; and o9
on q1 and gg, respectively, and a path ¢ = 01 — 09 without self-intersections, such that ¢(t) is equal
in rank 7 to an element of 0(A); moreover the equality must be true in rank j_ if A is a period of
rank j.

Similarly one defines the compatibility of an A-periodic cell IT of rank j > 1 with a A*!-periodic
section ¢ of OA.

Lemma 3.17. Let II; be a cell of rank j > 1 in a g-reduced diagram A of rank i. Assume it has a
boundary label A™. Then:

1) if T is a subdiagram of A with contour p1qip2q2, where qi is a subpath of OII; and g2 is a
subpath of the contour of a cell Il with the boundary label A~", (I1;,1ls do not belong to T'), then
q1 and qo cannot be compatible in T’

2) the subdiagram T' contains no cells compatible with q;.

Proof. If one of the statements were false, we could include the cell II; into a j-pair and come to
an obvious contradiction with the assumption that A is g-reduced diagram, as in Lemma 13.2 from
[27]. O

Lemma 3.18. Let p1,p2... be a partition of the boundary of a diagram A of rank i into several
sections, and ¢(p1) = A’ for some period of rank j. Assume that a cell T1 of A is compatible with
p1. Then there exists a g-reduced diagram A’ with topologically identical partition of the boundary
into Py, ph, ..., such that T(A') < 7(A), ¢(p},) = d(px) for k > 2, ¢(p}) = A" for some integer
s, and A’ has no cells compatible with py.

Proof. Let t be the path connecting a phase vertex o; of p; and a phase vertex oy of the A*!-
periodic cell II, according to the definition of the compatibility, and T" = ¢(t) is equal in rank i to
an element of 0(A). The vertex o; defines a decomposition At A®2, and there is a path p homotopic
to p1 with label W = AUT AT T~1A2 By Lemma 3.13, we have W = A™™ in rank j_. Thus
one can cut II out of A, by cutting along p. Then one can replace the deleted subdiagram by the
diagram of the equality W = A" By continuing this process, we prove the lemma. O

The following proposition is the main statement of this section.

Proposition 3.19. If the presentation R of a group G satisfies properties (Z1), (Z2), (Z3) then
the graded presentation So U 813 U 81U 82 U ... satisfies statements of Lemmas 3.20 through 3.39
below and is such that R = 8o U 8y/5. In particular, all g-reduced diagrams over this presentation

®Recall that in [27], such diagrams are called reduced. But in this paper we shall consider two kinds of reduced
diagrams, so we call diagrams without j-pairs g-reduced; “g” stands for “graded”.
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are A-maps. FEvery relator from 8;, i > 1, is of the form A™ for a cyclically reduced word A of
Y -length i. The group defined by this presentation is G/{g", g € G).

N[

Lemmas from 3.20 to 3.39 will be proved by simultaneous induction on rank i >

Lemma 3.20. Let V' be a periodic word with a simple in rank i period. Assume that for some
word U with 2|U| < |V, the word VU is a conjugate in rank i of a 0-word. Then there is a
decomposition V.= V1 Va, such that ||V1| — |Va|| < B|V|+|U| and for some word S of length at most
V|, VoUVy = S in rank i.

Proof. Consider a g-reduced annular diagram A for the conjugacy of VU to a 0-word W. We may
assume that A has the smallest possible type. Therefore there are no Y-bands surrounding the
hole of A, since otherwise their boundary labels were O-words. Hence, by lemmas 3.38 and 2.16,
there are vertices 01 on the contour ¢; labeled by VU and o2 on the contour g2 labeled by W, which
can be connected by a simple path ¢ of length at most v(|V| + |U]|) < 3v|V|/2 (see Figure 7).

One may suppose that the vertex oy does not cut the word W, because |W| = 0. The vertex
o1 cannot cut the word |U|. Indeed, in case it defines a decomposition U = UUs, we obtain the
following equality in rank i: UyTW T~ Uy = V! where T = ¢(t). It follows by lemmas 3.39
and 2.7 that B|V| < |U| 4+ 2y(|V| + |U|), whence |V| < (8 — 2v)~ (1 + 27)|U| < 2|U|, contrary to
the hypothesis of the lemma.

Vi
01 // N
/'r t
./ U
\ W
\\\\\ o V2
Fig. 7.

Thus the vertex o defines a decomposition V = V1V, and TWIT-1,U = Vl_1 in rank 7.
Then, as above, 8|Vi| < |Va| + |U| + 2v(|V| + |U|). Therefore |Vi| — |Va| < B|Vi| + |U]| + 3v|V|.
Similarly, [V1| — |Va| < B|Vi| + |U| + 37|V, and so ||[V1]| — |Va|| < BIV| + |U|, as 2|U| < |V|.

To complete the proof we observe that the product VoUV; is equal in rank 7 to the word
S =TWT~! of length at most 3v|V]|. O

Let g1, g2 be two paths labeled by A*!-periodic words for some period A. We say that vertices
01, 0y of these paths are in the same phase (with respect to A) if they are phase vertices for the
paths q1, g2 with respect to a cyclic permutation A’ of the word A.

Lemma 3.21. Let 11 be a cell of positive rank in a g-reduced disc diagram A of rank i with contour
P1q1p2q2, where q1 and qgl are labeled by A-periodic words where A is a simple in rank i word.
Suppose there are disjoint contiguity subdiagrams I'; of II to q; of degrees ; for j = 1,2, with
Y1+ 19 > 1— /2. Denote s{t{s%t% =0(I1,T'j,q;) (see Figure 8). Let p be a subpath of qgl, such
that vertex o = (s§)+ belongs to p, where the lengths of subpaths p' = p_ — o and p”" = 0o — py are
less than 1|011|. Then any vertex oy of p is not in the same phase with vertez oy = (s})_.
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Proof. By lemmas 3.38, 3.39 and 2.3,

¢17¢2 € [1/2_20‘7&]7 (2)
and by Lemma 2.2,

[tal, [£3] € [(1 = 23)(1/2 — 20|01}, (1 + 23)a|O11]] 3)

Assume that oy and o7 are in the same phase and o0y € p’ . First, let II be a hub. Then
r(I'1) = r(T2) = 0 by Lemma 3.37 in the smaller rank, hence |s]| = 0, {,j = 1,2. Recall that by
(Z2.2), every hub is a linear word. By definition, every simple word in rank 7 is cyclically Y-reduced.

Therefore by Lemmas 3.2 and 3.4 every maximal Y-band starting on tf ends on té_l and forms
a 0-bond between these paths. Hence any subpath of t{ starting and ending with Y-letters, is a
contiguity arc for some contiguity subdiagram between t{ and té_ ; for [, j =1, 2. By our assumption
and inequality (3), there are subpaths u! and u? of ¢} and (#3)~! with the same label U, such that

U] > (1= 28)(1/2 — 2a) — 1/3)|11] > éan

Gluing along u; and us one can construct a contiguity diagram of rank 0 between disjoint arcs of
the cell IT of length greater than 1|0I1|. But this contradicts condition (Z2.2).

td 01 ¢

42 t3 p- 02 0 P+

Fig. 8.

Now assume that II is a cell with a period B of rank k& < . In this case, r(I'1),r(I'2) < k by
lemmas 2.1, 2.14 and 3.39. As in the previous paragraph, there are subpaths u; and us of t3 and
(t3)~! with the same label U, where |U| > 1|011].

Lemma 2.1 and inequality (2) show that Lemma 2.12 is applicable to each of the diagrams I'1, I's.
This implies that an arbitrary vertex of tf (I,7 € {1,2}) can be connected in I'; with a vertex of
tg_l by a path of length at most 3y~!¢|OII|. Therefore, for j = 1,2, there exist subdiagrams F; of
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I'; with contours w{y{xéyé, where |x{| < 3y~ I, ¢(yd) = ¢(y3)~ = U and y{ are subpaths of
t.

By gluing diagrams I'j and T') along yd and (y3)~!, one can obtain (after deleting j-pairs) a
g-reduced diagram T'g with contour 2131 zey%. where |21, |22] < 67~ ¢|O11|. Notice, that by property
Al and Lemma 2.7,

) . . ) 1- _ 1 n
lyil > Blys| — || — |z3| > = OIOL| — 6y '¢lom| > glonl = 2 |B|

Therefore one can apply Lemma 2.15 to 'y and obtain a subdiagram I'y of I'y with contour
viwvews, where w; is a subpath of yf (for j =1,2), |v1], |ve| < «|B|, and

1 - - n
lws |, w2 > §|3H| -7 1(127 1§|8H] +|B|) > 5‘3,

since |OII| > n|B| and the rank of II is & = | B|. Since the labels of both w; and wy are B-periodic
words, and period B is simple in rank r(I'}) < k, we obtain a contradiction with Lemma 3.33 in a
smaller rank.

Assume now that o € p”. Then we consider o} = (s3)+. There is a vertex o}, on the path g,
such that o), — o1 is a subpath of i of length |0, — o] < £|9II|. Then o} and o}, are in the same
phase. Thus, this case is completely analogous to the case when oy € p’ up to the interchange of
the paths ¢; and ¢y ! The lemma is proved. O

Lemma 3.22. Let A be a narrow contiguity diagram of rank i between ¢ and g with contour
P1q1p2q2, where q1 and q2_1 are paths with A-periodic labels for some simple in rank i period A.
Assume that there are vertices o1 and o5 on q1 and go respectively, which are in the same phase, the
label p(01—02) of a path 01— o3 is a conjugate of a 0-word in rank i and ||(q1)— —o1|—|(g2)+ —o02]| <
smin(|q1], |g2]), where (q1)— — o1 and 0y — (q2)+ are subpaths of ¢ and qo. Then r(A) = 0.

Proof. As in the proof of Lemma 2.13, A can be partitioned into several narrow bonds Ej of an
a-series and several subdiagrams Aj, Ag, ... between successive bonds. If r(E;) = r(Ej41) = 0,
then r(A;) = 0 by Lemma 2.11 and the maximality of the a-series. Thus it suffices to prove that
r(E;) = 0 for every E;. Proving by contradiction, we choose the bond E; whose principal cell I
has maximal perimeter (see Figure 9).

@ o «
¢ q!
|t
b1 p2
A
\\‘
! V /!
4> .0 qs

02 U1
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By Lemma 2.7 (and lemmas 3.38, 3.39) |q2| < 87 (|q1| + [p1] + |p2|). We have [p1| + |p2| <
(a + 4¢)|0lp)| as in Lemma 2.13 for the side arcs of narrow bonds. Denote by I'y and I'y the
contiguity subdiagrams of Il to ¢ and g¢» with contours s]t]s}t? (j = 1,2) as in Lemma 3.21.
Applying lemmas 2.2, 2.3, to I'y, we have |q1| > (1 — a — @)|0Il|, because g contains t3. Hence
p1] + |p2| < Selq] and |ga| < (1 + 3a)|q1]-

Then we decompose q1 = ¢jt3q} and g2 = ¢§t3¢} and OII = tiu;tus.

Observe that since Fj is also a bond of a narrow contiguity subdiagram between the paths ¢}t3
and t3q}, we have the similar inequality as for |q1| and |ga| above: |gjti| < (1 + 3a)|t3¢}|. This
implies that ¢} +|g4] < (1+30)(|g3| + |13+ |4]) = (1+30)|ga]. Similarly, |¢}| + ]| < (1+3a)|a1 .

Assume first that o; € ¢} and 0y € ¢J. We may also suppose by symmetry that |¢}| <
%minﬂqﬂ, |g2|). Notice that equal shifts of the vertices 01,0 along ¢ and ¢ preserve the
assumption of the lemma. Now assume that, after shifts, oo becomes equal to (g2)— and o still
belongs to ¢j. The last assumption leads to a contradiction, because we have for the new o; and o0y
that |oa — (g2)+] — o1 — (q1)—| > |g2| — 1522 |ga| > |g2|/3 contrary to the assumption of the lemma.
Therefore one can move o to (t3)_ and oy to a vertex laying on go, in this case.

If 01 € ¢} and 02 € t% (02 € ¢4), then obviously, one can make equal shifts of these vertices so
that either o; becomes equal to (t3)_ or o2 becomes equal to (t3)_ (to (t3);). Similarly, one of
the vertices 01,02 can be made equal to one of the (3)+, (t2)+ after parallel shifts, if 0; € t3 and
02 € t3. The remaining cases are symmetric to the examined ones.

Thus, to prove the lemma, one may assume that either o; = (t3)_ or 01 = (t3)4, or 0p = (t3)_,
or o9 = (t3). We will assume that o1 = (t3)+ = (s])_.

In addition, one may assume that the vertex os belongs to the subpath t3¢5, because otherwise
it belongs to ¢j and |og — (t3)_| > é\@l‘[g[ by Lemma 3.21. In this case, by Lemma 2.2, one might
shift o1 to (t1)_ so that corresponding vertex oo shifts to a vertex of the path ¢4t3 because

|02 — (83)+] > 5[0Tlo| +[t3] > (1/3 + (1 = 26)(1 — a — @))[dTlo| >
2|0M| > (1 + 28)a|oM| > |th)

Then one gets a situation which is symmetric to the one considered above with respect to changing
the direction of the contour of J(A) (from counterclockwise to clockwise).

Thus, up to symmetries, one has to consider only one case when 0y = (t3); and o2 € t3¢. The
vertices 0y and 07 can be connected by a path vu, where v = 0y — (t2)_ and u = (s2) tug(s}) ™t
Set V = ¢(v) and U = ¢(u). As has been mentioned, |U| < (a + 2¢)|0Ilp|. On the other hand,
V| > %|8H0| by Lemma 3.21. Therefore one gets the decomposition V = Vi V5 guaranteed by
Lemma 3.20. Denote by o the vertex of v which gives the corresponding decomposition v = vyvs.
There are two subcases.

(1) |V| < 3a71|011p|. Recall, that by Lemma 3.20 the word VoUV is equal in rank i to a word
S of length at most 3v|V| and

Vi = [Val| < BIV| + U] < (3078 + o+ 2¢)|0THo| < 2c|O1T|. (4)
By Lemma 3.21, |V| > |0llp|/3, whence |Vi], |[Va]| > (1/6 — «)|011g| > 1/7|011p| by (4). Since
0.45[00p| < (14 26)711 —a — )|dT| < || < (1 — 28) " a|dT|
by lemmas 2.3 and 2.2, we have in case o € ¢ that

lo— (s3)_| < |t3] — |Va| < (1 +2B)a — 1/6 + )|0Ty| < 0.35|0TI,|
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If o € ¢}, then
o= (s1)—| = [Va| = [t5] < [Vi] + 2a|0TIo| — 0.45[0TLo|.

Hence in any case the path between o and (s?)_ has length at most max(0.35|01y|, |V | — 2|OTg)),
because of (4) and the inequality |t3] > |9TIy|/3. Since |s?u;'ss| < (o + 2¢)|0M|, the vertex o can
be connected with (t)_ by a path p of length at most max(0.4|0Tl|, |V4]).

The path pt} is homotopic to the path vou. Thus the word S is equal in rank 4 to the word
P¢(td) V1, where P = ¢(p). The word W = ¢(¢1)V; is A-periodic because the vertices 0y and oy are
in the same phase. It has length at least |V4| + [t3| > |Vi| + 0.45|0Ig|. Then W = P~1S in rank i,
which implies, by lemmas 2.7 and 3.38, 3.39 applied to the diagram for this equality, that

max(0.4|0y|, [Vi|) + 3v|V| > |P| + |S| > B V4| + |t3]) > B(|Vi| + 0.45|011))

Since 3v|V| < 7y|Vi| by the formula (4) and the inequality [V| > |911)|/3, and (8 + 7v)|Vi| <
(0.453 — 0.4)|0Ig| (by the hypothesis of case (1) and [Vi| < |V| < 3a~!|0Ily|), we obtain a
contradiction.

(2) |[V| > 3a7Y010|. Recall that |Vi| —|Va| < B|V |+ (a+2¢)|0My], and since |V| = |V4|+|Va| >
3a 10|, the length of vy is greater than {=|V| > 1.4a7!|811|. By Lemma 2.13, the vertex o can
be connected with a vertex o/ € ¢{t3 by a path ¢t of length at most a~!|0TI,| < %]V| By Lemma
2.7, the length of the path ¢ = o’ — o7 is at least

~ 7 1
Blloa] = [t] = ful) > VI = 5IV] = alV] > [V]/8.

Therefore the length of the A-periodic word W = QV; (where Q = ¢(q)) is greater than (% +
HIV| > L|V]. By Lemma 2.7, W cannot be equal in rank i to a word of length < [V|/2. But it is
equal in rank 4 to the label of ¢ times S which is equal in rank ¢ to VoUV;. Therefore W is equal
in rank i to a word of length < (3 + 3v)|V|, a contradiction. O

Lemma 3.23. Assume that A is a word which is not a conjugate in rank i of a 0-word. Let
A = XB'RX! in rank i, where B is a simple in rank i word or a period of rank j < i and
R € 0(B). Then 0(A) < X0(B)X ™! in rank i (i.e. the canonical image of 0(A) in G(i) is a
subgroup of the image of X0(B)X1).

Proof. One may suppose that A is a Y-reduced word, moreover that A is cyclically Y-reduced, by
Lemma 3.4(1) and Lemma 3.7.

Consider a diagram A of rank 7 for the equality A = X B'RX ~!. Let Ay be an annular diagram
which arises after identifying the boundary sections of A; labeled by X. It has contours ¢; and ¢
labeled by A and BlR, respectively. Initial vertices o1 of ¢; and oy of g2 are connected in As by a
path x labeled by the word X. If Ao is not g-reduced, one can reduce it and obtain a diagram Ag
of a smaller type in which the vertices 0; and o0y are connected by a path 2’ with X' = ¢(2) = X
in rank 7. (Lemma 11.3 [27].) We will induct on the type of As.

If 7(As3) = 0, then 0(A) = X’0(B'R)(X’)~! in rank 0, by Lemma 3.7. Since X’ = X in rank i,
the statement of the lemma follows from Lemma 3.11.

Assume now that r(Asz) > 0. One may suppose that there are no cells compatible with g in
Ags (if B is a period of rank j < i), since otherwise one can decrease the type of A3 by Lemma 3.18
and replace the label of ¢y for B+™R. Therefore the cyclic section ¢o is smooth by Lemma 3.39,
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and so the degree of contiguity of any cell of As to ¢o is less & by Lemma 2.3. By Lemma 2.4 there
is a positive cell IT and its contiguity subdiagram I" to ¢; such that (IL T, q1) > 1(y — @) > e

It follows, from Lemma 2.6 that there is a positive cell m of Az and a contiguity subdiagram I'
of rank 0 of 7 to g1, such that (w,T',q1) > €.

Let O(m,I', 1) = sitisata. Then |s1| = |s2| = 0 since r(I') = 0. There are no Y-bands connecting
different edges of subpath t; of 7 by axiom A2. Therefore |t1| < |t2|, and the word A’ obtained by
the exchange in A of the subword ¢(t2) by ¢(sat1s1)7 !, is Y-reduced (and equal to A in rank 0.)

The subword ¢(t1)~! of A’ is a subword of the boundary label of 7 and |¢(t1)~!| > ¢|0x|. By
Lemmas 3.15, 3.16, if one substitutes ¢(t1)~! in A’ by ¢(t), where tit is the contour of m, and
replaces the resulting word by an equal in rank 0 Y-reduced word A”, then 0(A”) > 0(A’) = 0(A).

The word A” is the label of the contour of a g-reduced diagram A4 which is obtained from Aj
by cutting the cell 7 out and (possibly) adding several 0-cells. Of course, such surgeries (cutting
off a contiguity diagram or a cell) can touch the path 2/, but there is a homotopic path z” with
label X” = X’ = X in rank ¢ which is not touched by the surgeries (i.e. this path does not
pass through the contiguity subdiagram and does not have common edges with the cell). By the
inductive hypothesis for the diagram Ay of a smaller type, 0(4”) < X”0(B)(X")~! in rank i.
Hence 0(A) < X0(B)X !, as desired. O

We need the statement of the following lemma to define periods of rank ..

Lemma 3.24. The following relation ~; is an equivalence on the set of all simple in rank i words:
A ~; B by definition, if there are words X, P, R, where P € 0(A), R € 0(B) (in rank 0), such that
AP = XB*'RX~1 in rank i.

Proof. Obviously, ~; is a reflexive relation.

The equality AP = XB* RX ! implies B¥'R = X 'APX in rank i. Taking the inverses, if
necessary, we have equality BRy = X 'AT!P,. X for a suitable Py € 0(A), Ry € 0(B), because
0(A) and O(B) are normalized by A and B respectively. By Lemma 3.9 0(B) = 0(BR4), and
so Ry € X '0(A)X by Lemma 3.23. Then Q = XR+X ! € 0(A) by Lemma 3.7. Hence B =
X~1AF'V X in rank i, where V = P1Q € 0(A), and so the relation ~; is symmetric.

We have also proved that B ~; A implies that B = X 'A*!V X in rank i for some V € 0(A)
and a word X.

Assume now that B ~; C, that is B = YC*'QY ™! in rank i for a word Y and some Q € 0(C).
Then, in rank i, AP = X(YCT'QLY1)RX~! for suitable Q+ € 0(C), and V = Y~'RY € 0(C)
by lemmas 3.23 and 3.7. Hence, in rank i, AP = (XY)CTH(Q+V)(XY)™!, where Q+V € 0(C).
Therefore the relation ~; is transitive. ]

Lemma 3.25. Every word X is a conjugate in rank i > 0 either of a O-word or of a word A'P,
where |A| < |X|, A is either period of rank j < i or a simple in rank i word and P represents in
rank 0 an element of the subgroup 0(A).

Proof. If the statement were false for X, then, in rank i, X = YA*RY ~! for some (Y-reduced)
essential word A with |A| < |X| and word R € 0(A4). By the inductive hypothesis, we may assume
that A = ZB'PZ~' in rank i where B is either a period of rank j < i or a simple in rank i word,
and P € 0(B).

We have that AR = Z(B'P)*Z 'R in rank i. The word Z !RZ is equal in rank i to a word
Q € 0(B!P) = 0(B) by Lemma 3.23 and Lemma 3.11. Therefore AR = Z((B!P)*Q)Z~!. Since
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0(B) is normalized by B (by definition), X is a conjugate in rank i of a word of the form B*!S for
some S € 0(B), as desired. O

Lemma 3.26. If a word X has a finite order in rank i, then it is a conjugate in rank i either of a
0-word or of a word A'R, where A is a period of rank j < i and R € 0(A).

Proof. If the claim were false, then, by Lemma 3.25, since 0(A) is normalized by A, A'R = 1 in
rank i for some simple in rank ¢ word A, R € 0(A) and [l| > 0. Then Al = R7! in rank i and
Bll|JA| < |R| = 0 by lemmas 3.38, 3.39 and Lemma 2.7. The statement is proved by contradiction.

O

Lemma 3.27. If A and B are simple in rank i words and A is equal in rank i to XB'RX ™! for
some word X, and some word R € 0(B), then | = £1 and |A| = |B]|.

Proof. When proving the first assertion by contradiction, one can assume that [ > 2. By Lemma
3.39 and Lemma 2.7 for a g-reduced annular diagram for the conjugacy of A and B'R, we have
283|B| < |A|, whence |B| < |A| contrary to the simplicity of the word A in rank i. Then we have
P = XRX~! € 0(A) in rank i by Lemma 3.7, Lemma 3.11, and B = X~ '(AP~!)*!X. Hence
|A| = |JAP~Y > | B| since |P| = 0 by definition of 0(A) (see property (Z3)) and the simplicity of B
in rank 1. O

Lemma 3.28. If words X and Y are conjugate in rank i, and X is not a conjugate in rank i of a
0-word, then there is a word Z, such that |Z| < a(|X|+|Y|) and ZY Z71 is equal to X in rank i.

Proof. The proof is analogous to the proof of Lemma 18.5 [27]. One may apply Lemma 2.16 (which
is an analog of Lemma 17.1 [27]) since X is not a conjugate of a 0-word. O

Lemma 3.29. Let A be a narrow diagram of rank 0 with the contour p1q1p2qe, where q1 and qgl
are paths labeled by A-periodic words with a simple in rank i period A. Assume that |q1|, |g2| > 2]A|,
and o1 and oy are vertices of q1 and qa which are in the same phase, |(q1)- — (01)| < |q1]/2,
[(g2)+ — (02)] < |q2]/2, and ¢p(01 — 02) is a conjugate in rank i of a 0-word. Then the vertices (q1)—
and (q2)+ are in the same phase too.

Proof. Without loss of generality, one may assume that (g2);+ = 09 since the vertices o1 and o0y can
be simultaneously shifted along the paths ¢; and g¢o.

Every Y-band of A is a 0-bond between ¢; and g2 because the narrow diagram A of rank 0 is
defined by 0-bonds and by Lemma 3.2, there are no bands connecting different Y-edges of ¢; (of
q2) as the period A is simple in rank 0. Hence |p1| = 0, and the vertex o; can be connected with a
vertex op of g2 by a path of length 0. Proving by contradiction, one may suppose that [V’/| > 0 for
the word V' = ¢((q1)— — 01). Then |V| = |V’| > 0 for the word V = ¢(02 — 0p).

Denote U = ¢(0g — 01). Then |U| = 0, and the word VU is a conjugate of a 0-word in rank ¢
by the hypothesis of the lemma. Lemma 3.20 provides us with a decomposition V' = V; Vs, where
VoUV; is equal in rank 0 to a word S of length at most 3v|V|.

Consider the vertex o of the subpath oo — oy that defines the decomposition V7 V5 of the label
V of 05 — 0. Then the word VoUV; is readable in A starting with o: the suffix V5 can be read in
the beginning of 01 — (¢1)4+ since 01 and o9 are in the same phase. The vertex o can be connected
with a vertex o' of ¢; by a path of length 0 (see Figure 10).
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Thus, up to a factor of length 0, the word VoUV; is equal to a subword of ¢; of the length
[Va| + [Vi| = |V, which is not equal in rank i to a word of length < f3|V|, by Lemma 3.39
and Lemma 2.7. The inequality 5|V| < 3v|V| contradicts the Lowest Parameter Principle. This
completes the proof of the lemma. O

The following lemmas 3.30-3.32 are analogous to lemmas 18.6 - 18.8 [27]. For a given rank
i > 1/2, they are proved by simultaneous induction on the sum L of lengths of periods.

Lemma 3.30. Let A be a g-reduced diagram of rank i with contour piqip2q2, where ¢(q1) and
#(q2)~! are periodic words with a simple in rank i period A. Then the paths q1 and q2 are A-
compatible in A, provided |pi|, |p2| < o|A| and |q1|, |q2| > (3h + 1)|A|. (The inductive parameter L
is equal to |A| + |A|.)

Proof. The same argument, as in the proof of Lemma 18.6 [27] allows us to assume that the vertices
(p1)+ and (p1)— are in the same phase, |¢1], |g2] > 2h|A| and |p1| < (o + 1/2)|A| = a|A]. In view
of Lemma 3.7, to prove the lemma, one may replace period A by a cyclic permutation. Therefore
we suppose that both ¢; and g5 ! start with the prefix A.

Suppose that the word P; = ¢(p1) is not a conjugate in rank i of a O-word. In this case the
diagram A has no paths of length 0 surrounding the hole. Therefore we can apply Lemma 2.16
(which is Lemma 17.1 from [27]). The rest of the proof of Lemma 18.6 from [27] carries out with one
minor change: by Lemma 3.25, the word D = ¢(p1) is equal in rank i to the product Y B"RY ~!,
R € 0(B) instead of simply Y B™Y ~!. The word D' is equal in rank i to Y B™QY !, for some
0-word @ since 0(B) is normalized by B. Then we have to define Z = QY ~'¢(s'), instead of
Z =Y 1¢(s') in [27]. This does not effect on the further proof because |Q'| = 0 by the definition
of 0(B).

Assume now that the word P is a conjugate in rank i of a 0-word. Since ¢; and ¢ are long
enough (h = 61, we can excise a narrow contiguity subdiagram A? of A with contour p)q}phqh
according to Lemma 2.11 (which can be applied because ¢ and g2 are smooth sections of rank |A| by
Lemma 3.39 in the smaller rank). Moreover by Lemma 2.11, we may suppose that |q}|, [¢5| > $h|A|
and |p}|, [ph| < a|A|. Again, by Lemma 2.11, there are vertices o1 and o2 of ¢} and ¢} respectively,
such that the paths (p1)4+ — 01 and (p1)- — 02 have the same label (say, X) and

_ h
(g1)~ = o], [(@3)+ — 02| <@+ a)lA] < S Al

Then the label of any path 0; — 07 is equal in rank i to X ' P71 X, and therefore it is a conjugate
in rank i of a O-word. By Lemma 3.22, r(A®) = 0, and the vertices (¢})_ and (¢}), are in the same
phase by Lemma 3.29 (see Figure 11).
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Every Y-band starting on ¢/ must end on ¢4 by Lemma 3.2. Hence one may suppose that
#(q}) = é(gh)~! = U for some word U. Then U~1¢p(p)) UL = ¢(py)~t in G(0), and since |U| >
b1 4| > 4]A|, we have A7 ¢(p1)A} € 0(A1) by Lemma 3.6, where A; is the cyclic shift of A which
is the prefix of ¢(q}). Thus the paths ¢j and ¢, are compatible by (Z3.1) since A is simple in rank
1/2 (recall that @ > 1/2). Therefore the paths ¢, g2 are also compatible by Lemma 3.7, and the
lemma, is proved. ]

Lemma 3.31. Let Z1A™ Zy = A™2 in rank i, m = min(mi,mg), and A be a simple word in
rank i. Then each of the words Z1, Zo is equal in rank i to a product of a power of A and a word
representing an element of the subgroup 0(A) provided |Z1| + |Za| < (y(m — 3h — 1) — 1)|A|. (The
inductive parameter L is equal to |A| + |Al.)

Proof. As in Lemma 18.7 [27] we can consider a g-reduced disc diagram A of rank ¢ with the
contour p1q1paq2, where ¢(q1) = A™, ¢(qy ') = A™2, ¢(p1) = Z1, ¢(p2) = Z2. By Lemmas 3.38,
3.39, ¢1 and g2 are smooth of rank |A|. By Lemma 2.15, we can excise from A a subdiagram A’
with contour p)q¢phqs where

PAl, [p5] < ol AL |G| > lgsl = v~ (1Z1] + [ Za] + A) >
m|A| — (m — 2h — 1)|A| = (2h + 1)|A],j = 1,2.

By Lemma 3.30, ¢} and ¢4 are compatible in A’. So there exist phase vertices 01 € ¢; and 02 € ¢
such that the label T' = ¢(t) of a path ¢ connecting these vertices represents an element of 0(A) in
rank i. Then ¢((q1)— —o01) and ¢((g2)+ — 02) are powers of A, we an equality of the following form
in rank ¢: Z; = AT A%2. Since 0(A) is normalized by A in rank 0, the lemma is proved. O

Lemma 3.32. Let A be a g-reduced disc diagram of rank i with the contour pi1qi1p2q2, where ¢(q1)
and ¢(q2) are periodic words with simple in rank i periods A and B, respectively, and |A| > |B].
Assume that |p1|, |p2| < o|B|, |¢1| > 2h|A| and |qa| > h|B|. Then the word A is a conjugate in
rank i of a product B¥'R, where R represents an element of the subgroup 0(B), and |A| = |B|.
Moreover, if the words ¢(q1) and ¢(q2)~' start with A and B~', respectively, then A is equal in
rank i to ¢(p1) "' BT Re(p1). (The inductive parameter L is equal to |A| + |B|.)

Proof. The proof is similar to the proof of Lemma 18.8 [27], but, at the very end, by Lemma 3.31,
we obtain the equality Z; = B*R (instead of Z; = B®) with R € 0(B). Then s = £+1 and |A| = | B|
by Lemma 3.27. 0
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Lemma 3.33. Let A be a disc diagram of rank i with the contour piqip2q2, where both ¢(q1) and
¢(q2) are periodic words with a simple in rank i period A and |p1],|p2| < a|A|. Then |q1|, |g2| < h|A].

Proof. We prove the statement by contradiction. The proof is parallel to the proof of Lemma 18.9
[27] up to the application of Lemma 3.32 (instead of Lemma 18.8). This lemma gives the equality
AR = Z7Y(A™YH!Z in rank i, where | = £1,R € 0(A),|Z| < (1 + )|A|. Then, in case | = —1,
Z7YA*Z = A*Q in rank i, where Q € 0(A), because of (Z3) where ¢(q1) = A*A, |A| < |A|. The
rest of the argument of the proof of Lemma 18.9 from [27] in this case remains valid because 0(A)
is normalized by A in rank 0 and all elements in 0(A) have length 0 (so the corresponding factors
do not affect length estimates).

In case | = 1, the equality AR = Z7'A~'Z, in rank 4, implies A" = Z~'A~"Z by Lemma 3.12.
Hence Z? commutes with A" in rank i. Therefore Z? commutes with any A", s = 1,2, .... Taking s
sufficiently large, we can apply Lemma 3.31 and conclude that Z2 = A?P in rank i, with P € 0(A).
Then again, Z?" = A% in rank i by Lemma 3.12. Therefore the word Z commutes with A% in
rank i. But the equality A" = Z~1A~"Z implies that Z1A9Z = A=% in rank i. Hence A% =1
in rank ¢. This would contradict the definition of a simple word and Lemma 3.26, if d # 0.

Consequently d = 0 and Z2? = P in rank i. Then Z has finite order in rank i by property (Z1.2).
This order must divide n by property (Z1.2), Lemma 3.12 and Lemma 3.26 since B™ = 1 in rank 4
for every period of rank < i. Therefore Z? = P € 0(A) implies that Z € 0(A) in rank i as n is an
odd number.

By Lemma 3.13 Z commutes with A™ in rank 4. It follows that A%" = 1 in rank i. This is the
final contradiction, as simple in rank ¢ word A has infinite order in rank ¢ by Lemma 3.26. ]

Lemma 3.34. Let A be a g-reduced disc diagram of rank i with the contour p1qip2qa, where ¢(q1)
and ¢(q2) are periodic words with simple in rank i periods A and B. Assume that |p1],|p2| < «|B,
lg1] > (1+ 2)|A], |g2| > 3en|B|. Then the word A is a conjugate in rank i of a word B¥'R, where
R € 0(B). Moreover it is equal in rank i to ¢(p1) ' BE R (p1) if the word ¢(q1) starts with A and
#(q2) ™t starts with B~1.

Proof. To prove the lemma, one should repeat the argument from Lemma 19.1 [27] up to the
reference to Lemma 3.31, instead of Lemma 18.7 [27] which provides us with the additional factor
R as compared with [27]. O

Lemma 3.35. Let A be a g-reduced disc diagram of rank i with the contour p1qi1p2qa, where ¢(q1)
and ¢(q2) are periodic words with simple in rank i periods A and B; |qa| > en|B|, |p1], |p2| < {nc for
c = min(|Al,|B|). Then either |q1| < (1+7)|A|, or A is a conjugate in rank i of a word B¥' R where
R € 0(B). Furthermore, equality A = B*' implies A= B~' and the paths qi, q2 are A-compatible
in A.

Proof. The statement can be reduced to the claim of Lemma 3.34 in the similar way as in Lemma
19.2 [27]. O

Recall that iy means 1if i =1/2, and ¢ +1if i > 1.

Lemma 3.36. 1) If | X| < iy then X" =1 in rank iy.
2) period A of rank iy is simple in any rank j < i.
3) Let A and B be periods of ranks k,l <4, and A ~; B for some j < k,l. Then A = B.
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Proof. 1) If X is a conjugate of a word of length 0 in rank i, the statement follows from (Z1.2).
Otherwise by Lemma 3.25 X is a conjugate in rank i of a word of the form A'P with |A| < |X|, P €
0(A) and A is either a period of rank < 4 or a simple word in rank 7. Then (A'P)" = A" by
Lemma 3.12. If |A| < iy, then A = 1 in rank i by the definition of relators of rank < i. Hence
X™ =1 in rank ¢, and consequently, in rank i,. If |A| = iy and so, A is simple in rank ¢, then
AV =Y B*'RY ! in rank i for a period B of rank i, some V € 0(A), R € 0(B) and a word Y,
by the definition of the set X ;. . Hence equality A" =1 in rank i follows from equality B" =1 in
rank ¢4 and Lemma 3.12.

2) Follows from the inclusion of the set of relators of rank j into the set of relators of rank ¢ for
j<i

3) If k were less than [, for example, then B = X A*'PX 1 in rank I_ for some X and P € 0(A)
as it was shown at Lemma 3.24, but this contradicts the choice of periods of rank [. If kK =, then
A = B by the definition of the set Xj. O

Lemmas 3.37 — 3.39 will be proved by simultaneous induction on the type of dia-
grams.

Lemma 3.37. Let w be a hub in a g-reduced diagram A of rank iy.. Then (1) the degree of contiguity
of arbitrary cell I to 7 is less than e; (2)arbitrary contiguity subdiagram I' of m to a cell 11 or to a
section p of the boundary OA, labeled by a A-periodic word where A is a simple in rank iy word or
a period of rank < iy, is of rank 0, provided in the last case that there are no cells compatible with
p, in A.

Proof. Consider a contiguity subdiagram I' between a hub 7 and another cell II. Let £ be one of
the bonds defining I". If 7(F) > 0, then the principal cell of E' has the contiguity degree to 7 at
least ¢, and this contradicts the statement of the lemma for a subdiagram of a smaller type (the
subdiagram does not contain IT). Thus F is a 0-bond.

Furthermore the same argument shows that a cell ' of positive rank from I' possesses no
contiguity subdiagram to 7 (to II if II is also a hub), with degree > . If II is a cell of rank > 1,
then by lemmas 3.38, 3.39 for I' and Lemma 3.17, one may apply Lemma 2.3 and conclude that
a contiguity degree of 7’ to II is less than @. Since side arcs of T" are of length 0, this contradicts
Lemma 2.4 because ¢ +a& < 7. Thus r(I') =0 if 7 #1I .

If IT is a hub, then (II, I, ) < e by property (Z2.3) because otherwise a subdiagram containing
hubs 7 and II could be replaced by a subdiagram of rank 0, but A is a g-reduced diagram. If IT
has rank > 1, then every maximal Y-band of I, starting on II, must end on 7 by Lemma 3.2, and
so I' AII cannot contain a subword of length > |A| since every letters of ¢(I' A 7) are distinct by
(Z2.2). Therefore (II,T', m) < ¢|01I| < ¢|0I1] by A1, and the lemma claim is proved for a contiguity
subdiagram between a hub and another cell.

If # = II, then again the bond E has rank 0, because otherwise the principal cell 7’ of this
bond differs from 7, and, by previous case, ©’ possesses no contiguity subdiagram of degree > ¢ to
7 contrary to the definition of a bond. Then r(I') = 0 as above, and the assumption (7,T',7) > ¢
would contradict property (Z2.2).

Finally, if I' is the contiguity subdiagram of the hub 7 to the boundary section p given in the
lemma hypothesis, then again the rank of the bond F is 0 as above, and then the same argument
shows that r(I') = 0. O

Lemma 3.38. A g-reduced diagram A of rank iy is an A-map.
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Proof. 1) Hubs have rank 1/2 and perimeter at least n by property (Z2.1). The perimeter of a cell
with a period of a positive integer rank j < iy is equal to nj. Thus A satisfies condition Al.

2) Let g be a subpath of OII, where r(IT) = j < iy, and let |¢| < max(j,2). Let p be a path
homotopic to ¢ in A, and I' denote the subdiagram with contour p~'q. If II does not occur in T,
then the type of I' is smaller than that of A, and I" is an A-map by the inductive hypothesis. If
also |g| < 2 and |p| < 2, then |0T'| < 3, and r(I') = 0 by Lemma 2.8. Then ¢(p) = ¢(g) in G(0),
which is impossible by the cyclic irreducibility of periods and, if II is a hub, by (Z2.2).

We suppose next that |g| < 7 and 7 > 1. If |p| < |q|, then |0T'| < 2j, and by Lemma 2.8, the
perimeters of all cells of positive rank in I' are less than 237!, and so r(I') < 2§37 'n < j by Al.
In this case, one can find a subword ¢(q) of the cyclic permutation of the period A of II, equal in
rank j—1 to the shorter word ¢(p). Thus, one has a simple in rank j—1 word A that is a conjugate
in rank j — 1 of a word of length < |Al; a contradiction.

We now assume that IT occurs in I'. Then II does not occur in the subdiagram I with contour
pq’ where ¢ is the complement of ¢ in the contour of II. Thus I is an A-map by the inductive
hypothesis. If r(II) > 1, then, by Lemma 3.17 2), no cell of I is compatible with ¢’. Hence,
applying Lemma 3.39 to I, ¢ is a smooth section in OI"”, and by Lemma 2.7, 3|¢’| < |p|. Therefore

gl <2(n—2)""¢'| <287 (n—2)""[p| < Ipl-

It remains to suppose that II is a hub. Then, by Lemma 3.37, there is no cell in IV with a
contiguity subdiagram to ¢’ of degree > . Hence ¢’ is a smooth section in OI'. Then again
lg| <2(n —2)"'37L|p| < |p|, which completes the verification of condition A2.

3) Let I" be a contiguity subdiagram of a cell of rank j to a cell of rank k in A, with p1gi1page =
d(m,T,II) and (m,[,II) > e. Then k > 1 by Lemma 3.37, and T" is an A-map by the inductive
hypothesis.

Assume first that j = 1/2. Then r(I') = 0 by Lemma 3.37. By Lemma 3.2 every maximal
Y-band of I' starting on g2 must end on ¢;, and therefore, by property (Z2.2), all the edges of ¢
have distinct labels. Hence |g2| < |A| = k < (1 4+ )k where A is the period of II.

Then suppose that j > 1. In this case, ¢; and go are smooth sections of ranks j and k, respec-
tively, in OI' by Lemma 3.17 2) and Lemma 3.39 applied to I'. Thus, applying Lemma 2.1 to T,
Ip1l, [p2| < ¢nmin(j, k). Hence, by Lemma 2.14, r = r(I') < min(j, k), and, by Lemma 3.36, the
periods B, A corresponding to w and II are simple in rank r. Thus, applying Lemma 3.35 to I,
either |ga| < (1 +7)|A| = (1 4+ 7)k (that is, condition A3 holds), or A = X B*'RX ! in rank r for
R € 0(B), and therefore A = B by Lemma 3.36. Hence, by Lemma 3.35, ¢; and ¢y are compatible,
contradicting Lemma 3.17 1). This completes the proof. ]

Lemma 3.39. Let p be a section of a contour of a g-reduced diagram A of rank i, and one of the
following two conditions holds.

(1) The path p is not a cyclic section and ¢(p) is an A-periodic word where A is a period of a
rank k < iy, and there are no cells in A, compatible with p or a simple word in rank iy .

(2)The path p is a cyclic section and ¢(p) = A™P where A is a simple in rank iy word and
PecO0(A).

Then p is a smooth section of rank |A| in OA.

Proof. Case 1. Suppose first that assumption (1) from the lemma holds. Let us check two
conditions from the definition of a smooth section.
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1) Let ¢ be a subpath in p, |¢| < max(]A[,2), and ¢ a path homotopic to ¢ in A. The subdiagram
I with contour gt~! is an A-map by Lemma 3.38. If |¢t| < |¢| < 2, then |0T| < 3, which gives a
contradiction as in the proof of Lemma 3.38. We can thus assume that |¢| < |A|. If A is a simple
in rank ¢y, word then it is not a conjugate in rank ¢, of a shorter word, and so we have, for the
subword ¢(q) of a cyclic permutation of A, |¢(q)| < |¢(t)], since ¢(q) = ¢(t) in rank 7. This enables
us to assume that r(A) =k < i,.

If we now suppose that [t| < |g|, then |OI'| < 2k, and by Lemma 2.8, r(I') = j < k. Then by
Lemma 3.36, A is simple in rank j, and we arrive at the previous case. Thus, the first condition in
the definition of smoothness of section of rank |A| is verified.

2) Let I" be a contiguity subdiagram of a cell I of rank j to ¢, where O(II, T", ¢) = p1q1p2g2 and
(IL,T,q) > e. If j = 1/2, then |g2| < |A| < (1 + 7)|A]| as in the proof of Lemma 3.38. Hence we
suppose that j > 1 and B is the period for II.

Subdiagram T" is an A-map by Lemma 3.38, and by the inductive hypothesis g2 is a smooth
section of rank |A| in 9T". The section ¢; is smooth of rank j by lemmas 3.17 2) and 3.39 applied to T".
Applying Lemma 2.1 to ', |p1], [p2| < ¢(nmin(j, |A|). Hence, by Lemma 2.14, r = (I") < min(j, |4]),
and by lemma 3.36, the periods A and B are simple in rank r. So, applying Lemma 3.35 to I,
either |ga2| < (1 +)|A]| (that is, the second condition in the definition of smooth section holds), or
A = XBYRX~! in rank r, where R € 0(B). Then, by Lemma 3.36, A = B*!, and by Lemma
3.35, 1 and g2 are A-compatible in I', that is, IT and ¢ are A-compatible in A, contrary to the
hypothesis of the lemma

Case 2. Suppose now the assumption (2) of the lemma holds. The label of the contiguity arc
¢2 in item 2) (and ¢(g) in item 1)) can be of the form U; PUy where U1Us is a phase decomposition
of an A-periodic word. By the definition of 0(A), by Lemma 3.6 and by Lemma 3.7 PUy = Us P’ in
G(0), where P’ € 0(A"),|P'| =0, A" is a cyclic permutation of A and U = U;U; is an A’-periodic
word with phase decomposition U - 1. Hence one can transform I' by adding a subdiagram of rank
0 whose contour labeled by UP'(U; PUs)~t. The new diagram I” can be considered as in Case 1,
because |P’| =0 and P’ can be can be considered a part of the label of the side arc of T".

The lemma, is proved. O

This together with Lemma 3.36 1) complete the proof of Proposition 3.19.

4 Subgroups of the free Burnside groups.

In this section we prove certain properties of free Burnside groups. Although Theorem 4.4 below
is of independent interest, this section plays an auxiliary role in the paper and can be skipped in
the first reading.

4.1 Sets of words with small cancellation

Let A ={ay,...,an} be an alphabet. For a constant ¢ > 1, we say that a word v is c-aperiodic if
for every word A, there are no non-empty A-periodic subwords w of v with |w| > ¢|A|.

Lemma 4.1. For every € > 0, one can find m = m(e) such that the set of (positive) (1 + ¢)-
aperiodic words in the alphabet A, = {a1,...,am} is infinite. Moreover, the number f(i) of such
words of length i > 1 is greater than m1=5/2)i
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Proof. First notice that one can assume that ¢ is sufficiently small and fix a number m such that

ey 1 —14E4-2 € 1
m—m2Tie —m s+ >ml~3 - mTHe (5)

Obviously, f(1) = m > m!'~%/2. We will prove the inequality f(i + 1) > m!'~¢/2f(i), for i > 1,
by induction on i.

By adding a letter to a (1 + ¢)-aperiodic word w’ of length i on the right, one obtains mf(n)
words of length i + 1. But some of these words w may contain non-empty A-periodic subwords
v with |v] > (1 + €)|A]| for some |A|. We need an upper estimate for the number of such “bad”
possibilities.

Clearly, the subword v must be a suffix of w, w = uv, since otherwise v would be a subword of
the prefix w’ of length 4 in w. Further we may assume that the word v starts with the period A, and
the previous argument shows that A is uniquely determined by v, because otherwise word w’ were
not (1 + e)-aperiodic. Since |A| < (1 + ¢)|v|, the total number of the words v of length k, which

k

can occur, is at most mT+<. Therefore the number of “bad” products w = uv with |v| = k and
|lu| =n+1—k,is at most f(n+1— k)mlk? By using the inductive hypothesis, one can substitute
the first factor by f(n)m(=%)(1=¢/2) Then, by summing over k > 2, we obtain
e k
fn+1) > mf(n) = f(n) Ym0 =

k=2

2
m71+%+ 1+4¢

fn) (m - ) >m!' "2 f(n)

€ 1
1 J— m_1+§+1+s

by 5, as required. O

Lemma 4.2. For any € > 0, there exists m = m(e) and an infinite set S of (positive) words
Ay, Ag, ... in the alphabet A,, = {a1,...,an} such that:

(1) every reduced product, whose factors belong to S, has no non-empty A-periodic subwords of
length > (1 + ¢)| A| unless the word A is freely conjugate to a product of some words of S;

(2) suppose that A" = UV’ and A" = UV", or A’ = V'U and A" = V"U, are distinct cyclic
permutations of the words of S (that is, U is a common prefiz or a common suffix). Then |U| <
& min|A'], |4"]).

(3) |Ai| = n,i=1,2,...

Proof. We can assume that ¢ < 1 and choose a number m; = m;(e;) for £; = /10 and an infinite
set of positive words By, Bo, ... in alphabet A,,,, according to Lemma 4.1. Then define m = smy
for a number s > 251_1.

Set A; = B;1...B; s fori =1,2,..., where B; ; are the copies of the word B; in the alphabet
Aj ={aij,...,am,;}. Throwing out, if necessary, a finite subset of {A;, Ag, ...} we can assume that
|A;| > n. Hence property (3) holds. Property (2) follows from the inequality s > 251_1 because the
alphabets A; are disjoint.

In particular, in any product AZ-Aj_l, we can cancel at most &1 (in length) of A; or A; if i # j,
and no letter of B; 1 or B;;_l can be cancelled in the product. Similar remark concerns the

product Ai_lAj.
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To prove (1), suppose that v is a non-empty A-periodic subword of a reduced form w =
fliill...fifl[l of a product Ail ...Afld, and |v| > (1 4 ¢)|A|. We may assume that v = A’A" A’
where A = A’A” and |A’| > €| A|, because otherwise we can just shorten the subword v.

Assume first that both occurrences A’ are contained in the same factor flil of w. Then v
a subword of the product B; ;... B; s, and the both occurrences of A’ are present in some B;, ;.
Hence v is a subword of B;, ;, contrary to the choice of the words By, B, . ...

Now assume, the first A’ of the decomposition of v starts in some flfld, and the last A’ ends

+1 is

in some Afﬁl with r > [. Then the definition of the words A; implies that v must contain at least
% > %s factors B;,; of some A;, where [ < k < 7. Then

2
|A'] > e(1+ 6)_1\v| >e(l+ 5)_16|Aik| > 3e1| A, |

By the choice of s, A’ contains a subword (Bik,tBik,t+1Bik7t+2Bik7t+3)il for some t. We will
suppose that the exponent is equal to +1. Hence a cyclic permutation of A is freely equal to a word
(Biyt+2Biy t+3) - - - (Biy tBi, t+1. This subword of w must be freely equal to a cyclic permutation of
a product of a number of factors Al?tl, because there is only one occurrence of the form B; ,B; 441
in all the words Ay, Ao, .... The lemma is proved. O

Remark 4.3. In the proof of Theorem 1.1, we do not need infinite collections of words satisfying
the conditions of Lemma 4.2. We only need a collection of words satisfying that conditions and
consisting of C'm words where C' is a constant depending on n (but not on m), C' > n > 25—0, and
m is a sufficiently large integer.

An explicit and easy construction of such collections of words can be found in [32]. Let us
repeat this construction here. Let us fix integers 7 > C? and m = rn. Consider an 72 X n-matrix
M where every odd-numbered column is equal to

(1,2, .0, 1,2,y 1,2, 00 7)
and every even-numbered column is equal to
(1,1,..,1,2,2,...,2, ...,y 7y oy T).

Now let us replace every number ¢ in column j of M by letter a; j. Rows of the resulting matrix can
be viewed as words of length n over the alphabet with m = rn letters {a; j,i =1,...,7,j =1,...,n}.
For example the first word is equal to a1 a1 2...a1 , etc. Let S = {wy, ..., w,2} be the collection of
these words. Let us call words from S and their inverses blocks.

It is mentioned in [32] (and obvious) that no two different words in S have a common subword
of length 2. Condition (3) of Lemma 4.2 holds by definition of the blocks. Since n > 22, condition
(2) of Lemma 4.2 holds.

To prove (1), consider a reduced product W = wil..w;*

iy Wi of words from S, s; = *1, where
ww?tt £ 1,5 =1,...,k — 1. Suppose that W contains an A-periodic subword V where V| >

B Tt
(1J—i- €])J\FA|. Since n > 4 /e, we can assume that V' contains a subword AB where B is the beginning
of A of length 4. Then either the first two letters of B are in one block of W or the last two
letters of B are in one block of W. Since every block is completely determined by any of its 2-letter
subwords, we can shift A to the left or to the right in W, replacing A by a cyclic shift A’ of A,
such that A’ starts with the beginning of a block and ends with the end of a block. Then A’ is a

product of blocks as required.
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4.2 Subgroups of B(m,n) satisfying the congruence
extension property

We say that a subgroup H < G satisfies the congruence extension property if for every normal in
H subgroup N there is a normal subgroup L of G, such that N =L N H.
In this section, we prove

Theorem 4.4. For any sufficiently large odd n, there exists m = m(n) such that the free Burnside
group B(m,n) has a subgroup H with two properties:

(1) H is isomorphic to the free Burnside group B(oo,n) of the infinite countable rank;

(2) H satisfies the congruence extension property in B(m,n).

(3) the words Ay, Ag,... representing the free generators of H can be effectively chosen in
accordance with Lemma 4.2, and for everyl > 1, the free Burnside subgroup generated by A, ..., A,
also possesses the congruence extension property in B(m,n).

There is no doubt that the theorem can be proved for m(n) = 2 (for n big enough), but for our
purposes in this paper, it suffices to prove a weaker statement.

The proof of Theorem 4.4 follows very closely Section 6 of [27] although we repeat a few notation
and definitions from [27].

In particular, we use the positive parameters «, 3,7, 0,¢,(,t,n from Section 2. Let m = m(e)
be taken according to Lemma 4.2. Then we fix the infinite set of words Ai, Ao, ... which exists by
Lemma 4.2. By Lemma 4.2 (3) the words Ay are sufficiently long, say, |Ax| > n. Let H be the
subgroup generated by all words Ay, As, ... in the free Burnside group B(m,n) with the free basis
A=A{ay,..,an}.

Suppose that v is a (cyclically) reduced word of length ¢ in certain variables x1,...,xs. The
(cyclic) word v(Ay,. .., As) = A" ... Al* obtained by replacing A; for z; will be called a (cyclic)
H-word and will be considered together with its decomposition into factors AZI? ey A?:.

Lemma 4.5. The words A1, Ay ..., satisfying conditions (1) and (2) of Lemma 4.2, freely generate
a free Burnside subgroup of exponent n in the group B(m,n).

Proof. To prove the lemma, we consider the graded presentation of B(m,n) from Section 18 in [27].
Assume there is a non-trivial relation v(Ay,...,A;) = 1. Then there is a g-reduced diagram A of
some rank i > 0 whose boundary label ¢(q) is freely equal to an H-word. Proving by contradiction,
we may suppose that the number of cells of A is minimal.

By Lemma 2.5, there is a cell IT of A and a contiguity subdiagram I" with (II,T",q) > €. Since
ne > 2, we obtain, by Lemma 4.2(1), (3) that II corresponds to a period A where A is freely
conjugate to an H-word A. By Lemma 4.2(2) the boundary label ¢(¢') of the subdiagram A’
obtained from A by cutting off the cell II, is freely equal to an H-word also, and ¢(q) is freely equal
to the product of ¢(q’) and a word X A" X ~! for some H-word X. By the minimality of A, diagram
A’ corresponds to a relation v'(Ay,...,A;) = 1 such that v/(z1,...,2;) follows from the Burnside
identity 2™ = 1. Then the relation v(Ay, ..., A;) = 1 follows from Burnside relations too. O

Let A be a map. A smooth section ¢ of rank 1 in the contour 0A is said to be e-section if for
any cell 7 of A and any contiguity subdiagram I', (7, T',¢q) < e.

Let us now fix an arbitrary normal subgroup N in H. We would like to define a group presen-
tation of the factor group of B(m,n) by the normal closure of N in B(m,n).
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We denote by T the set of all H-words (in the alphabet aq,...,a,,) representing elements of
N, that are cyclically reduced as elements of the free subgroup H (of the absolutely free group)
with generators Ap, As,.... In particular, T contains all powers of the form v(Aq,..., As)". The
following alteration of the definitions from Section 18 of [27] depends on N.

We define G(0) = F'(A) to be the absolutely free group with the empty set R of defining words.
For every ¢ > 0 a non-trivial word A is called simple in rank 4 if it is not conjugate in rank 7 (i.e.
in group G(i)) either to a power of a period B of rank k, where 1 < k < i, or to a power of a word
C, where |C| < |A], nor to an H-word.

Every word of T is included in the system R; of relators of rank 1. (Let us call them T-relators.)
We also include words a7, ..., a;, in the system R;. Every word ay of length 1 is, by definition, a
period of rank 1, and G(1) = (A | Ry).

For ranks 7 > 2, the definitions of simple in rank ¢ — 1 words, periods of rank ¢ and the group
G (i), G(00), given in Section 18 of [27] remain valid.

Instead of Lemma 18.1 [27] we claim now that the following statement holds.

Lemma 4.6. Every word X over A is a conjugate in rank ¢ > 0 either of a power of some period
of rank j < i or of a power of a simple in rank i word, or of an H-word.

The proof can be easily derived from the definition as in [27].

Analogs of Lemma 18.2, Corollaries 18.1 and 18.2 are not used in the proof, so we do not need
them now.

The following statement replaces Lemma 18.3 [27].

Lemma 4.7. If a word X has a finite order in rank i, then it is a conjugate in rank i of a power
of a period of rank k < i or of an H-word.

There are no changes in the proof as compared with [27].

Assume that II is a T-cell (i.e. it corresponds to a T-relator) in a g-reduced annular diagram A
of rank ¢, and I is a contiguity diagram of the cell II to itself, such that the hole of A is “surrounded”
by II and T, i.e. the union of IT and I" does not belong to any disc subdiagram of A (see Figure

12).
(yE—
O
S e,

Fig. 12.

q1
q2

The subdiagram T is of rank 0 by Lemma 4.13 (1) applied for a smaller rank. If the degree of
I'-contiguity of II to II is at least ¢, we call IT a hoop. The reduced boundary g of a hoop can be
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decomposed as q1pgap !, where p, p are the contiguity arcs of T',, ¢(p) is freely equal to ¢(p), and
so |p|, |p| > €lq|. In view of property (2) of Lemma 4.2, there is a subpath p’ of p, such that ¢(p’) is
a unique subword of a unique word Afl. (More details of such an argument can be found in §2 of
[28].) This implies that the words ¢(¢q1) and ¢(g2) are freely conjugate to some H-words. Besides,
it follows from T-relations that X¢(q1)X ! = ¢(go) ! for some H-word X.

Lemma 18.4 in [27] remains unchanged:

Lemma 4.8. If A and B are simple in rank i and A is equal in rank i to XB'X ™! for some X
then | = £1.

The proof does not change much also. Notice only that by definition, a simple word of rank
i > 1 cannot be conjugate in rank ¢ of an H-word. Therefore the diagram A from the proof of
Lemma 18.4 [27], cannot have hoops, and so the analog of Lemma 19.4 [27] (see Lemma 4.15 below)
is applicable.

The formulation of Lemma 18.5 changes as follows.

Lemma 4.9. If words X andY are conjugate in rank i and X is not a conjugate of any H-word in
rank i then there exists a word Z such that X is equal to ZY Z~' in rank i and |Z| < a(|X |+ |Y]).

The additional assumption that X is not a conjugate of an H-word again allows us to apply
Lemma 4.15, the analog of Lemma 19.4 [27].

Consider a section ¢ of a contour of some diagram A, where ¢(q) is freely equal to an H-word.
We call ¢ an H-section. Assume that there is a T-cell II in I with boundary path p starting with a
vertex o of OII, and there is a path ¢ having no self-intersections, which connects o and a vertex o’
cutting ¢ into a product g1q2. We say that II is compatible with ¢, if the boundary label of the path
qit " 'ptgo, without self-intersections, is freely equal to an H-word. Obviously, one can cut such a
cell out of A replacing ¢ by another H-section. The definition of compatibility can be generalized
in the case when ¢(q) is a subword of a reduced form W of an H-word with |¢(q)| > ¢|W| in view
of Lemma 4.2(2). (Such a path ¢ is also an H-section by definition.)

Similarly, one defines the compatibility of two T-cells in a diagram. A pair of two compatible
T-cells can be substituted by (at most) one T-cell. Therefore a g-reduced diagram of some rank
i cannot contain pairs of compatible T-cells or j-pairs in the terminology of [27] for j = 1. For
Burnside cells (i.e. cells corresponding to relations of the form A™ = 1 where A is a period of rank
j > 0) we are using the same definition of j-pairs as in [27].

Lemma 4.10. Assume that a word W is a conjugate of an H-word in rank i. Then W = Uvu-—t,
in rank i, for some H-word V and some word U, such that |V| < B7L[W| and |U| < 2|W|.

Proof. Consider a g-reduced annular diagram A for the conjugacy of W to some H-word V. We
may assume that there are no hoops in A, because otherwise one can replace A by a diagram of
a smaller type, that also demonstrates the conjugacy of W to a subword of the boundary label of
a hoop. For the same reason, we may assume that A has no T-cells compatible with the contour,
say p, of A labeled by V. Then A is an A-map and p is a smooth section of A by Lemma 4.16.
Then |V| < 871/ W| by Lemma 2.7, and the word U can be taken in such a way that

Ul <a(l+ 57w < 2(w|

by Lemma 4.9. O
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The following Lemma implies malnormality of the subgroup H in B(m,n).

Lemma 4.11. Let V and W be two non-trivial in rank i H-words and W = UVU™L in rank i.
Then the word U is itself equal in rank i to an H-word.

Proof. Let A be a g-reduced annular diagram of rank ¢ with contours p and ¢ labeled by V and W
respectively. One can assume that there is a path ¢t = ¢ — p_ in A, such that ¢(¢) = U in rank q.
Then it suffices to show that ¢(¢) is freely equal to an H-word.

One can suppose that A has no T-cells compatible with the contours, because otherwise our
problem reduces to a similar problem for an annular diagram of smaller type. If A has a hoop,
then ¢ can be constructed as a product tit2t3 where the path to cuts the hoop and t{,t3 are the
cutting paths for annular subdiagrams of smaller types whose labels are H-words by induction.
Thus, we may assume that there are no hoops in A. Then both p and ¢ are e-sections by Lemma
4.14. Tt follows that A has rank 0, because otherwise the inequality ¥ > 2¢, Lemma 2.4 and Lemma
4.15 lead to a contradiction. Then the desired property of A follows from the malnormality of the
subgroup generated by the words Aj, A, ... in the absolutely free group F'(A), which, in turn, can
be easily derived from the statement of Lemma 4.2(2). O

Next as in [27, Section 18] we prove analogs of lemmas 18.6,18.7, 18.8 by a simultaneous induc-
tion on the sum L of the two periods involved in the formulations of these lemmas. The formulations
of these lemmas do not change.

Lemma 4.12. (Analog of Lemma 18.6 [27].) Let A be a g-reduced disc diagram of rank i with
contour p1qip2qa where ¢(q1) and ¢(q2_1) are periodic words with period A simple in rank i. If
Ip1l, [p2| < @|A| and |q1,|g2| > (2h + 1)|A|, then q1 and g2 are A-compatible in A. (The inductive
parameter is L = |A] + |A].)

Proof. As in the proof of Lemma 18.6 from [27], assume that A is a prefix of both ¢(g1) and qzb(q{l)
by making if necessary p; a little longer (by at most 1/2|A|). The new path is also denoted by p.

Notice first that if ¢(p;) is not a conjugate of an H-word in rank ¢ then in any g-reduced annular
diagrams of rank < i where one of the contours is labeled by ¢(p1), there are no hoops. So the
proof proceeds as in [27].

Otherwise, as in [27], consider the annular diagram A of rank i with boundary labels W = ¢(p1)
and W’ = ¢(¢')p(p2)~!. Then W, W' are conjugate in rank i of some H-word. If W = 1 in rank i
then there is nothing to prove. Thus we assume that the word W is non-trivial in rank <.

Inequalities (2), (3) from Section 18 of [27] are still valid:

W[ <alAl, W< (@™~ 1)(%5_1|A\ +1A]) + 2041 < (57" = D(Ja2] +2]A4])
By Lemma 2.10, one can find H-words V and V' such that
VI < B7HWI < B~ lalAl < Al [V <718 = 1)(5/607A| + |A]) < 86 |A],
and, in rank i, W = UVU L, W' = U'V'U'~L, where |U| < 2|4|, |U’| < 28571|A| by Lemma 4.10.
On the other hand, QW Q™' = W', in rank i, for Q = ¢(g2), |Q| > 26| A (recall that h = 6~ 1).

Therefore H-words V and V' are conjugate in rank i by the product U’~'QU. By Lemma 4.11, this
product must be equal, in rank ¢ to an H-word X.
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Let Ag be a g-reduced diagram of rank i for the equality (U')"'QU = X. Its contour has a
natural decomposition (u/)"'quaz~!. By changing H-word X, one can suppose that there are no
T-cells compatible with z in A. Hence this section is an e-section of Ay by Lemma 4.14. Therefore
the sum of the degrees of contiguity of an arbitrary cell IT of A to g and to z, is less than a+¢ < 2/3
by Lemmas 2.3 and lemma 4.16 below. Recall that @) is a periodic word with the simple in rank ¢
period A.

Notice that

o+ Jul < 2035~ +1)]A] < 20?571]4] < a?lg].

Thus, there is an 0-bond between ¢ and x by Lemma 2.10 (we have mentioned above that the other
possibility from that lemma is not possible). Then g = ¢(1)eq(2), for the contiguity edge e of the
0-bond. If the length of ¢(1) or ¢(2) is greater than 2a~2(36~! + 1)|A|, then one is able to get a
new (-bond between ¢ and = by Lemma 2.10. By keeping obtaining new and new such 0-bonds,
we conclude, that there is a subpath ¢(0) of ¢ and a contiguity subdiagram I'(0) of rank 0 between
¢(0) and z, where [g(0)] > |g|/2 > 2|4| > (1 +¢)|A].

Consequently, a reduced form of the H-word X! has an A-periodic subword of length >
(1+¢)|A|. By Lemma 4.2(1), the word A is itself freely conjugate to an H-word. This contradicts
the definition of simple words and completes the proof of our lemma. O

The proofs of Lemmas 18.7, 18.8 remain unchanged.

The formulations of lemmas 18.9 - 19.3 [27] are left unchanged. The proofs are also unchanged.
Only when we apply our analog of Lemma 18.3 (Lemma 4.7 above) in the proof of Lemma 18.9, we
take into account that by T-relations every H-word has order dividing the odd number n in rank
i > 1. In the proof of the first statement of Lemma 19.3, one should remember that the reduced
form of W™ is included in the list of T-relators for an arbitrary H-word W.

In order to prove analogs of Lemmas 19.4 and 19.5 [27], we need two more Lemmas 4.13 and
4.14. These two lemmas and our analogs of Lemmas 19.4, 19.5 [27] will be proved by
a simultaneous induction on the number of positive cells.

Lemma 4.13. Let I" be a contiguity subdiagram of a cell m to a T-cell 11 in a g-reduced diagram
A of rank i+ 1. Then:

(1) the rank r(I") is 0 and

(2) if # £ 11, then (w,T,11) < e.

Proof. We can assume that the statement of the lemma is not true and the triple (7,T,1II) is a
minimal counterexample in the sense that |T'(2)| is minimal possible.

Since [I'(2)| < |A(2)], the subdiagram I'" is an A-map by Lemma 4.15. Let p1qip2g2 = O(w, T, I1).
Notice that |p1]| = |p2| = 0, because otherwise the principal cell of one of the bonds defining I would
be a positive cell with degree of contiguity to II at least €, which would contradict the minimality
of our counterexample.

There are no cells in I' which are compatible with either g; or g because otherwise these cells
would be compatible with cells in A, and A would be a non-g-reduced diagram. Then ¢o is an
e-section by Lemma 4.14(2) for I'. Also ¢; is a smooth section in 0I' by Lemma 4.16 or 4.14 (2).
Therefore the sum of contiguity degrees of any cell of I" to ¢; and ¢ is less than & 4+ e < 7, and so
r(I') = 0 by Lemma 2.4.
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Assume that (7,[',II) > €. It follows from Lemma 4.2(2) that the cells 7 an IT are compatible
if mis a T-cell. But this is impossible in the g-reduced diagram A. If 7w is not a T-cell, we
obtain a contradiction to the definition of periods by Lemma 4.2(1). Thus the lemma is proved by
contradiction. O

Lemma 4.14. Let I' be a contiguity diagram of a cell m to an H-section q of the boundary of a
g-reduced diagram A of rank i + 1. Assume there are no T-cells compatible with q in A. Then:
(1) r(T') =0 and
(2) q is an e-section of OA.

Proof. The proof is analogous to the proof of Lemma 4.13. 0

The formulation of Lemma 19.4 of [27] is modified:

Lemma 4.15. A g-reduced diagram of rank i + 1, having no hoops, is an A-map.

Proof. The perimeter of any T-sell is at least n by Lemma 4.2 (3), and so condition Al is true.
The proof of part A2 remains the same except at the end the argument related to A-compatibility
should be replaced by a similar argument related to the compatibility of a T-cell with an H-section,
if the cell II is a T-cell. The assumption (7,T',II) > ¢, in part A3 means that II is not a T-cell by
Lemma 4.13(2), since m # II (the diagram contains no hoops). Therefore there are no changes in
the proof of this part if 7 is not a T-cell as well. Otherwise the inequality |g2| < (1 + )| A| follows
from Lemma 4.13(1) and Lemma 4.2(1) (because v > ¢). O

We add one more possibility to the hypothesis of the analog of Lemma 19.5 in [27]. This lemma
is now formulated as follows.

Lemma 4.16. Let p be a section of the contour of a g-reduced diagram A of rank i +1 and one of
the following possibilities holds:

o The label of p is an A-periodic word where A is simple in rank i + 1,

o The label of p is an A-periodic word where A is a period of rank k <i+1, and A has no cells
of rank k A-compatible with q.

e The label of p is an H-word and there are no T-cells in A which are compatible with p.

(If p is a cyclic section then in the first two cases we further require that ¢(p) = A™ for some
integer m.) Then p is a smooth section of rank |A| in the first and the second cases and of rank 1
in the third case, in OA.

Proof. We need to prove the two properties from the definition of a smooth section.

1. The proof that every subpath of p of length < max(k, 2) is geodesic in A coincides with part
1) in the proof of Lemma 19.5 [27] if ¢(p) is not an H-word. In the case when ¢(p) is an H-word,
this property follows from Lemmas 4.13, 2.8 and 4.2.

2. The proof that for every contiguity submap I" of a cell 7 to p satisfying (7, ", p) > € we have
I Ap| < (14 7)(i+ 1) proceeds along the lines of part 2) of Lemma 19.5 [27]. But we need to
consider a new case when 7 is a T-cell. In this case, 7(I') = 0 as in the proof of Lemma 4.13 (one
should just replace 7 for ¢). Then the inequality |ga| < (1 + )(i + 1) follows from Lemma 4.2(1)
and from the definition of T-relations.
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If ¢(p) is an H-word, then the second property of smooth sections follows from Lemma 4.14

(2) =

Lemma 4.17. The constructed group G(oo) satisfies identity =™ = 1.

Proof. This immediately follows from Lemma 19.3 (1) [27] (its formulation remains the same in
our situation). That lemma states that the order of every word of length at most 7, in rank i, is a
divisor of n. O

Proof of Theorem 4.4. By Lemma 4.5, it remains to show that for arbitrary normal in H
subgroup N, the intersection of the normal closure L of N in B(m,n) and H is equal to N, i.e. any
H-word w representing an element of L, represents an element of V.

Consider the group G(oo) constructed above for this particular N. Since w represents an
element from L in B(m,n), it belongs to the normal closure, in the absolutely free group, of T-
words and all words of the form A” = 1. By Lemma 4.17 and the definition of G(1) then w
represents 1 in G(oco). Therefore there is a g-reduced diagram A of some rank i whose boundary
label ¢(q) is freely equal to w.

By contradiction assume that the H-word w does not represent an element of N, and the
diagram A has minimal possible number of positive cells.

By Lemma 2.5, there are a cell IT of A and a contiguity subdiagram I' of rank 0 with (I, I, ¢) > €.
If I is a T-cell, then it must be compatible with ¢ by Lemma 4.2(2). Therefore when we cut the
cell IT from A, we multiply (in the free group) the boundary label of A by a word U of the form
VWV~ where W is the boundary label of II, and V is an H-word. Since W represents an element
of N, V represents an element of H, and N is normal in H, the word U represents an element of
N. Hence the boundary label of the resulting diagram A; is an H-word which does not represent
an element from N. So Aj is a counterexample with a smaller number of positive cells. If II is not
a T-cell, i.e. it corresponds to a relation A™ = 1, then we get a contradiction with Lemma 4.14(2).

It is clear that if H is a subgroup of B(m,n) satisfying properties (1) and (2) from Theorem
4.4 then any subgroup generated by finitely many of the free generators of H is also free in the
variety of Burnside groups of exponent n, and has the congruence extension property because
retracts of subgroups with the congruence extension property also have this property and because
the congruence extension property is transitive (if H; has the congruence extension property in H
and H has it in G then H; has the congruence extension property in G).

Theorem 4.4 is proved.

4.3 Burnside groups and free products

The following lemma is Theorem VI.3.2 from [2] (or Theorem 19.5 from [27]).
Lemma 4.18. The centralizer of every non-trivial element of B(m,n) is cyclic of order n.
We are going to use the following Lemma repeatedly in Section 6.

Lemma 4.19. Ifa,b,c € B(m,n), n >> 1 odd, a # 1, [a,c] = 1, [bab™!,c] = 1 then [b,c] = [b,a] =
1.
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Proof. Indeed, suppose that [a,c] = 1, [bab~!,¢] = 1. By Lemma 4.18, the centralizer of every
non-trivial element of B(m,n) is cyclic of order n. Hence a,bab™!,c belong to the same cyclic
subgroup C of B(m,n). Therefore bCb~! and C are non-trivially intersecting cyclic subgroups of
order n. By Lemma 4.18, bCb~! = C. Hence (b,C) is a finite subgroup of B(m,n) (or order at
most n?). By Theorem 19.6 from [27], (b,C) is cyclic of order n, so b € C. Hence [b,c] = 1 as
required. ]

In order to prove Proposition 6.17 below, we will need some properties of free products. Let P
and @ be two free groups. Elements of the free product P * () are represented by words of the form
P1q1P2...GsPs+1 Where p; € P, i = 1,....,s + 1, is called a P-syllable, ¢; € Q, i = 1,..., s, is called
a @-syllable. By definition, a P-syllable (resp. @-syllable) is a maximal subword over the set of
generators of P (resp. ). Elements of P and @ are called 1-syllable elements.

A word p1qi...psqsps+1 from P x Q, where p;, q; are syllables, is called *-reduced in P * Q if
none of its syllables except possibly for p1,psi1 is equal to 1. If a product is *-reduced, it is not
equal in P x ) to such a product with smaller number of syllables. The P-syllable ps41 is called
the last syllable of p1qi...psqsps+1 (even if psy1 is empty). If in p1qi...psqsps+1, a syllable, say, p;,
is freely equal to 1, we can remove it and glue g;_1 with ¢; to form a new @-syllable. Applying this
operation several times, we get a *-reduced in P * @) form of the product which is unique. Notice
that a word which is *-reduced in P % Q may not be freely reduced (as a word written in the free
generators of P and Q).

Let v : P — P be a homomorphism of P onto a group P satisfying the identity z” = 1. We
say that a word h of P x Q is t-trivial if the 1-image of every syllable of h is 1 in P.

Lemma 4.20. Let hi, hy be words in P x Q which are equal modulo Burnside relations. Then the
following properties hold.

(i) If hy is Y-trivial, and he is of minimal length among all words which are equal to hy modulo
Burnside relations then ho is Y-trivial.

(ii) Suppose that hy has exactly two P-syllables p,p’ with non-trivial -images, hy = xpyp'z,
and y is not equal to a word in P modulo Burnside relations. Then hg is not y-trivial.

(iii) If hy is -trivial, hy # 1 modulo Burnside relations, he € P, and modulo Burnside relations
hi = xhox™ ! for some x € PxQ, then there exist words x1 € P*Q such that a:1h2x1_1 = hy modulo
Burnside relations and the word m1h2xf1 18 Y-trivial.

Proof. (i) Obviously we can assume that hy is *-reduced. Consider a g-reduced diagram A over the
graded presentation of the free Burnside quotient of P x () from Section 18 of [27] corresponding to
the equality h1 = ho. If the rank of A is 0 then hy = ho in P x (), and each syllable of the word hs
(of minimal length) must be a product of several syllables of h;. Hence hg is 9)-trivial.

Suppose that the rank of A is > 0, and 9(A) = s1s2 where ¢(s1) = hq, <Z>(82_1) = ho. Since s9 is
geodesic, s is a smooth section of rank |ss|. By Lemma 2.4, part a), and Lemma 2.3 there exists a
cell IT of rank > 0 and its contiguity subdiagram I" to s; of contiguity degree > 1/2 — v —«a > 3e.
By Lemma 2.6, A contains a cell 7 and a rank 0 contiguity subdiagram I of 7w to s1, such that
the contiguity degree of I is > e. Let ¢ be the contiguity arc of IV on 9(r), |t| > £|0(7)|. There
are two possibilities.

Case 1. The period of ¢(9(n)) is a 1-syllable word. Then ¢(d(w)) is a 1-syllable word, and one
can cut the subdiagram 7 UT” from A preserving the i-triviality of ¢(s1). Here we use the fact
that P satisfies the identity 2 = 1.
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Case 2. The period A of ¢(9(m)) contains at least 2 syllables. Since I is a diagram of rank
0, and en > 2, every syllable of A is a syllable of ¢(s;)*! = hfl. Hence A is 1)-trivial (since hj is
y-trivial). Therefore, again, one can cut the subdiagram I' U 7w from A preserving the -triviality
of ¢(s1): we replace subword A of ¢(s1)*! by A" and reduce the resulting word.

Thus in each of these cases we replace A by a diagram of smaller type, and complete the proof
by induction on the type of A.

(ii) By contradiction assume that hg is t-trivial. We have that pyp’ = 27 'hez~!. By part (i)
of this lemma we can replace 2~ 'hoz~! by a 1)-trivial word h of minimal possible length. Consider
a g-reduced diagram A with d(A) = sit1sate where ¢(s1) = p, d(t1) = y, d(s2) = p, ¢(t5') = h.
If the rank of A is 0 then pyp’ = h in P * Q. Since y is not equal to a word from P and is v/-trivial,
and ¥ (p) # 1, we have that the *-reduced in P * @ form of pyp’ is not t-trivial, a contradiction
with the -triviality of h.

If the rank of A is > 0 then as in part (i), we get a cell 7 and a contiguity subdiagram T’
of m to one of the subpaths s1,t1, s with contiguity degree > ¢, such that I has rank 0. Since
¢(s1) and ¢(s2) are 1-syllable words, the period A of 7 is a 1-syllable word if T is a contiguity
subdiagram to s; or sg. If IV is a contiguity subdiagram to ¢1, A is a 1-trivial word. As in part (i)
we can remove [V U from A preserving the structure of the boundary of A and the condition that
¢(y) is a -trivial, and does not belong to P modulo Burnside relations, ¢(s1), ¢(s2) are 1-syllable
words from P, 1(4(s1)), ¥ (d(s2)) # 1. We can complete the proof by induction of the type of A.

(iii) Consider a g-reduced annular diagram A with pointed contours si, s2, where ¢(s1) =
h1,¢(s2) = ha. If the rank of A is 0 then hy = zhoz ™! in P % Q and whoz ™! is 1-trivial.

Suppose that the rank of A is > 0. As in parts (i), (ii), we can remove a cell of rank > 0 from A
and change s1 or s preserving ¢(s1), ¢(s2) modulo Burnside relations. The labels of the contours
s}, sh of the new annular diagram satisfy all the conditions of part (iii) of the lemma, and again
we can complete the proof by induction on the type of A. O

Lemma 4.21. Suppose that h,g € PxQ, and there is no x € PxQ such that g = xpx~ " h = ap'z ™!

modulo Burnside relations for some p,p’ € P. Suppose also that h, the *-reduced forms of ghg™',
and a word b which is equal to g~ 'hg modulo Burnside relations are 1-trivial. Then g is 1-trivial.

Proof. Suppose that g is not -trivial. Let g = gi1pgo where go is y-trivial, p is a P-syllable,
¥(p) # 1. Consider the *-reduced form of ghg~! = glpgghgglp_lgfl. Since this word is ¢-trivial,
and go is also v-trivial, the syllable p is glued with a P-syllable p;, of h and with the syllable p—!
of g7!. This means that h = gglphgg in the free group P * @, and the *-reduced form of ghg™*
is gipprp gy ! This implies that g is 9-trivial, so g has only one P-syllable with non-trivial
1-image. Now consider the *-reduced form b’ of the word ¢~ 'hg = gz_lp_lgl_lgglphggglpgg.

Since b is equal to b’ modulo Burnside relations and b is v-trivial, we can conclude by Lemma
4.20(ii) that gl_lgglphgggl is equal to a word p” € P modulo Burnside relations. Taking the
projection of the equality (g2g1) 'prgag1 = p” onto the subgroup P, we get P(g2g1) ' paP(g291) =
p” modulo Burnside relations, where P(gog1) is the P-projection of gag;. Therefore P(g291) " (g291)
centralizes pp, modulo Burnside relations. Since the centralizers of pj in the free Burnside quotient
of P and P x Q have order n (by Lemma 4.18), these centralizers coincide. Hence P(g2g1) 'g201
belongs to P modulo Burnside relations, so gog1 € P modulo Burnside relations. Then g2gg, le
P, g2hgy 1 = 9295 1phgggg_ ' — p, € P modulo Burnside relations, which is impossible by our
assumption. [
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5 The presentation of the group

Fix some numbers first. We use the same odd number n >> 1 as in the previous sections. Let
N > n, and let m = m(n) be the number which exists by Theorem 4.4.

5.1 S-machines and their interpretation

In this section, we define an S-machine consisting of a set of (positive) S-rules ST. Using this
S-machine, we define our group §.

We start with definition of the generating set X of the group § and the alphabet of the S-
machine.

Let A be the set {ai,...,an}. Let Q be the set {0, ...,2n + 1}.

The set ST that we shall define in the next section, will be the union of disjoint sets S}, w € Q,
and the set {cy, ..., con} called the set of connecting rules. For each w € {0, ...,2n}, the set S will
consist of m rules, one for each letter in A. The rules from U™ .S, U {cy,...,ca,} will be called
working rules.

The rules from S;n 41 will be called cleaning rules. The set S;’n 41 will be in one-to-one corre-
spondence with the set of all working rules (thus the set of cleaning rules and the set of working
rules are disjoint but have the same cardinality).

Consider the alphabet

K = {\(4,w),s(4), p(i), 7 (i, j,w), ® (i, j,w),i =1,.... N,j =1, ...,n,w € Q}.

Elements of K will be called K-letters or K-letters. Let also K be the set of letters obtained
from K by removing the Q-coordinate w, and let us call the corresponding map from K to K the
K-projection. The preimage of every letter z € K under the K-projection will be denoted by K(z).
For every z € (K)~! we denote K(z7!)~! by K(z). Sometimes it will be convenient to assume
that letters with K-projection (i) or p(i) also have Q-coordinates but we identify all letters x (i, w)
with (i) and all letters p(i,w) with p(7).

If U is any word containing letters from K, and w € ), then we define U(w) as the word,
obtained from U by replacing every letter z from K\{x(i),p(i),i = 1,...,N} by z(w) (in other
words, we add the coordinate w to each letter from K in U except (i), p(7)). In this case we shall
call w the Q-coordinate of U(w).

For every z € K\{\(i), p(i),k(j),1 <i < N,j = 2,..., N} consider a copy A(z) of the alphabet
A. For each z € {\(7),p(i),1 <1i < N}, consider the set A(z) which is a copy of the set of working
rules: with every working rule 7 we associate a letter 7(z) in A(z) (all sets A(z) are disjoint).
Notice that we have not defined the sets A(k(j)), j =2, ..., N. For convenience we assume that all
these sets are empty.

Let A be the union of all the sets A(z), z € K. Elements of this set will be called A-letters.

Consider also the set of R-letters R = {r(7,2),7 € ST,z € K}.

Now let

X =KUAUAURU {t}.

This is the generating set of our group. We rank some of the letters in X in the following way:
K > R > A, that is t has the highest rank, letters from K have rank lower than t but higher than
all other letters, etc. For every word over X we can consider its t-length, K-length, etc.

Consider the following word A over K:
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ADr()p(1) R (1L, 1)R(,1)... 7R (1 1,n)... (6)
AMN)&E(N)p(N)R(N,1)% (N,1)..® (N,n)%" (N,n)
The word A(0) will be called the hub.

We define a circular order on K according to the appearance in A if we consider the word A
as written on a circle. For every z € K let z_ be the letter immediately preceding z in our order,

2
A

and let z4 be the letter next to z in that order. We extend that order also on letters from K I
z€ K then (271 _ = (2,)7 Y, (2714 = (2-)~!. We define a corresponding disc order on K UK ™!:

z2(w)+ = 24 (w).

For every z € K we set A(z) = A(2~"). Also by definition for every z € K with K-projection
z we let A(zH1) = A(2H).

The language of admissible words consists of all words of the form yyujysus...y; where y; € K,
u; are words in A(z;), i =1,2,...,t — 1, and for every i = 1,2..., either y;11 = (y;)+ Or yj41 = yfl.
Thus all K-letters in an admissible word have the same Q-coordinates. (Notice that A(w) is an
admissible word for every w.) The subword y;u;y;+1 is called the y;-sector of the admissible word,
1 =1,2..... Two admissible words yiuiyous...y; and yjujysus...y, are considered equal if t = ¢/,
yi=yl,i=1,..,t,and u; = v}, ¢ = 1,...,t — 1, in the free Burnside group (later on we will identify
these admissible words if y; = y, and u; = «} in the group H}, defined below).

Recall that the set of defining relations of the group § consists of the hub A(0), relations
corresponding to the S-rules, t-relations and wu-relations. We are going to present these relations
now.

We start with defining the set of S-rules (an S-machine in the terminology of [33]) and the
corresponding defining relations.

Each rule means simultaneous replacing certain subwords in admissible words by other subwords
(the rule specifies the subwords which need be replaced and the replacements).

We shall write a rule in the form [z1 — v((21)=)z1u(21), ..., 25 — v((2s)=)2zsu(z2s); w — W'| where
z; € K, each of u(z),v(z) is either a letter from A(z)*! or empty, z € K.

Some of the arrows in a rule can have the form . This means that the rule can be applied if
the corresponding sector does not have A-letters in it. We shall say that the corresponding sectors
are locked by the rule and the rule locks these sectors. If a z-sector is locked by the rule, u(z) and
v(z) must be empty.

If z € K does not appear in this rule then we set u(z), v(z_) to be empty. Thus with every rule
7 and every z € K we associate two words over A: u(z) and v(z). We can extend this definition to
ceK ! by saying that v(z71) = u(2) 7!, u(z71) = v(z_)~L.

If for some z € K, u(z) is not empty then we call 7 left active for z-sectors, if v(2) is not empty
then 7 is right active for z-sectors.

If 7 is a rule as above then for every z € KU K ' we define two words L(1,2) =r(r,z-)v(2-
and R(7,z) = r(1,2)u(z)"!. If h = 7ym...7y is a word in the alphabet S, we set L(h,z2) =
L(m,2)L(m2, 2)...L(1¢, 2), R(h,z) = R(11,2)R(12, 2)...R(Tt, 2).

The rule 7 is applicable to a one-letter admissible word y if and only if the Q2-coordinate of y is

Let W = yjuys be an admissible word with two K-letters. The following two conditions must
hold for 7 to be applicable to W:
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(i) y1 and y2 belong to K(w);
(ii) if y; is one of the letters z;, i = 1,..., s, 7 locks yj-sectors then u must be empty.
If conditions (i) and (ii) hold then the result of the application of 7 to W is the word

yru(yr)uv((y2)-)ys

where y/ are obtained from y; by replacing the Q-coordinate w by ' (recall that 7 contains the
instruction w — w’).

If W = y1uiyo...upy; is an admissible word with ¢ > 2 K(w)-letters then the rule 7 is applicable
to W if and only if it is applicable to every sector of W. In order to apply an S-rule to W we apply
it to every sector of W.

Let W’ be the resulting word. Notice that W' is clearly again an admissible word.

With every rule 7 = [z1 — v((21)=)z1u(21), ..., 2s — v((2s)=)zsu(zs);w — '] we associate the
inverse tule 771 = [z1 — v((z1)_) " taug o ze — v((22) asu(zs) T W — w]. Clearly if 7 is
applicable to an admissible word W and W’ is the result of application of 7 to W, then 77! is
applicable to W’ and W is the result of application of 7! to W'.

The rules from ST, described below, will be called positive, the inverses of these rules will be
called negative.

Now let us describe the procedure of converting an S-rule into a set of relations. After that we
shall present the list of rules S corresponding to our group §G.

Let 7 = [21 — v((21)-)z1u(21), .., 25 — v((25)-)zsu(zs);w — '] be an S-rule. Then for every
z € K, we introduce a relation

1

r(r,z_ ) z(w)r(r, 2) = v(z_)z(W)u(2).

If (and only if) 7 does not lock z-sectors, we also include all relations of the form
r(r,2)b=br(r,z),b € A(z).

For every z € K let R(2) denote the set {r(r,z) | 7 € S}.
To make formulas look less frightening let us agree on the following:

In every word of the form u,,2v,- appearing in an S-rule or in a defining
relation of our group, or in an admissible word, where 2z € K(w), U4, Vo are
words in the alphabet A UR, we shall always assume that the letters in u,
are from A(z_) UR(z_) only, and the letters in v,, are from A(z) UR(z) only.

So we shall omit the K-coordinates in these words. We shall also omit the
()-coordinate in K-letters if the value of it is clear.

Example. Suppose, for example, that the rule 7 has the form
[5(1) = r(L)a, 7 (1,1) — % (1, 1)a, 7(1,2) 5 a®(1,2),1 — 2]

(this rule is not in S, we use it just as an example). Then the set of relations corresponding to this
rule consists of the following relations.
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1=

e r(7) 'R (1,1, )r(r) =F(1,1,2)q

o (1) " (1,2,1)r(r) = a¥% (1,2,2);

o (1) 1z(1)r(r) = 2(2) for every z € K, z # x(1), ® (1, 1).
e r(7)b=br(r) for every b € A(z) and z # % (1,2).

Notice that, for example in the relation »(7)™'%(1,1,1)r(r) = ®
r(7) are different according to our agreement: the first letter is (7, x(
is r(7,p(1)). This rule 7 is left active for x(1)-sectors and for ® (1,1
‘% (1, 2)-sectors, and locking for % (1, 1)-sectors.

Here is one of the main properties of the systems of relations corresponding to S-rules. The
lemma immediately follows from definitions.

(1,1,2)a, the two letters
1)) and the second letter
)-sectors, right active for

Lemma 5.1. Let W be an admissible word, starting with z € K and ending with 2/ € K, let
T =21 = v((21)-)z1u(21), ..o, 25 — V((25)-)zsu(2s);w — '] be an S-rule applicable to W (some of

the arrows — may be of the form A) Then:

1. L(1,2)"*WR(r,2') is equal modulo the relations corresponding to T to the admissible word
W' obtained by applying T to W.

2. If 7 locks z-sectors then the z-sectors of W and W' have trivial retraction to the subgroup
(A) in the free group generated by A UK.

3. For every z € K, L(r,2)2z(w") = 2(w)R(T, 2) is one of the defining relations corresponding to
T.

5.2 The S-machine S

Now let us define our collection of S-rules S*. As we have announced in the Section 5.1, the set
ST will be divided into 2n + 3 subsets:

SE{,.. 2nﬂ,{cl, =0,..,2n}.

The sets S; will be called steps, c; will be called connecting rules. Rules from So, 1 are called
cleaning rules, other rules are called working.
In each set Sj, i < 2n, each rule corresponds to a letter a € A, it will be denoted by 7 (i, a).
The rule 7(0,a) in the set S§ is the following

(i) 5 M), 5(5) 5 K(i), p(i) 5 p(i), 7 (i, 1) — T (i, j)a=t, T (i, §) — F (i, ),
i1=1,..,N,7=1,...1;0 -0

This rule inserts copies of the letter a~! to the right of % (i, 7). A sequence

7(0,a:,)F, ..., 7(0,a;,)

of these rules inserts copies of the word (a 111 i)~V in ® (i, j)-sectors. These rules lock all other

1s
sectors. The connecting rule cg has the form
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NG 5 M), 6(1) 5 k(i) pli) 5 p(i), B (i,§) 5 F(i,j)i=1,.,N,j=1,..,m0— 1.

It locks all sectors except for & (i, j)-sectors.
The rule 7(1,a) has the form

x

(@) 5 71, a)r(i), 7 (i, 1) — 7(1,a) 7 (i, 1)a,
( ' /\ J

(i

|

This rule moves letters from % (i, j)-sectors to % (i,j)-sectors. It writes a copy of itself in the
A()-sectors and p(i)-sectors. It locks all k(7)-sectors.
The connecting rule c¢; has the form

k(i) 5 ki), ® (6, 1) 5 e r (6, 1), R (1, §) = R (0. 5),
1<i<N,2<j<nl—2 '

It writes a copy of itself in the A(7)-sectors and p(i)-sectors. It locks & (i, j)-sectors and «(i)-sectors.
For every t = 2, ...,n and every a € A the rule 7(2t — 1, a) has the form:

(i, 1) 5726 —1,a) F (i, 1), ®(i, 1) > 7, 1),
R (i,s) 5 R(i,s), T(i,s) > Fi,s), ®(,§) — R0, 5)a, F(i,j) — F(,j)a,
1<i<N,2<#<N2<s<tt<j<n; 20—1—-2t-1

This rule moves letters from % (i, j)-sectors to ‘% (i, j)-sectors, j = t,...,n, and writes a copy of
itself in the A\(7)-sectors and p(i)-sectors. It locks k(7)-sectors, i > 2, all % (4, j)-sectors, j < t, and
all ‘% (i, 7)-sectors, j < t.

The connecting rule co;_1 has the form

<t,2<73<m2%t—1—2t

It locks k(i)-sectors, i > 2, all ® (i, 7)-sectors, and all ‘% (i, j)-sectors, j < t. It also writes a copy
of itself in the A(7)-sectors and p(i)-sectors.
For every t = 1, ...,n the rule 7(2t, a) has the form:
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This rule moves letters from % (i, t)-sector to k(1)-sector, letters from % (i, j)-sectors, j > ¢, to
K (i, j)-sectors, and writes a copy of itself in the \(i)-sectors and p(i)-sectors. It locks all other

sectors.
The connecting rule coy, t = 1,...,n — 1, has the form

<t,1<53<n; 2t —-2t+1

It writes a copy of itself in the A(i)-sectors and p(i)-sectors. It locks all k(i)-sectors, i > 1, all
‘K (i, j)-sectors and all & (4, j)-sectors, i < t.
The connecting rule co,, t = 1,...,n — 1, has the form

k(i) 5 Tankli), B (6, 1) 5 SR (3, 1), T (i, ) 5 T, §)

®(i,7) = R (i),

1<i<N1<j<n2<j <n; 2n—2n+1

It writes a copy of itself in the A(7)-sectors and p(i)-sectors. It locks all other sectors.
The cleaning rules are in one-to-one correspondence with working rules. For every working rule
r, the corresponding cleaning rule 7(2n + 1,7) has the form

/ﬁ(i)iﬂa(i), (i,1) 5 ?(z,l), (i,1) & %@, 1),
R(i,§) 5 R (i), ®i.j) & (6, j)1<i<N2<j<m2n+1—2m+1

These rules remove the content of A(i, j)-sectors and p(i, j)-sectors (which contain copies of the
history of the computation) and locks all other sectors.

Notice that only connecting rules change the 2-coordinates of K-letters. Notice also that for
every a € A and every i = 1, ..., 2n, one can define the rule 7(i,a™!) as before. Similarly for every
working rule r one can define 7(2n + 1,77 !). It is easy to see that

7(i,a ) = 7(i,a)" L.

The following picture (Figure 13) shows which rules of the S-machine S are locking, active or
neither for which sectors of admissible words. A filled box means that the sector is locked, a box
with “>” in it means that the rules are left active for that sector, a box with “<” in it means that
the rules are right active, and an empty box means that the rules from the corresponding set of
S-rules are neither active for that sector nor locking it. For example, this picture shows that rules
from Sy are right active for A(i)-sectors and p(i)-sectors, lock % (1, 1)-sectors but are left active for
® (1,2)-sectors. It also shows that k(i)-sectors, i > 2, are locked by all rules of S.

5.3 The presentation

The set of relations corresponding to the rules from S will be denoted by Z(S). By Z(S, A) we shall
denote the set Z(S) together with the hub A(0).
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Fig. 13.

The remaining relations of our group § are constructed as follows. Let B(A,n) be the free
Burnside group of exponent n generated by the set A. We can find a collection of |X| —m — 1
words uy,y € X\{t,a1,...,an} in the alphabet A which satisfy the conditions (1), (2) and (3) of
Lemma 4.2 (see Remark 4.3 for an explicit collection of such words). By Theorem 4.4, the subgroup
generated by these words in B(A,n) satisfies the congruence extension property.

We include in the presentation of G all relations

Y= Uy, Yy € X = X\{t,ai,...,am}
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(these relations will be called u-relations) and the relations
tlait = a;(k(1)),i=1,...m

(these relations will be called t-relations).

Finally we define § to be the group given by the generating set X and the set of relations
consisting of Z(S, A), u-relations and t-relations.

Our main result is that the group G satisfies conditions 1-4 of Theorem 1.1.

5.4 The subgroup (A) of G is a torsion group of exponent n

For every group word u in the alphabet A and every K-letter z ¢ {\(i),p(i,1),i = 1,..., N} we
denote a copy of u in the alphabet A(z) by u(z).

Lemma 5.2. For every word u in AUA™! the relation u(k(1))™ = 1 follows from Z(S, A).

Proof. Let u = a;,a4,...a;, be a group word in the alphabet A. Start with the admissible word
A(0)A(1,0) and apply S-rules 7(ai,,0),..., 7(a;,,0) from S; to A(0)A(1,0). The resulting word is
equal to

AMDe(D)p(D) R, Du %1, DR (1,2)u % (1,2). . A(N)&(N)p(N) 7
®(N,n)u 1% (N, n)\(1)

the Q-coordinate of each K-letter is 0.
Applying now the connecting rule cg, we change the Q-coordinates of all K-letters to 1.
After that, applying rules 7(1, a;, ), ...,7(1,a;, ), we get the word

ADvie(D)p(1)n® (1L, 1) (1L, 1D)ur(1,2). . AN N)vis(N)p(N)vn R (N, 1)... (8)
K (N,n)® (N,n)uA(1)

(the Q-coordinates are 1) where v1 = 7(1,a;,)...7(1, a;,).

The connecting rule ¢c; makes all {2-coordinates 2 and adds letter €7 at the end of v.

Now we can apply rules 7(2,a;,), ..., 7(2,a:,), c2, 7(3,ai, )y T(3,0i,), €35...y T(2n,05,), ...,
7(2n, a;,), and obtain the following word:

A(L)vonk(1)u="p(L)van R (1, 1)F (1, 1).. AN Yvank(N)p(N)van B (N, 1) F (N, 1) o)
RN, n)F (N, n)A(1) ’

where the 2-coordinate of every K-letter is 2n, vo,, is a copy of the history of the computation.
Let W be the word (9) without the last letter.
Let h = 7(a;,,0)...7(2n, a;,) be the string of all rules from S applied so far to A(0)A(1). Then
by Lemma 5.1 (part 3), we have the following equality:

L(h, M1)WA(L, 20) = A(0)A(L, 0)R(h, A(1)) = A(0)L(h, A(1))A(L, 2n).

So
W = L(h, \(1)) "' A(0)L(h,A(1)) = 1

modulo Z(S, A).
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Notice that if we apply connecting rules co, ..., c2,, to A(0)A(1,0), we obtain
A2n + 1)A(1,2n +1).

Now take the word A(2n + 1)A(1,2n + 1) and apply the cleaning rules 7(2n + 1,¢1)...7(2n + 1, t5)
where ty...t; = vy, and the rule c;;. We get the word

A(Dvonk(1)p(1)ve, ® (1, 1) % (1, 1).. A(N)vonk(N)p(N)ve, ® (N, 1)" (N, 1)

R (N, ) (N, n)A(1) : (10)

with Q-coordinate 2n. Let W’ be the word (10) without the last letter. Let 7" be the word of rules
applied to A(0)A(1,0) to get (10). Then by Lemma 5.1, we have

LW, A1) WAL, 2n) = A(O)A(L, 0)R(I, M(1)) = A(0)L(R, \(1))A(1, 2n)

modulo Z(S, A). This implies W/ = 1 modulo Z(S, A). But the words W and W' differ only by the
factor u(k(1))~™. Thus u(k(1))” = 1 modulo Z(S,A). Hence the n-th power of every word over
A(k(1)) is 1 modulo Z(S, A). O

Lemma 5.3. The subgroup (A) of G is a group of exponent n.

Proof. Indeed, the generator t conjugates (A) and the subgroup generated by A(k(1)) which has
exponent n by Lemma 5.2. d

6 Properties of the S-machine S

6.1 The t-operator

Consider the following t-operator on words over K U R U A. Let w be a word in the alphabet
K URU A. Replace each letter y in w by u,, and then replace every letter from A by its copy in
A(k(1)). The resulting word is denoted by t(w). It is equal in G to the word t~lwt.

Let us close the set Z(S, A) with respect to the t-operator, that is consider the union Z(S, A) U
t(Z(S,A)) Ut?(Z(S,A)) U.... Notice that all words from t(Z(S,A)) Ut?(Z(S,A)) U ... involve only
letters from A(k(1)). These words are also relations of §. Let us call these relations derived.

Consider the group H, generated by the set A subject to all the derived relations and all
relations of the form v =1 (u is any word in A). The group H, is isomorphic to the free product
in the variety of groups of exponent n of subgroups (A(z)), z € K, where all (A(z)) except for
(A(k(1))) are free Burnside groups of exponent n and (A(k(1))) is given by the Burnside relations
and the derived relations.

Now let Hj, be the free product of the group H, and the free group freely generated by the set
K.

6.2 The inverse semigroup P(S)

From now on we will not distinguish admissible words which are equal in H;,. Thus a word of the

form yyuq...ys where y; € K, u; are words in A(z;), is admissible if for every i = 1,...,t — 1, either
_ A
Yit1 = (Yi)+ or yi1 = y; -
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If no sector of an admissible word W is equal in H}, to a word without K-letters then W is
called a reduced admissible word. By Lemma 3.3 this property of an admissible word is equivalent
to being K-reduced in H},.

The result of an application of an S-rule to an admissible word is again an admissible word.

Let W’ be a word obtained from W by an application of a rule 7 from S. Then the K-letters
in W differ from the corresponding K-letters in W’ by their -coordinates only.

Therefore we have the following simple fact.

Lemma 6.1. If W’ is obtained from W by a nonempty sequence of applications of S-rules from S
then the word W' is also admissible and the K-letters of W' differ from the corresponding K-letters
in W only by the Q-coordinate. The Q-coordinate of W' is w if and only if the last rule applied was

from S, or equal to c,_1, c;l.

Thus every 7 € S defines a partial one-to-one transformation of the set of admissible words.
Let P(S) be the subsemigroup generated by these partial transformations in the inverse semigroup
of all partial one-to-one transformations of the set of admissible words. Then P(S) is an inverse
semigroup because for every rule 7 in S, the inverse rule 77! is also in S. The zero of P(S) is
a transformation with empty domain. Removing zero from P(S) we get what is usually called a
pseudogroup of partial transformations. Every word in S induces a partial one-to-one transformation
from P(S).

The following obvious lemma is a general property of inverse semigroups [8].

Lemma 6.2. Let a word h over S be graphically equal to hiaa™'hy. Then, considered as a transfor-
mation of the set of admissible words, the domain of h is contained in the domain of hiha, but the
partial transformations induced by h and hiho coincide on the domain of h. Thus for every word h
over S the domain of the transformation induced by h is contained in the domain of transformation
induced by the reduced form of h.

Notice that the domain of the reduced form of h may be strictly bigger than the domain of h.

If h is a word in S then denote by W -h (W is an admissible word), the result of the application
of the freely reduced form of h to W (if it exists). Thus the equality W - h = W’ means that W is
in the domain of the freely reduced form of A and the transformation induced by the reduced form
of h takes W to W'.

The following easy but important lemma immediately follows from the definition of application
of an S-rule to an admissible word.

Lemma 6.3. Let W be an admissible word. Let h = 7...7v be a word in S. Then the following
conditions are equivalent:

(i) W belongs to the domain of h;

(i) Every sector of W belongs to the domain of h.

Moreover W =W - h if and only if for every z-sector W1 of W and z-sector W{ of W' we have

W!=W;, h e KUK .

For every 7 € S and z € KU K ' we have defined two words L(7,z) and R(T, z). These words
belong to the free group generated by A UR. Let L%(7,z) and R%(7,z) be the A-projections of
L(7,z) and R(t,z). For every word h in the alphabet S, we define the words L(h, z), R(h,z),
L*(h,z) and R*(h,z) in the natural way. Clearly L%(.,z) and R%(.,z) are homomorphisms from
the free semigroup generated by S into the subgroups (A(z_)) and (A(z)) respectively.
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We say that a word w is a copy of a word w’ if w’ is obtained from w by replacing equal letters
for equal letters and different letters for different letters. For example, zyx is a copy of aba.

The following lemma immediately follows from the definition of the words L(7, z) and R(r, z)
and the definition of an application of an S-rule.

Lemma 6.4. (i) Let h be a word over S applicable (in P(S)) to a one-sector admissible word zywzs
then ziwzg - h = 21 (R%(h,21)) twL(h, 22)2 where 2| differs from z; only by the Q-coordinate,
i=1,2.

(ii) For every w € Q and every z € KUK ' ecither L%(T,z) (resp. R%(7,z)) is empty for every
T €Sy or L*(1,z) (resp. R*(7,z)) is not empty for every 7 € S,,. If for some 7 € S and some
z € KUKﬁI, L%(T,z)) is not empty (resp. R*(7, z4) is not empty) then for every T € S, L%(T, z4)
is empty (resp. R*(7,z) is empty).

(iii) Suppose that either none of the rules appearing in a word h over S are from Sop41 or all
of them are from Sony1. Then if all rules of a word h over S are left active for z-sectors for some
z € K then R%(h, z) is a copy of h written in the alphabet A(z) U A(z)~t. If all rules of a word w
are right active for z-sectors for some z € K then L%(h, zy) is a copy of h written in the alphabet

A(z).

Lemma 6.5. (i) If h = hj is a reduced word in S, s > 1, W belongs to the domain of h then W - h
and W have the same §2-coordinates.

(ii) Let hy and ho be two words in'S which are equal in the free group modulo Burnside relations.
Suppose that W is in the domain of both hy and hy. Then W -hy = W - hs.

(iii) Let h be a word in S containing subword g which is equal to 1 modulo Burnside relations:
h = highs. Suppose W is in the domain of h. Then W is in the domain of hiho and W-h1hy = W-h.

(iv) If W belongs to the domain of h%, where h is a cyclically reduced word, then it belongs to
the domain of h® for every integer s (in particular, h® has a non-empty domain).

Proof. (i) Recall that non-connecting rules do not change Q-coordinates and each connecting rule
c, replaces w by w+ 1, w € Q. Hence for every word g over S, there exists w in €2 such that the
domain of h consists of admissible words with 2-coordinate w. Since W - hy is in the domain of
h1, the Q-coordinate of W - hy is the same as the Q2-coordinate of W. Hence for every w € €, the
product of occurrences of ¢! in hy is 1. The same is true for any power h = h$ of h. Therefore
for W - h has the same Q-coordinate as W.

(ii) Let W be in the domain of hj, he. Suppose that hj is equal to hy modulo the Burnside
relations in the free group. Clearly it is enough to assume that W has only one sector: W = zjwzs.
Then by Lemma 6.4(i) W - h; = 21;(R*hi, 21)) " *wL?(hi, 22)294, © = 1,2. Since R%(.,21) and
L%(., z9) are homomorphisms and h; and hy are equal modulo Burnside relations, R*(hy,z1) =
R%(hg, z1) and L*(hi, z2) = L*(hg, z2) modulo Burnside relations. But all Burnside relations hold
in (A), so (R*(hy,21)) twL(hy, 22) = (R hg, 21)) " twL(ha, 22).

It remains to show that the Q-coordinates of W-hy and W -hsy are the same. These Q-coordinates
are determined by the projections of h; and hs on the alphabet {cy,...,ca,41} (because other rules
do not change the Q-coordinate). Each connecting rule c,, induces a partial transformation on €2
of the form w — w + 1. Therefore every product of c,, w € 2 which has a non-empty domain
considered as a transformation of 2, must be freely equal to a word of the form (c;c;;1...cs)*! for
some ¢ < S.
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Since hy and hs are equal modulo Burnside relations, their projections are also equal modulo
Burnside relations. But words of the form (cici+1...cs)i1 can be equal modulo Burnside relations
only if they are graphically equal. Thus projections of h; and hy onto the alphabet {ci,...,can11}
are freely equal. It remains to observe that if two words in ¢, w € 2, are freely equal and induce
non-empty transformations of €2, then they induce the same transformation of ). Hence W - h and
W - b/ have the same Q-coordinates.

(iii) Indeed by part (ii) W - h; is equal to W - h1g and is in the domain of hg. Therefore W is
in the domain of h1hy and W - hihy = W - h.

(iv) Let W belong to the domain of h? where h is cyclically reduced. It is enough to consider
the case when W consists of one sector: W = zywzs.

Suppose first that h does not contain rules which lock zj-sectors. By Lemma 6.4(i) W - h? =
21 (R*(h%, 21)) " *wL(h?, z3) 2, where 2] and 2} differ from z; and 2z only by the Q-coordinate. By
part (i), 2§ = z1 and 2z, = 2z5. So W - h? is in the domain of h, because W - h? has the same
Q)-coordinate as W, and h does not contain rules which lock zi-sectors. Thus W is in the domain
of h* for all positive integers s. By part (i), W - ™ = W. Therefore W is in the domain of h~?2
(n > 2). This implies as before that W is in the domain of h® for all negative integers s.

Now suppose that h contains a rule 7 which locks zi-sectors, h = hi7hy for some words h1, ho
in S. Then W - hy has the form 2|z} where 2],z differ from z1, 2z only by the Q-coordinate,
h? = hiThohiThy. Then W - hy and W - hiThohy have the same Q-coordinates because both words
are in the domain of 7. Since 7 locks zj-sectors, W - hy and W - hyThohy are both equal to the
word of the form 2{z5 in H},. Since W - hy is in the domain of ThohiThy, W - hiThaohy must be
in the domain of ThohiThy too. Thus W is in the domain of hiThohiThohiThe = h3. Considering
consequently W -h, W - h?, ... instead of W, we conclude that W is in the domain of of h* for every
positive integer s. Using part (ii), as before, we deduce the same fact for negative s. ]

Lemma 6.6. For every admissible word U with ()-coordinate w, and every two non-empty words
h1, he over S, if W is in the domains of h1, h1 = hy modulo Burnside relations then U -h1 = U - ho.

Proof. By Lemma 6.3, we can assume that U = zuz’ is a one-sector admissible word. Recall that
either all rules from S, are left (resp. right) active for z-sectors or all these rules lock z-sectors or
none of these rules are active or locking for z-sectors. Hence we can conclude that since U is in the
domain for hi, and hp is not empty, it is also in the domain for hy. The equality W - hy = W - hy
follows from Lemma 6.5 (ii). O

Words in the alphabet S, that do not have subwords which are equal to 1 modulo Burnside
relations, will be called Burnside-reduced.

Lemma 6.7. Let W = zywz9 be an admissible word consisting of one sector, zo % 21_1. Let h be a
word in S. Suppose that R%(T,z1) (resp. L%(T, z2)) is non-empty for all T in h. Suppose that either
none of the rules in h is from Son11 or all of them are from Sopy1. Suppose also that W -h = W.
Finally suppose that z; # k(1), z1 # p(1)~L. Then h is equal to 1 modulo Burnside relations.

Proof. We only consider the case when R%(7,z1) is not empty because the L%-case is similar.
Recall that by Lemma 6.4 (ii) then L*(7, z1) is empty for every 7 from h. By Lemma 6.4(i), W - h
is graphically equal to z1 R%(h, z1) 'wzz and by Lemma 6.4 (iii) R%(h, z1) is a copy of the word h
written in the alphabet A(z1) U A(21)~!. Since W - h = W, R%(h,21) = 1 in the subgroup (A(z1))
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of Hf,. This subgroup is a free Burnside group of exponent n (freely generated by A(z1)) because
z1 # k(1). Therefore h is equal to 1 modulo Burnside relations. O

The presentation of Hj, satisfies conditions (Z1) if we consider letters from A as O-letters and
let Y = K, so we can apply Lemmas from Section 3.2. In particular, by Lemma 3.3, an admissible
word W is K-reduced if and only if it does not have sectors zuz~! where u = 1 modulo relations
of H,.

Lemma 6.8. Let W be a K-reduced admissible word which is in the domain of some word h over
S. Then W - h is also K-reduced.

Proof. Indeed, one only needs to check that no sector in W - h is equal to 1 in H;,. Indeed, it is
trivial for sectors of the form zwz, because the application of 7 do not change the K-projections
of K-letters and the free group (K) is a retract of Hj,. If a sector of W has the form zwz~! then
the corresponding sector in W - h has the form zuwu~'z~! for some u by Lemma 6.4. This sector
is equal to 1 only if uwu~' = 1. But then w = 1 and the sector zwz"! is also equal to 1 in H,.

O

From now on we consider only K-reduced admissible words.

Lemma 6.9. Let W = zwz"! be an admissible word consisting of one sector. Let h be a reduced
word in'S and W - h =W. Then h does not contain rules which lock z-sectors.

Proof. Indeed, suppose h = hi7hy for some 7 € S which locks z-sectors. Then by Lemma 6.4
W - hy = 2/Rh, 2)w(R(h,2)) () =2/ (z)7!

because W - hp is in the domain of 7. This implies that w = 1 and W = 1 which contradicts the
assumption that W is reduced in Hj,. ]

Lemma 6.10. Let W = zwz~' be an admissible word consisting of one sector. Let h be a word in
S and all rules in h are left active for z-sectors. Suppose that W - h = W. Then

(i) R*(h, z) commutes with w

(i) if in addition z Z k(1) and h either does not contain rules from Sani1 or contains only
rules from San41 then h is equal modulo Burnside relations to the power of a certain word root,(w)
depending only on w and the Q-coordinate of z. Moreover W - root,(w) = W.

Proof. The first statement immediately follows from Lemma 6.4(i). To prove (ii), recall that by
Lemma 6.4(iii) R*(h, z) is a copy of h written in the alphabet A(z)~! and the subgroup (A(z)) of
Hy, is the free Burnside group of exponent n. By Lemma 4.18 then R*(h, z) and w belongs to the
same maximal cyclic subgroup (wg) of (A(z)) where wy depends only on w. Therefore h is equal
modulo Burnside relations to a power of a copy of wg written in the alphabet S. Denote this copy
by root,,(w). Then all rules in root,, (w) are left active for z-sectors, and so W is in the domain of
root,, (w). Since R*(root, (w), z) = wo commutes with w, we have W - root,,(w) = W. O

Lemma 6.11. Let h be a reduced word in 'S containing a subword of the form cit'h'cF' where
I is a word in S, or Syy1. Let W = zjwzy be an admissible word consisting of one sector,
21 # k(1), p(1)~L. Suppose that c,, locks z1-sectors, but rules from h' are (left or right) active for
z1-sectors. Finally suppose that W is in the domain of h. Then h' is equal to 1 modulo Burnside
relations.
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Proof. Indeed, since c,, locks zi-sectors, by Lemma 6.9 2o # 2, L Thus z, = (21)+ by the definition
of admissible words. From the definition of S, it follows that then either R%(7, z1) is empty for all
T € S or L1, z2) is empty for all 7 € S. Without loss of generality assume that L%(7, z2) is empty
for all 7 from h’. Then R*(T, z1) are not empty for 7 from h’ and by Lemma 6.4 (iii) R*(h/, z) is a
copy of i/ written in the alphabet A(z1)UA(21)~!. By Lemma 6.4 (i), W-h = 21 R*(W, 21 )22 = 2122
because W - h is in the domain of ¢! which locks zj-sectors. Therefore R*(h/,z;) = 1, thus h’ is 1
modulo Burnside relations. O

The argument in the proof of Lemma 6.11 can be easily generalized to prove the following
statement.

Lemma 6.12. Let h be a word in S of the form hihs. Let W = zjwze be an admissible word
consisting of one sector, zo = (21)y, 21 Z K(1), p(1)~L. Suppose that W is in the domain of h and
W - h1 =W - hiho and that rules from ho are active for zi-sectors. Then ho = 1 modulo Burnside
relations.

Lemma 6.13. Let W = zuz’ be a one-sector admissible word and h, g be words over S, W-h =W,
W - ghg~™! = W. Suppose that at least one of the following three possibilities holds for all rules T
of h,g simultaneously:

(i) R%(T, z) is not empty;

(i1) L%(t,2") is not empty;

(iii) L%(1,z) and R*(T,z) are empty.

Suppose also that either all rules from h,g are not from Son41 or all of them are from Sopni1.
Finally suppose that z # k(1), z # p(1)~L. Then either g, h commute modulo Burnside relations or
W.g=W.

Proof. Consider two possible cases.

Case 1. W = zuzy. Since z # x(1), p(1)~!, by Lemma 6.4(ii) possibilities (i) and (ii) from the
formulation of the lemma cannot both hold. By assumption, we have the following possibilities:

Case 1.1. For every rule 7 from h, g, R*(7, z) is not empty but L*(7, z1) is empty.

Case 1.2. For every rule 7 from g, h, L*(7, z4) is not empty but R*(7, z;) is empty.

Case 1.3. For every rule 7 from g, h R*(7,z) and L*(7, z4.) are empty.

In Cases 1.1, 1.2, by Lemma 6.7, h = 1 modulo Burnside relations, so g,h commute modulo
Burnside relations, as required.

In Case 1.3 by Lemma 6.4(i) for every 7 in g, we have W -7 = W, and so W -g = W, as
required.

Case 2. W = zuz~! (again z # x(1), p(1)~! by assumption).

Case 2.1. Suppose first that for every rule from g, h, R*(7, z) is not empty.

In this case by Lemma 6.10 h commutes with ghg~' modulo Burnside relations which implies
by Lemma 4.19 that h commutes with ¢ modulo Burnside relations.

Case 2.2. Suppose now that every rule 7 of g, h, R%(7, z) (and hence L%(t,271)) is empty.

In this case again by Lemma 6.4(i), for every 7 € S, we have W -7 =W, and so W -g = W,
as required. O
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6.3 Stabilizers in P(S) of subwords of the hub

For every i = 1,..., N let A; be the subword of A starting with A(¢) and ending with A(i+1) (“N+1”
here is 1).

Suppose ¢ > 1, and that A;(0) is in the domain of a word h over S. Let U;(w) = A;(0) - h,
Ui = MNi)uik(i)p(i)ug... % (i,n)ugni2A(@ + 1) for some words uy, ..., us,12 (notice that the word
between «(i) and p(i) is empty, ¢ = 2, ..., N because every rule in S locks £(i)-sectors).

Let U; be the admissible word obtained from U; by replacing all indexes ¢ in K-letters by j:

U; = AJ)wk(j)p(g)uz...’® (4, n)ugnr2A(j + 1).

It is easy to see by inspection that rules of S act in the same way on U; for all j > 1. Therefore,
an induction on |h| gives us

A;(0) - h = Uj(w). (11)

Let us also define Us:

U = M1Duis(1)®(ug)p(1)usg... ® (1, n)uznr2A(2)

where @ is the homomorphism from (A(A(1))) to (A(k(1))) which takes every letter 7(w,a) to
a(k(1))~! if w is even and greater than 0, and every other letter to 1. Notice that the map ® from
A(X(1)) to A(k(1)) U {1} is indeed extendable to a homomorphism from (A(A(1))) to (A(k(1)))
because (A(A(1))) is a free Burnside group and (A(k(1))) satisfies all Burnside relations.

Remark 6.14. Notice that U; would be a copy of U; obtained by replacing index 1 for j if not
for the k-sector: the x(j)-sector of an admissible word contains no A-letters, but x(1)-sectors may
contain A-letters. If the A-subword of the x(1)-sector of U; is trivial (say, if U; is in the domain
of cétnl), then U is a copy of Uj.

For every word u = aj,...a;, over A UA™! and every even w from (2 let T,,(u) be the word

T(w, a;,)...7(w, ai,).
For every odd w # 2n + 1 from € let
To(u) = 7(w,ai,)..7(w, ai, ).

Let z, 2’ be two letters from K, 2/ = z, or 2/ = z~! then every sector of an admissible word of
the form (z(w)uz'(w))* will be called a sector of the type (form) [z2'].

Lemma 6.15. Let j > 1. Suppose Aj(0) is in the domain of a word of the form hca, where the
word h is Burnside-reduced and does not contain c}. Let Uj(2n 4+ 1) = A;j(0) - hea,. Then Aq(0)
is in the domain of hcay, and Ui (2n+ 1) = A1(0) - heay,.

Proof. Suppose that h contains a subword of the form c;h’ c;l where h/ contains no connecting
rules: h = hic;h/ C,L-_lhg for some even ¢ from 0 to 2n — 2. Then consider the sector W’ of the type
[% (J,n)A(G+1)] of Aj(0)-hic;. Since c; locks % (j, n)-sectors, W’ has the form % (j, n,w")A(j+1,w’)
(the A-part of the sectors is trivial). Since W’ - A’ is in the domain of ¢; !, W’ = W’ h’. Since all
rules in i’ are left active for % (j, n)-sectors (all these rules belong to S;;1, and ¢ is odd), by Lemma
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6.11, A’ = 1 modulo Burnside relations, a contradiction. Similarly, 4 does not contain subwords of
the form ¢; 'h’c; with even i > 0 where h’ does not contain connecting rules.

Suppose that h contains a subword of the form c;h'c; ! where ' contains no connecting rules
and 7 is odd, ¢ # 2n — 1. Then applying the argument similar to the one used in the previous
paragraph to the sector of the form [ (j,n)% (j,n)], we get a contradiction. Similarly one can
prove that h does not contain subwords of the form ci_lh/ c; where A’/ contains no connecting rules,
1 is any odd number between 1 and 2n — 1.

Suppose now that h contains one of the connecting rules twice. Since A;(0) has Q-coordinate
0, and A;(0) - b has Q-coordinate 2n, the facts proved in the previous two paragraphs imply that
h contains a subword of the form

-1 / —1z7
h0C0h1 ...hgn,QCanl h2n71C2n_1h2n_2...CO hO

where the subwords h,, b/, are words over S,,. Let then W’ be the sector of the form [p(j)% (j,1)]
of Aj(0) - hg. The word W’ is in the domain of

" _— —1 / -1
h :COhl~-‘h2n—202n—1h2n—102n71h2n72mco s

co locks W', all other rules from h” are right active for p(j)-sectors. None of these rules belong
to So,41. Hence by Lemma 6.11, A’ = 1 modulo Burnside relations, a contradiction. Therefore h
contains each of its connecting rules only once.

Hence h can be represented in the form hgcghicy...hs, for some words h; over S;, i =0, ..., 2n.

For some words wuy, ..., us, over A, h; = T;(u;), i = 0,...,2n. Let us prove by induction on ¢
that u; = ug modulo Burnside relations. Indeed, this statement is trivial for ¢ = 0. Suppose that
it is true for some w from 0 to 2n — 1. Let us prove it for w + 1. Since ug = u1 = ... = u,, modulo
Burnside relations, by Lemma 6.6,

Aj (O) . hOCOhlcl---therl = AJ(O) . Tg(u)coTl(u)cl...Tw(u)cw =V.

In particular the 2-coordinate of V' is w + 1.

Suppose that w is even. Then as in the proof of Lemma 5.2 the sector of the form [% (4, n)% (j,n)]
of V' is equal to ® (j,n,w + 1)u'R (j,n,w + 1). Since V - T,,41(uw+1) is in the domain of ¢+ and
Cu+1 locks (4, n)-sectors, we get that the sector of the form [® (j,n)% (j,n)] of V - Tjyi1(uws1)
is equal to ® (j,n,w + 1)® (j,n,w + 1). By Lemma 6.4, we get that u,4+1 = v modulo Burnside
relations, as required.

If w is odd then we can apply the above argument to the sector of the form [% (7, n)A(j + 1)] of
V.

Therefore we can apply Lemma 6.6 2n + 1 times and conclude that A1(0) - hg = A1(0) - Tp(u),
Al (0) 'ho is in the domain of Coh1 and Al (O) -hoCohl = Al (0) 'To(u)COTl (u),..., Al (0)'h100...h2n_1 ==
A1(0) - To(u)cp...Ton—1(u) is in the domain of cg,,—1h9, and

Al(O) . h1C0...h2n_1CQn_1h2n = A1 (O) . To(u)Co...Tgn_l(u)an_ngn(u) = V,.

All sectors of the latter word contain no A-letters except for the A(1)-sector, x(1)-sector, and p(1)-
sector. The first and the third of these sectors contain copies hcay, of the word hcay, the k(1)-sector
contains u" (as in the proof of Lemma 5.2) which is equal to 1 modulo relations of (A(k(1))).
Clearly ®(hcg,) = u™. Thus A1(0) - he, exists and is equal to Up(2n + 1). O
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Proposition 6.16. Suppose that for some Burnside-reduced word h over S, and some j > 1,
Aj(0) - h = A;(0). Then for everyi=1,...,N, A;(0) - h = A;(0).

Proof. If h is empty, the statement is obviously true. By (11), the statement is also true if ¢ > 1.
So let h be non-empty and ¢ = 1.

Then as in the proof of Lemma 6.15, Lemma 6.11 implies that A contains no subwords of the
form c;.tl fc;fFl where f does not contain connecting rules, ¢ # 0,2n. Hence h can be represented in
the form

hlcgnglci} h;lcalthQnQQanlhglcalthangg...gsflcgnlhs_l

where g, are non-empty words over Sop41, p=1,...,8 — 1, h1,...,he, By, ..., h._{, g1, ..., gs—1 do not
contain rules from Sg,+1 U {cap, c;nl}, ho, ..., hs_1 do not contain cgd.
We claim that for every t = 2, ..., s — 1, the word

V= A](O) . hlcgnglcgnlh;lcalh’QCQnggcgnl...gt,lcgnlh;lcal
is equal to A;(0) - Ty(uy) for some word u over A.
Indeed, let
V= A;(0) - h1C2n91C2_n1h2_1C61héCQnggcz_nl...gt_lcgnl.

Then V =V’ ht_lco_l. By Lemma 6.11, the word h; is represented in the form picipacs...po,
where p; = T;(v;) for some words v; over S;, i = 1,...,2n. Since V' - ht_l is in the domain of cal,
V' - h; ! has the form

MG DR, Dp(G DR Gy 1, Dy (. 1, )R (5,2, Dwaen R (5,0, D ® (G my DAG + 1,1).

Since V' - hy ' Ty (vy) is in the domain of ¢1, and ¢; locks any & (j,4)-sector, by Lemma 6.4(iii),
each of the words wq, ..., w, is a copy of v;. Hence V' - h;lcal = A;(0) - To(v1) as required.

Therefore A;(0) is in the domain of Tp(u¢)cohicon and To(ut)hjcoy,.

Let Uj+(2n + 1) = A;(0) - To(ut)cohiean, U, (2n + 1) = A;j(0) - To(ut)hican. By Lemma 6.15,
A1(0) is in the domain of Ty(ut)cohico, and To(ur)hicon, and Uy (2n + 1) = A;(0) - To(ut)cohican,
U{’t(2n + 1) = A](O) . TO(Ut)hQCQn.

By Remark 6.14, Uy,¢(2n+1) is a copy of U;(2n+1) and U] ;(2n+1) is a copy of U} ,(2n+1) An
easy induction on the length of a word g over Sy, 11 gives that Uy 4(2n+1)-g (resp. U] ,(2n+1)-g)
is a copy of Uj¢(2n + 1) (resp. Uj,(2n +1)).

Thus we can conclude that

(- ((A1(0) - hacangr) - (ea, g e To(ur) ™)) - To(u)hheang2) - -..) - To(us—1)h_y €2ngs—1):
C;nlhs_l = Al(O)

By Lemma 6.2, we obtain A1(0) - h = A1(0) as required. O

6.4 Stabilizers of arbitrary admissible words

We call an admissible word W accepted if for some word h over S, the word W - h is a cyclic shift
of A(0)*!. Clearly A(0) is an accepted word and every admissible word of the form A(0) - h is
accepted.

In the rest of the section, we are going to prove the following statement.
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Proposition 6.17. Let W be an admissible word of the form ziwizs...zswsz1 (the first and the last
K-letters are the same) which does not contain an accepted subword.

(1) Suppose that for some i = 1,...,N, every sector of W is of one of the types [k(i) 1k (i)],
[k(i)p(3)] or [p(i)p(i)~Y]. Leth, g, b be words in the alphabet S such that W-h =W, W-ghg=! = W,
W-b=W andb is equal to g~ *hg modulo Burnside relations. Then for every integer s there exists
a word bs which is equal to g°hg™® modulo Burnside relations and such that W - by = W.

(2) Suppose that there is no i from 1 to N such that every sector of W is of one of the types
[k(i) " k(i)], [K(i)p(i)] or [p(i)p(i)~]. Let h, g be words in the alphabet S such that W -h = W,
W.-ghg ' =W. Then W -g=W or g and h commute modulo Burnside relations.

Remark 6.18. Clearly if W - g = W or g and h commute modulo Burnside relations then the
conclusion of (1) holds, so the conclusion of (2) is stronger than the conclusion of (1).

Let us prove condition (1) of the proposition. Thus consider the case when for some i =1, ..., N,
W contains sectors only of the form [r(i)~'x(3)], [k(i)p(i)] or [p(i)p(i)~1].

Notice that since W starts and ends with the same K-letter, the definition of admissible words
forces W to have all three of these types of sectors. Indeed, suppose that W contains a sector of
the type [k(i)p(i)]. Then W must contain sectors of the types [zx(i)] and [p(i)2'] for some z,2’.
By assumption, each of these sectors can be of one of the three types [k(i) 'x(4)], [k(i)p(i)] or
[p(i)p(i)1]. Hence z = k(i)~!, 2/ = p(i)~!. Thus sectors of all three types are inside W. If W
contains a sector of the type [k(i)~'x(4)] then it must contain a sector of the type [k(i)z] for some
z and by assumption z cannot be anything but p(i). So W contains a sector of the type [k(i)p(i)]
which implies that W contains all three types of sectors. Finally if W contains a sector of the type
[p(i)p(i) 1] then W contains a sector of the type [2p(i)] for some z. This z must be equal to k(i),
so W contains a sector of the type [k(i)p(7)] which, as before, implies that W contains all three
types of sectors.

Therefore by Lemma 6.9 h and g do not contain rules from Sg U {co,cgl}. We will use this
below several times.

We are going to use lemmas from Section 4.3. Consider the free group freely generated by
S\(So U {co, ¢y 1) as the free product of the group @ freely generated by Sg,41 U {c2,} and the
group P freely generated by other generators. Consider the homomorphism v from P to (A(k(1)))
which takes every rule 7 from P to R*(7,x(1)). This allows us to talk about syllables of words in
P x @ and about v-trivial elements of P x Q).

Notice that if A and the reduced form of ghg™' consist of rules from P, we can apply Lemma
6.13 to a sector of the form [x(i) "'k (i)] (case (i) of the formulation of that lemma holds) and
conclude that g, h commute modulo Burnside relations. This implies part (1) of the proposition.

Thus we can assume that h or the reduced form of ghg™! contain rules from Sa,, 11 U {can, c2_nl}.
Since W - h = W,W - ghg™' = W, g or the reduced form of ghg~' must contain a rule from
Sont1 U {can, ¢y}

Therefore there exists a word x in S such that W’ = W - z is in the domain of a rule from
Son+1U{can, c2_nl}. By Lemma 6.2 W .o~ the = W/, W' (7 gx) (2~ ha) (a7 gx) = W, W2z~ lbr =
W', Tt is clear that if for every integer s there exists b, which is equal to (z~'gz)*(z~tha)(x~1gz)~*
modulo Burnside relations and such that, W’ -, = W', then condition (1) holds for W, g, h. Hence
we can assume that W = W’'.

Thus all sectors of the form [x(i)p(7)] in W are equal to x(i)p(i) (since every rule from Sop4+1 U
{can, ey} locks k(i)-sectors).



70 A.Yu. OL’SHANSKII AND M. V. SAPIR

For every i = 1,..., N, consider the homomorphism ¥; : 7 — L*(7, k(7)) from P Q to (A(A(7))).

Lemma 6.19. Let x € P x Q. Then the following conditions hold:

(i) k(1)p(1) - & = k(1)p(1) if and only if x is v-trivial.

(i) k(1)p(1) is in the domain of = if and only if every P-syllable of x except possibly the last
one has trivial v-image.

(iii) Let W' = k(i) tuk(i) be a 1-sector admissible word, i = 1,...,N. Then W'-z = W' if and
only if ¥;(x) commutes with u modulo Burnside relations.

(iv) Every 1-sector admissible word of the form [k(i) "'k (i)] or [p(i)p(i)~'], i = 1,...,N, is in
the domain of x.

(v) For every sector W' of the form [p(i)p(i)~'] of the word W, W' -z =W".

(vi) If i = 1 then the word W is in the domain of x if and only if all P-syllables of x except
possibly the last one are v-trivial. If ¢ > 1 then the word W is in the domain of x.

(vii) Ifi = 1 then W-x = W if and only if x is v-trivial, and for every sector W' = k(1) tur(1)
of W, ¥1(x) commutes with uw modulo Burnside relations. If i > 1 then W -z = W if and only if
for every sector W' = k(i) " tuk(i), ¥;(x) commutes with u modulo Burnside relations.

Proof. Since we identify letters x(i,w), w € Q, with k(i) and p(i,w), w € Q, with p(i) (i = 1,...,N),
all rules from P are applicable to W and to any word of the form W -x. Rules from @) are applicable
to such a word if and only if every sector of the form [r(1)p(1)] is equal to x(1)p(1) in H};,. This
implies parts (i), (ii) of the lemma.

All rules from P x @ are applicable to any sector of the form [k (i)~ k()] or [p(i)p(i)~']. For
every rule 7 from P Q, R*(t, p(i)) = L*(7, p(i)+) = 1. This implies parts (iii),(iv) and (v) because
of Lemma 6.4.

Parts (vi), (vii) follow from the previous parts of the lemma by Lemma 6.3. O

Lemma 6.20. Let U = k(i) 'uk(i) be a one-sector admissible word i > 1. Suppose that U - h =
U, U-ghg~' =U. Then for every positive integer s, U - ghg™° = U.

Proof. By Lemma 6.19 (iii) 9;(h), 9;(ghg™!) commutes with « modulo Burnside relations. Since
u # 1 modulo Burnside relations (we have agreed to consider only reduced admissible words), by
Lemma 4.19, then 9;(g) commutes with J;(h) modulo Burnside relations. Hence ¥(g°hg~*) = ¥(h)
modulo Burnside relations. Since by Lemma 6.19 (iv) U is in the domain of g°hg™%, by Lemma

6.5(ii), we get U - g°hg™* =U -h =U. O
Now we are ready to prove part (1) of the proposition if ¢ > 1.

Lemma 6.21. Part (1) of the Proposition 6.17 holds if i > 1.

Proof. Indeed all rules from S lock sectors of the form [k(i)p(i)] and are not left active for p(i)-
sectors and for p(i)~!-sectors. Therefore if W' is any of the sectors of W of the form [r(i)p(i)] or
[p(i)p(i) 1] then W’ . g = W', so for every integer s, W’ - g°hg=* = W'. By Lemma 6.20 the same
conclusion can be drawn for sectors of the form [k(i) ~'x(i)]. Hence by Lemma 6.3 W -ghg=% = W
as required. ]

Now let ¢ = 1. It is obvious that we can assume that g, h # 1 modulo Burnside relations.

1

Lemma 6.22. If there exists a word x € P Q such that g = xpx~!, h = xqz~! modulo Burnside

relations, where p,q € P, then g and h commute modulo Burnside relations.



Non-amenable finitely presented torsion-by-cyclic groups 71

Proof. Suppose that such a word x exists. By Lemma 6.19 (i), the word h, the reduced form of
ghg~! and the word b from the formulation of part (1) of the proposition are v-trivial. By Lemma
4.21, g is also v-trivial. Then by Lemma 4.20(iii) (since g,h # 1) there exist words z1 and x5
such that :Ulpxl_l =g, xgqxgl = h modulo Burnside relations, xlpajl_l, 332(]1’2_1 are v-trivial. Since
h,g # 1 modulo Burnside relations, :L‘lprl, T2qTy ! can be considered reduced. This implies that
v(p) =v(g) = 1.

We have that 7121 commutes with p modulo Burnside relations. Therefore 2~z belongs to
the centralizer of p modulo Burnside relations. The centralizer of every non-trivial element of a
free Burnside group is cyclic of order n by Lemma 4.18. Therefore the centralizer of p in the free
Burnside factor of P x  and in the free Burnside factor of P are the same. Thus z~ 'z belongs
to P modulo Burnside relations and © = z1p; for some p; € P from the same cyclic subgroup as
p. Since xlpxl_l is #-reduced and v-trivial, all P-syllables of z1p; except for, possibly, the last one
are v-trivial. Hence by Lemma 6.19(vi), W is in the domain of xip;.

Notice that xlplqpl_lxl_l = xqxr~! = h modulo Burnside relations. Hence by Lemma 6.5(ii)
w- xlplqpl_lxl_l =W -h=W. The word ghg™' is equal to

wipry wipigpy ay tmp T ey = wippigpy o ey
modulo Burnside relations.

Let Wy = W-zy. Then Wy -pigpyt = Wi and Wy -p(pigpy H)p~! = Wi. By Lemma 6.10 applied
to a [k(i) ' k(i)]-sector of Wy, p commutes with p;gp; ' modulo Burnside relations. Conjugating
by z1, we deduce that g, h commute modulo Burnside relations. ]

Now we are ready to prove part (1) of Proposition 6.17 for i = 1.

Recall that we can assume that all sectors of W of the form [x(1)p(1)] are equal to (1)p(1) in
Hy ..

By Lemma 6.22, we can assume that there is no word z such that ¢ = apz™', h = zqz~
modulo Burnside relations, where p,q € P.

By Lemma 6.19(i), h,ghg™', and b are v-trivial words. By Lemma 4.21 then g is an v-trivial
word. Hence by Lemma 6.19(i), Wy - g = W for every sector of W of the form [x(1)p(1)]. This
implies that W7 - g°hg™° = W) for every integer s. By Lemma 6.20, the same equality is true for
every sector of W of the form [k(1)71x(1)]. By Lemma 6.19(v) the same is true for sectors of the
form [p(1)p(1)~t]. Thus W - g°hg=* = W for every integer s.

This completes the proof of part (1) of Proposition 6.17.

1

Now let us prove part (2) of the proposition. So let us assume that there is no i = 1,..., N such
that each sector of W is of one of the forms [r(i)p(i)], [£(i) 1k(3)], [p(i)p(i)}]. Assume that part
(2) of Proposition 6.17 is not true and that (|h|,|g|) is the smallest in lexicographic order pair of
numbers for all such counterexamples (h, g) (for any W). Clearly the word h is not empty.

The next four lemmas allow us to improve out counterexample (h, g).

Lemma 6.23. For every word x over S such that W is in the domain of z, the pair (x = hx, 2~ 1gx)
is also a counterexample to statement (2) of Proposition 6.17.

Proof. Indeed by Lemma 6.2 (W - z) -2 the = W -z,
(W -z)- (2 gz) (2" ha) (x gr) L = W - .

Also since W does not contain accepted subwords, W -z does not contain accepted subwords. [
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Lemma 6.24. The word h is cyclically reduced.

Proof. Suppose that h is not cyclically reduced. We can represent h in the form hiho such that
the reduced form h’ of the word hahy is cyclically reduced and |h'| < |h|. By Lemma 6.23, the
pair (W', hy'ghy) is also a counterexample to part (2) of Proposition 6.17. This contradicts the
minimality of the counterexample (h, g). Hence h is cyclically reduced. O

Lemma 6.25. There ezists a possibly different counterezample (h, g) with |h| = |h|, |g| = |g| such
that h is cyclically reduced and ghg~! is reduced. Moreover for some prefit x=1 of the word h, we
have h = xha™', g = xgx~" in the free group.

Proof. By Lemma 6.24, h is cyclically reduced.
Therefore either gh or hg~! is a freely reduced word. Let us assume that hg~! is freely reduced.
The right-left dual of the argument presented below will work in the case when gh is freely reduced.
Notice that g # gih~! for any g1, since otherwise gihg; Lis freely equal to ghg™!, and the
counterexample (h, g1) would be smaller than (g, k). Thus g = g1 f where f~1f' = h and g1 f’ is a
reduced word. Hence ghg™! = glf’fflgl_l, whence

-1

W'glf'f_lgl_1 =W (12)

Since W - f~1f/ =W -h =W, we have (W - f~1) - f/f L =W . f1 Let W =W - f~'. Then
W’ f =W and W - (fg0)f'f = (fgr) ™t = W' by (12).

Now notice that since h is cyclically reduced, |f’f~!| = |h|. If |fg1| < |g| then the minimality
of (|h|,|g|) implies that W’ - (fg1) = W' or fg1 commutes with f’f~! modulo Burnside relations.
In the first case W-g1f = W. Since W-h =W, we get W-g =W -(g1f) = W, a contradiction. In
the second case conjugating by f~', we get that g; f commutes with f~!f’ = h modulo Burnside
relations. Therefore g = g1 f commutes with h modulo Burnside relations, a contradiction.

Hence the length of the freely reduced form of fg; is equal to |g|. This implies that if g; is not
empty then g is cyclically reduced (since f is not empty by our assumption).

Case 1. Suppose that g; is not empty. Then the word L)““‘ql!)"’f_lgflf_1 is reduced (fg; is
reduced because g = g1f, |fg1] = |gl, g1’ is reduced by the definition, f’f~! is reduced because it
is a cyclic shift of the cyclically reduced word h, f _lgl_ Lis reduced because g1 f = g is reduced).
In this case h = f'f~!, g = fg1 and x = f. Therefore W is in the domain of 2~!. By Lemma 6.23,
the pair (h,g) is a (minimal) counterexample, as required.

Case 2. Now let g; be empty, that is f = ¢g. If g is not cyclically reduced, then g = ygoy ™!,
h = yggly_lhg for some gs, ho and a non-empty y. Applying Lemma 6.23 for z = y, we obtain a
counterexample (g2y~'hoy, g2). Since g is shorter than g, and goy~'hoy is of the same length as
h, we get a contradiction. Hence g is cyclically reduced.

Now let ¢7% be the maximal power of g which is a prefix of h. Using Lemma 6.23 with x = g%,
we can pass from the pair (h, g) to another minimal counterexample (fL, g) = (h1g™%, g) where hy is
defined by the formula h = g~ *h;. Notice that since h is cyclically reduced by Lemma 6.24, h1g~*°
is cyclically reduced. The word h; is not trivial because otherwise g and h would commute, so
(h,g) would not be a counterexample. Since g is cyclically reduced, the product ﬁgfl is reduced.
If giL is reduced, the product glALg_1 is reduced and we are done. Otherwise, since g~
prefix of h (by the choice of s), we can apply the argument of Case 1 and produce the required
counterexample. ]

1S not a
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-1

Lemma 6.25 allows us to assume (from now on) that ghg™" is reduced.

Lemma 6.26. The words g, h are Burnside reduced.

Proof. Let h contain a non-empty subword ¢ which is equal to 1 modulo Burnside relations. Then
h = hychs for some hy,hy. By Lemma 6.5 (iii), W - hihg = W. Since ghg™! is reduced, we have
W -g-hichy- gt =W, so W -ghihag~t = W. Now it is clear that (hihs,g) is a counterexample
to part (2) of Proposition 6.17, which contradicts the minimality of (h,g). Similarly if g is not
Burnside-reduced, we can shorten g. O

Lemma 6.27. One cannot represent h as a product hihohs where hy = h;l modulo Burnside
relations and hy, hs consist of rules from the same S, w € Q, and at least one of the words hy or
hs is not empty.

Proof. If one of the words hy or hs is empty then h; = hg = 1 modulo Burnside relations, and we
get a contradiction with Lemma 6.26. Hence both h; and hs are not empty. Let f be a shortest
word among h1, hgl. By Lemma 6.6, hi, hy L f define the same transformation from P(S). Hence
we have

W-h=W-hy -hy hs=W-f -hy- fL=W:fhof t=W

1

and, since ghg~" is reduced,

W.g.hl.hz.hg’.gfl:W.g(fhszl)gfl:W

Since h = fhaof~! modulo Burnside relations, the pair (fhaf ™1, g) is a counterexample to part (2)
of Proposition 6.17. Since |f| < |h1|,|hs|, (fhaf~!, g) is a minimal counterexample. But fhof~ ! is
not cyclically reduced, a contradiction with Lemma 6.24. O

Lemma 6.28. Suppose that ghg™" contains a connecting rule ct' which locks a sector zwz' of W,

z # k(1), p(1)~L. Suppose that all rules in ghg™' which differ from ¢! are left or right active for
z-sectors. Then ghg™' contains at least two different connecting rules c;tl and ci_ll, i € €.

Proof. By Lemma 6.9, 2’ = z,; z # (i), p(i) ™! for any i because all rules lock x(i)-sectors if i > 1,
and z # k(1),p(1)~! by assumption. Hence every connecting rule changes the Q-coordinate of
z-sectors.

Suppose, by contradiction, that ghg~' does not contain two different connecting rules. Since
W -ghg™' = W and W - h = W, and the word ghg~! is reduced, W and W - g have the same (-
coordinate. Hence either g does not contain ¢! or g contains a subword ¢3! feF! where f contains
no connecting rules. In the first case, h contains ¢!, so (since W - h = W), h contains a subword
of the form ¢! fcT!. In both cases f contains rules from only one S;. All these rules are active for
z-sectors by our assumption. Hence by Lemma 6.11 (which can be applied since z # x(1), p(1)~1),
f =1 modulo Burnside relations, a contradiction with Lemma 6.26. O

Lemma 6.29. W cannot contain a sector of the form [% (i,7)% (i,7)7!].

Proof. Suppose that W contains such a sector W/ = & (i, j,w)wF (i, j,w) . Notice that since W
starts and ends with the same K-letter, it must contain a sector W” of the form z~'w"z, z € K(w),
either to the left or to the right of our sector W’. Replacing W by W~ if necessary, we can assume
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that such a sector occurs to the left of W’. We also choose W” to be as close to W' on the left as
possible.

By Lemma 6.9, ghg~! does not contain occurrences of c,, or rules from S,, which lock % (i, j)-
sectors. For every t € Q either ¢; or ¢411 locks (i, j)-sectors, and ¢, and every rule from Sy, 11
lock these sectors. Therefore ghg~! can only contain rules from two consecutive S;, S;11 (w =t or
w=t+ 1), and does not contain rules from Sg, 1 U {cap, c2_nl}

If ghg~! contains rules only from one S;, then by Lemma 6.10(ii), we have that h and ghg~
are equal modulo Burnside relations to powers of root,,(w). By Lemma 4.19, it follows that A and
g commute modulo Burnside relations, a contradiction.

Thus we can assume that ghg™' contains rules from two different sets S; and S;1; or ghg™' =
cgﬂ fef ! for some f. In both cases ghg~' contains an occurrence of ¢; and an occurrence of c, L

Since W’ is not a prefix of W, by the definition of admissible words, W contains a subword of
one of the following forms:

1

1

(i,j,w)_lwlﬁ(i,j,w)w?(i,j,w)_l,
(i) — Lw)wi R (4, j,w)wF (i, j,w) " (j > 1),
p(Dw1F (i, 1, w)wF (i, 1,w) ",

= =

for some word w; over A(F (i,7)-).
Consider each of these cases.
Case 1. W contains 7 (i, j,w) w1 % (i, j,w)wF (i, j,w) ! for some w.

Case 1.1. Let j > 1. Then ®(i,j)— = % (i,j — 1). Since for every t > 0 if ¢; is active for
K (i, j)-sectors then it locks % (i, j —1)-sectors, ¢; locks & (i, j —1)-sectors. This contradicts Lemma
6.9.

Case 1.2. Let j = 1. Then ®(i,j)— = p(i). Then by Lemma 6.9, ¢t,t + 1 # 0. Recall also
that ¢,¢ +1 # 2n + 1 and that all other (working) rules except for rules from Sp U {co} are right
active for p(i)-sectors. By Lemma 6.10 (ii) h and ghg~! are a powers of root,,(w; ) modulo Burnside
relations, so by Lemma 4.19, h and g commute modulo Burnside relations, a contradiction.

Case 2. W contains % (i, — 1,w)w1 % (i, j,w)wF (i,7,w) !, j > 1. Then ¢; locks % (3,5 — 1)-
sectors (indeed, every connecting rule which does not lock some % (s,1)-sectors locks all % (s,1)-
sectors). Lemma 6.28 now implies that rules of one of the sets S; or Si41 lock ® (7,7 — 1)-sectors.
Let Sy, t' € {t,t + 1} consist of rules which lock % (i,j7 — 1)-sectors. By definition of S, t’ €
{0,25 — 1,24,25 + 1,...,2n + 1}. Since for ¢ € {2j,...,2n + 1} the rules of Sy lock also % (i, 7)-
sectors, we conclude that ¢’ € {0,25 — 1}.

Case 2.1. Let t' =2j —1, j > 1. Then t = ¢t + 1 because rules from Sy; lock % (i, j)-sectors.
So t = 2j — 2. Since all rules from Sy;_; lock all ®(¢,1)-, ®(3,1)-,...,% (,j — 1)-sectors, none of
the letters % (i, 1,w), ® (i, 1,w), ..., ®(i,j — 1,w) belong to the sector W” (by Lemma 6.9). The
definition of admissible words now implies that in W, K-letters to the left of % (i,j — 1,w) are
placed in the natural (decreasing) order from % (i,j — 1,w) to ® (i,1,w). The K-letter in W next
to the left of & (i, 1,w) may be either p(i) or % (i,1,w)"!. Consider both cases.

Case 2.1.1. Suppose that W contains a sector of the form p(i)w” % (i,1,w). Since neither ¢
nor t + 1 are equal to 0 or 2n + 1 (recall that ¢’ € {t,t + 1}, ' = 25 — 1,57 > 1), all rules from
St USiy1 U{ei} are right active for the p(i)-sectors and (by Lemma 6.4) L%(h, % (i,1)) is a copy of
h. Since W - h = W, we conclude that h = 1 modulo Burnside relations, a contradiction.
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Case 2.1.2. Suppose that W contains a sector of the form % (i,1,w) 'w™”® (i,1,w). Then

by Lemma 6.10 h and ghg~! belong to the same cyclic subgroup generated by root,(w”’) modulo
Burnside relations. As before, by Lemma 4.19, this implies that h and g commute modulo Burnside
relations, a contradiction.

Case 2.2. Let t' = 0. Then ghg~! contain rules from So U S; U {co, cal} only.

Notice that g cannot contain a subword of the form cpgic; I Wwhere g1 is a word over S;. Indeed
otherwise by Lemma 6.11 applied to the sector ® (i,j — 1,w)w1 R (4,j,w) of W, we get g1 = 1
modulo Burnside relations (since ¢ locks this sector, and all rules from S; are left active for it).
This would contradict Lemma 6.26. Similarly h cannot contain a subword of the form cohicy 1
where h; consists of rules from S;. Hence either h contains rules from only one S, or h has the
form hicy 1h200h3 where hi, hg are possibly empty words over S1, ho is a word over Sy.

Since W and W - g are in the domain of h, W and W - g have the same (2-coordinate. Hence
the total degree of ¢ in g is 0. Therefore either g does not contain cy and c; L or ¢ has the form
gicy ! gacogs where g1, g3 are words over S; (these words can be empty) and g9 is a non-empty word
over Sy.

Consider these two cases separately.

Case 2.2.1. Suppose that g does not contain cg and cgl. Since ghg™! must contain cg or cgl,

h has the form h1C61h2C0h3 where h1, hg are words over Sy, ho is a word over Sy. Since W-h =W,
the Q-coordinate of W is 1, and g is a word over S;.

Let us apply Lemma 6.4 (i) to the sector % (i,j — 1,w)w1® (i,j,w) of W. Since cg locks this
sector, R*(gh1, % (i,j — 1)) = R*(h1, R (i,j — 1)) = w1 modulo Burnside relations. By Lemma 6.4
(iii), we obtain that gh; = h; modulo Burnside relations, so ¢ = 1 modulo Burnside relations, a
contradiction.

Case 2.2.2. Suppose that g = glcalggcogg where g1, g3 are words over Si, go is a word over
So.

If h consists of rules from S;, then we can apply Lemma 6.11 to the subword gzhgs Lof ghg™
and a sector of the type [ (i,7 — 1)% (4,4)] of W - gicy *gaco to obtain that gshgs ' is equal to 1
modulo Burnside relations. Hence h = 1 modulo Burnside relations, a contradiction.

Since h does not have subwords of the form coﬁco_ ! h has the form hicy Lhocohs where hy, hs
are words over S1, ho is a word over Sg. Then again by Lemma 6.11, gzh1 = 1, h3gs ! — 1 modulo
Burnside relations. Hence hy = hy ! modulo Burnside relations, which contradicts Lemma 6.27 if
hy or hs are not empty or Lemma 6.24 if hy and h3 are empty.

1

Remark 6.30. Notice that the only properties of the sector % (i, —1,w)w; % (4, j,w) used in Case
2.2 are the properties that all rules from Sy U {cg} lock this sector and all rules from S; are active
for this sector.

Case 3. Let W contain sectors p(i)w1 % (i,1,w) and & (i,1,w)w® (i,1,w)" . Recall that
tt+1#2n+1.

Case 3.1. Suppose that ¢ # 0. Then all rules from S; U S;41 U {c;} are right active for
p(i)-sectors. Therefore by Lemma 6.12 h = 1 modulo Burnside relations, a contradiction.

Case 3.2. Let t = 0. By Remark 6.30, this case is similar to Case 2.2 because all rules from
So U {co} lock p(i)-sectors and all rules from S; are (right) active for these sectors. O
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Lemma 6.31. W cannot contain a sector of the form [% (i,5)% (i,7) '], i=1,..,N,j=1,...n.

Proof. Suppose that W contains a sector W’ of the form % (i, j, w)w (i,7,w) "', i =1,...,N,j =
1,...,n,w € Q. As in the proof of Lemma 6.29, we can assume that W contains a sector W of the
form [2712] to the left of W', z € K. We also assume that W” is the closest to W' such sector (in
principle, W” can have a common letter % (i, j,w) with W’).

Since all rules from S U So;,4+1 U {c2;,7 = 0,...,n} lock % (i, j)-sectors, none of these rules can
occur in ghg~! by Lemma 6.9. Therefore ghg~' involves rules from at most two sets S¢, ;1.

If ghg™! contains rules of only one set S, then by Lemma 6.13 (h, g) is not a counterexample
to part (2) of Proposition 6.17, a contradiction.

Thus ghg~! contains c; for some t. Moreover this ¢t must be odd because connecting rules with
even indices lock % (i, j)-sectors.

Then c; locks & (k,{)-sectors, 1 < k < N,1 < /¢ <n. So by Lemma 6.9, z # % (k,¢) for any
k,£.

Hence the first letter % (i, 7, w) of W’ does not belong to W”. Therefore W contains a sector of
the form [® (i,7)% (¢, 7)]. If rules from S; and S;4; are active for % (i, j)-sectors, and c; locks these
sectors, we get a contradiction with Lemma 6.28.

Hence rules from S;;1 must lock % (i, j)-sectors. Therefore these rules lock all & (4, j')- and
‘% (i,j')-sectors with j' < j. Hence z # ®(i,5), 7/ = 2,3,...,j and z Z ®(i,5'), 7/ = 1,2,...,J.
Hence the K-letter preceding % (i,j,w) in W is & (4,j,w), the K-letter preceding % (i, j,w) is
®(i,7 — 1l,w), etc. We conclude that W contains a sector of one of the forms [p(i)® (i,1)] or
[® (i, )17 (i,1)].

In the first case we get a contradiction with Lemma 6.7. In the second case by Lemma 6.10
h, ghg—! belong to the same cyclic subgroup modulo Burnside relations, and we get a contradiction
using Lemma 4.19. O

Lemma 6.32. Not all sectors of W have the form [zz~'] where z is one of the letters \(i,w),
A(i,w) ™1, p(i), p(i)~".

Proof. Suppose that each sector of W has one of these forms. But for each

2 € {A(@w), A(@w) ™ p(i), p(i) T,

L1,2) = R%(1,2) = 1 for every 7 € S. Notice that W is in the domain of g because ghg~! is
reduced and W - ghg~' = W. Now by Lemma 6.4 we have W - g = W, a contradiction. ]

Lemma 6.33. W does not contain sectors of the form [k(i)r(i)~].

Proof. 1f i > 1 then the statement immediately follows from Lemma 6.9 because all rules in S lock
#(i)-sectors. So let i = 1 and suppose that W contains a sector of the form [r(1)x(1)~!]. Then
by Lemma 6.9 ghg~! does not contain rules from Sy and Sy,,;1 and connecting rules caﬂ, c2in. As
before we may assume that there is a sector W” of the form z~tw;z to the left of W’ in W (if not
we replace W by W™1). In particular, W’ is not a prefix of W. The K-letter preceding x(1) of
W’ in W is either x(1)~! or A(1,w). In the first case we get a contradiction using Lemma 6.10 (ii)
and Lemma 6.19(iii) because by Lemma 6.4 (iii) 91(ghg™') is a copy of ghg™! in this case. In the

second case we get a contradiction with Lemma 6.7. 0
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1

Lemma 6.34. W does not contain sectors of the form z ‘wz, where z = R (i,j,w) for j # 1 or

z=%(i,j,w) or z = A(i,w).

Proof. Indeed, suppose that W contains such a sector W’. Then by Lemma 6.9, rules from So,,11 U
{can, c5, 1} do not occur in ghg™! if 2 = F (4, j,w) for j # 1 or z = F(i,j,w) or z = \(i,w).

Since W starts and ends with the same K-letter, we can assume that W contains a sector W”
of the form zlwlzl_l to the right of W’. By Lemmas 6.29 and 6.31 the K-letter z; in W” can be of
one of the forms A(s,w), k(s), p(s) for some s. By Lemma 6.9 this implies that rules from Sy and
co cannot occur in ghg~!. As in the proofs of Lemmas 6.29, 6.31, all rules in ghg~' are contained
in St U St+1 @] {Ct, Ct_l}, t ?é 0, 2n.

Case 1. Suppose that the K-letter in W’ is % (i, j,w). Then by Lemma 6.29 the K-letter next
to the right of W’ cannot be  (i,7,w)™!, so it must be % (i,j,w). But rules from S; US;;1 are

active for ® (7, j)-sectors and the rule c; locks this sector. Thus we get a contradiction with Lemma
6.28.

Case 2. Suppose now that z = % (4, j,w). Then by Lemma 6.31, the K-letter next to the right
of W' cannot be ‘% (i, j,w) !, so it must be % (i,j + 1,w) if j <n or A\(i + 1l,w) if j = n. Asin
Case 1, rules from S; US;;1 are active for ‘% (4, j)-sectors, and the rule ¢; locks these sectors, which
contradicts Lemma 6.28.

Case 3. Suppose that the K-letter in W’ is A(i,w). Since by Lemma 6.32 not all sectors of W
have the form zwz~! where z € {\(i,w), A(i,w) "'}, W either has a sector of the form [\(i)r(i)] or
it has sectors of the forms [A(i)A(i)~!] and [ (i — 1,n)A(7)].

Case 3.1. Suppose that W has a sector of the form [A(7)x(7)]. Recall that rules from Sy, ¢, c2p,
do not occur in ghg~!. All other rules are right active for A(i)-sectors. This by Lemma 6.7 implies
that ghg~! = 1 modulo Burnside relations, a contradiction.

Case 3.2. Suppose that W has a sector of the form [A(i)A(i)~!] and a sector of the form
[% (i — 1,n)A(7)]. Since we have already proved (Cases 1, 2) that W does not contain sectors
of the form [% (p,q) Y% (p,q)], [F(p,q) 'K (p,q)], ¢ # 1, W must contain sectors of the forms,
[F(@E—1,n)%"6E—1n),[RGEi—-1,n—1)F@GE—1,n)],..[F(E—-1,1)%(—1,1)]. Thus W contains
% (i—1,1,w)" . The K-letter next to the right of ® (i — 1,1,w)~! in W is either ® (i — 1,1,w) or
p(i —1)~L. Since all rules from S; US;11 U {c;} are left active for ® (i — 1,1) " -sectors, in the first
case we get a contradiction by using Lemma 6.10(ii) and Lemma 4.19. In the second case we get a
contradiction with Lemma 6.7. O

Lemma 6.35. If W contains a sector W' of the form [% (i,n)% (i,n)] and a sector W" of the form
[% (i,n)A(i + 1)], and h contains a subword h' of the form cf'hicF!, where hy does not contain

either connecting rules or rules from Son11, then hi contains rules from Sq.

Proof. Indeed suppose that h; does not contain rules from Sy. Notice that ¢ locks either W’
or W”, but all rules from S\(Sp U Sgp,11 U {co, ..., can}) are left active for & (i, n)-sectors and for
‘K (i,n)-sectors. Hence we can apply Lemma 6.11 to either W’ or W” | h; is equal to 1 modulo
Burnside relations which contradicts Lemma 6.26. O

Lemma 6.36. If W contains a sector of the form [F (i,n)® (i,n)] and a sector of the form
[% (i,n)\(i + 1)] then h contains a rule from So U {co} or h is a word over Sgp41.
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Proof. Let w be the Q-coordinate of W. Suppose h does not contain rules from Sy and does not
consist of rules from Soy41.
Then by Lemma 6.35, h has the form

-1/ —137
hwcwhw—i-l~--h2n02nh2n+lcgnh2n-~cw hw

where h; and h;- are words over S;, j = w,...,2n + 1.

The connecting rule c,, locks either ® (i, n)-sectors or ‘% (i, n)-sectors. The rule cg, locks both
 (i,n)-sectors and % (i,n)-sectors. All rules from S, w < 2n, are left active for % (i, n)-sectors,
and for % (i, n)-sectors, rules from Sy, are left active for % (i, n)-sectors. Hence by Lemma 6.4(iii)
he, = (h.,)~! modulo Burnside relations. By Lemma 6.27, h,, and h/, are empty. Then h is not
cyclically reduced (it starts with ¢, and ends with ¢!, a contradiction). O

Lemma 6.37. Suppose W contains a sector of the form [F (i,n)% (i,n)] and a sector of the form
[ (i,n)A(i + 1)]. Then ghg™" contains rules from Sy.

Proof. Suppose by contradiction that ghg™' does not contain rules from Sg. By Lemma 6.36 h is
a word over Soy1.

Since W - h = W, the Q-coordinate of W is 2n + 1.

Suppose that g consists of rules from Sy,11. Suppose that rules from S, are active for a
sector of the form [z2/] of W. Then z # x(1),p(1)"!. Hence by Lemma 6.13, either g and h
commute modulo Burnside relations or W - g = W a contradiction. If rules from Sg,11 are not
active for sectors of W then W - g = W by Lemma 6.4(i), a contradiction. Hence g contains some
rules not from Sg;41.

Since W is in the domain of g (indeed W is in the domain of ghg~! and ghg~! is reduced) , g
must start with a rule from So,41 U {cz_nl} Since g contains some rules not from Sy,11, g has a

subword of the form ctil fef ! where f is a word over some Sy, ¢ # 0. By Lemma 6.11, ¢ is not
Burnside-reduced, a contradiction with Lemma 6.26. ]

1

Lemma 6.38. If W contains an occurrence of % (i, j,w) or % (i, j,w) or A(i,w) then ghg™" contains

rules from Sy.

Proof. Consider the cyclic graph labeled by A(w) where w is the Q-coordinate of W. We can
consider this graph as an “inverse automaton”, so that we can read clockwise and counterclockwise.
Of course when we pass an edge labeled by z in the counterclockwise direction, we read z~!, when
we pass it in the clockwise direction, we read z. Then the word z12zs...z1 of K-letters from W can
be read on this automaton, and the start edge coincides with the end edge. This interpretation
makes it clear that if W contains (i, j,w), ® (i,7,w) or A(i,w) and does not contain sectors of
the form [zz7Y] with z € {® (p, q,w), % (p, ¢,w), % (p,q,w) "L, A(p,w) ™1} for any p,q (see Lemmas
6.29, 6.31, 6.34) then W must contain a sector of the form [® (p,n)® (p,n)] and a sector of the
form [% (p,n)A(p + 1,n)]. Now the statement of the lemma follows from Lemma 6.37. O

Lemma 6.39. W does not contain sectors of the form zwz"1 where z € K.

Proof. Suppose that W contains such a sector. By Lemmas 6.29, 6.31, 6.33,

z € {A(i,w), p(i)}.



Non-amenable finitely presented torsion-by-cyclic groups 79

Case 1. Let z = A(i,w). Since by Lemma 6.34 W does not contain sectors of the form
[A(4)1A(7)], W must contain a sector of the form [% (i — 1,n)A(i)]. Since by Lemma 6.34 W does
not contain sectors of the form [% (i — 1,n) 1% (i — 1,n)], W must contain a sector of the form
[® (i —1,n)% (i — 1,n)]. Now by Lemma 6.37, ghg~* contains a rule from Sy. But this possibility

cannot occur because rules from Sy lock A(7)-sectors.

Case 2. Let z = p(i). Then ghg~! does not contain rules from Sy by Lemma 6.9.

Suppose that W contains a K-letter of the form % (i,j,w), ®(4,j,w) or A(¢,w). Then as
in the proof of Lemma 6.38, by Lemmas 6.29, 6.31, 6.34 W must contain sectors of the form
[% (i,n)% (i,n)] and [® (i, n)A(7)]. But this contradicts Lemma 6.37.

Therefore all K-letters in W belong to the set {x(i), k(i) ™, p(i), p(i) ~'}. By Lemma 6.32 not all
K-letters belong to the set {p(i), p(i)~'}. By Lemma 6.33, not all of them belong to {r(i), (i)~}
Therefore for some i from 1 to N each sector of W has one of the four forms [k(i)p()], [(i) " x(3)],
[p())p(i)~1, [p(i)~Lp(i)] (recall that sectors of the form [x(i)x (i) ~!] cannot appear by Lemma 6.33).
Moreover a sector of the form [k (i) ~1x(i)] must appear among sectors of W (the K-letter preceding
k() in W cannot be \(i,w) since W does not contain letters of the form A(j,w)).

If rules from So,41 do not appear in g,h then we can consider any sector of W of the form
[k(i) " k(i)], and use Lemma 6.10 to get a contradiction. Therefore rules from Ss,, 41 do appear in
ghg™'. By the same reason not all rules in ghg™' are from Sg,41. Therefore ghg™' contains cg,.
Since ca,, locks k(i)-sectors, sectors of the form [p(i)~!p(i)] do not appear in W. Therefore for
some i all sectors of W have the form [r(i)~'x(i)], [k(i)p(i)] or [p(i)p(i)~!]. But this contradicts
the assumption of part (ii) of Proposition 6.17. O

Recall that W is an admissible word which starts and ends with the same letter and does not
contain accepted subwords. By replacing W with W~ if necessary we can assume that the first
letter in W belongs to K(w) for some w € . Then by Lemma 6.39 all K-letters in W belong to
K(w). Since W is an admissible word, it must contain an admissible subword W’ whose projections
onto K-letters is equal to a cyclic shift of A(w).

Lemma 6.40. W’ is an accepted word.

Proof. By definition, W contains sectors of the form [zzy] for every 2 € K(w). In particular, W
contains sectors of the form [% (1,n)% (1,n)] and [% (1,7)A(1,n)]. By Lemma 6.37, ghg~! contains
a rule from Sg. By Lemma 6.13, ghg™! contains rules from at least two different S;. Hence ghg™*
also contains either rules from S; or c§1.

Let us prove that ghg™' or gh~'¢g~! contains a subword cohic; where h; is a word over S;.
Suppose that it is not true. Then ghg~! contains rules from Sg U {co, cy 1} US: only. Hence ghg™!
contains cg and ¢y ! Since the Q-coordinates of W, W - g, W - gh are the same, the total exponent
of cg in ¢ is 0 and the total exponent of ¢y in h is 0. If g or h contains a subword cofca1 where f is
a word over S, then by Lemma 6.7, applied to any % (i, j)-sector of W, we get that f = 1 modulo
Burnside relations, a contradiction with Lemma 6.26. Hence neither g nor A contain subwords of
the form cgfcy . Now consider two cases.

Case 1. Suppose that w = 0. Since W - ghg~! = W, the first occurrence of caﬂ in ghg~! is co.
Since h does not contain subwords of the form cq fc; 1 this ¢ occurs in ¢g. But since W - ¢ has the
same ()-coordinate as W, g must contain c; ! hence g contains a subword of the form cg fco la
contradiction.
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Case 2. Suppose that w = 1. Then the first occurrence of c(jfl in ghg~!is cgl. Since W.g =W,
we can represent g as gigs where go is the maximal suffix of g consisting of rules from S; and ¢
is either empty or ends with ¢g. Since W - h = W, we can represent h as hihshs where h; and
h3 consist of rules from S; and either hy = h3 is empty or ho starts with c; 1 and ends with Co.
Consider any % (1,1)-sector U = % (1,1, 1)u® (1,2,1) of W.

Case 2.1. Suppose that g; is empty, g = go consists of rules from S;. Since ghg™! contains cg,
h must contain cg, so hg is not empty.

Since cp locks U and rules from ¢ are left active for % (1,1)-sectors, by Lemma 6.4 (i), we
have R%(gh1) = u = (R%hsg~!))~! modulo Burnside relations. By Lemma 6.4 (iii), we have
that gh1 = ghg ! modulo Burnside relations. Hence h; = hy ! modulo Burnside relations. This
contradicts Lemma 6.27 if hy or hs is not empty or Lemma 6.24 if hy, hs are empty.

Case 2.2. Suppose that g; is not empty. Then g; ends with c; L If h does not contain cy,
that is ho, hg are empty, then by Lemma 6.7 applied to a ® (1, 1)-sector of W, ggth_1 = 1 modulo
Burnside relations, so h = 1 modulo Burnside relations, a contradiction.

If h contains cg, that is hg is not empty, then again by Lemma 6.7 goh1 = 1, h3gy ! = 1 modulo
Burnside relations. Thus hy = h;l modulo Burnside relations which as before contradicts Lemma
6.27 or Lemma 6.24.

Thus, since one can always consider h™! instead of h, we can assume that h has the form
ecohicy f for some words e, f. Since co locks z-sectors, z € {\(i), k(i), p(i), ® (,7)}, a cyclic shift
of W' e has the form

AL 0)s(D)p(1) R (1,1,0)u11 % (1,1,0)% (1,2, 0)ur 2% (1, 2,0)... 7 (N, 1, 0)un.n T (N, n, 0).

The word W' - ecy has the form

AL De(1)p() R, 1L, Du 1% (L1, 1)RQA,2,Dui 2" (1,2,1)... 7 (N,n,l)uy,, % (N,n, 1)
Since ¢ locks % (i, j)-sectors, for every i € {1,..., N} and every j € {1,...,n}, we have
R*(h1, R (i,)) = uig

modulo Burnside relations. Hence all u; ; are equal modulo Burnside relations, so a cyclic shift of
W' e is equal to the word

A(1,0)5(1,0)p(1,0)% (1, 1,0)u'®m (1,1,0) % (1,2,0)u% (1,2,0)... % (N, n,0)u% (N,n,0)  (13)

for some word u which is equal to u; ; modulo Burnside relations. Denote by @ the copy of u written
in Sg. Then by Lemma 6.4 W' - eu = A(0), so W' is accepted. O

Lemma 6.40 gives us the final contradiction because by our assumption W cannot contain an
accepted subword. Proposition 6.17 is proved.
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7 Bands, annuli, and trapezia

7.1 Definitions and basic facts

In Section 6, we introduced an auxiliary group Hj;, which was the free product of the subgroup (K)
freely generated by K and the subgroup H, generated by the set A subject to the derived relations
and the Burnside relations. Recall that the subgroup H, is the free product in the variety of
Burnside groups of exponent n of its subgroups (A4(z)), z € K. From now on let us call all relations
of H, as a-relations. All relations from Z(S) involving letters from K will be called k-relations and
all relations involving letters from R will be called r-relations. We also will call the commutativity
relations from Z(S) involving R- and A-letters ra-relations. Accordingly we shall consider a-cells,
k~cells, r-cells and ra-cells in van Kampen diagrams. Notice that k-cells are also r-cells. Recall
that the set of relations Z(S,A) consists of Z(S) and the hub A(0). The cells corresponding the
hub relation, will be called hubs as well.

In this section, we shall consider diagrams over the set Z(S, a) of all a-relations and all r-relations
(including k-relations).

With every word over KURU A we associate its K-length, its R-length and its A-length in the
natural way. In a diagram over Z(S, a) we consider R-edges and A-edges as 0-edges and K-edges
as non-zero edges. In a diagram is over the presentation consisting of a-relations and ra-relations,
then we consider R-edges as non-zero edges and A-edges as zero edges. Thus the metric on a
diagram depends on over what presentation this diagram is.

Let S be one of the sets K, R, A. Then we can consider S-bands in any diagram over Z(S,a)
as in Section 2.2.

e K-bands consist of k-cells. A maximal K-band which is not an annulus can start and end on
the boundary of a diagram. All K-letters of a K-band belong to the same set K(z) for some

» ¢ KUK . Thus we can consider K(z)-bands as well.

e R-bands consist of r-cells. A maximal R-band which is not an annulus must start and end
on the boundary of the diagram. For every R-band T there exists a rule 7 € S such that
R-edges in an R-band have labels of the form r(7, z), z € K. Thus we will sometimes call T
a T-band.

The next lemma immediately follows from the definition of words L(.,z) and R(.,z) and the
definition of K-relations.

Lemma 7.1. Consider a disc or an annular diagram consisting of one K(z)-band T. Then for some
word h over S (which is called the history of the band, the word written on the top of T is R(h, z),
the word written on the bottom of T is L(h, z). The word R(h,z) (resp. L(h, z)) is R-reduced if and
only if T does not contain two consecutive cells that cancel. Moreover L(h,z2)z' = zR(h, z) modulo
k-relations, where z, 2’ are the labels of the start and end edges of the band.

The next lemma contains easy properties of R-bands which follow immediately from the defi-
nition of Z(S) and Lemma 5.1.

Lemma 7.2. Let
W = UPZ1ULR2..-ZsUs+1
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be the bottom side of a T-band T,
w' = ugzi Uz 2y

be the top side of T, where z;, z| € KU (K)_1 wi, w, are words over A. Then W = zju;23...zs and
W' = 2w} 25...20, are admissible words and W -7 =W,

7.2 Forbidden annuli

Let A be any (disc or annular) diagram over Z(S,a). We call A Z(S, a)-reduced if every K-band
is reduced (that is they do not contain consecutive K-cells that cancel) and every disc subdiagram
whose boundary label is a word over A and is equal to 1 modulo a-relations does not contain

R-edges.

Lemma 7.3. Let A be a Z(S,a)-reduced disc diagram. Then A does not contain

1. K-annuli,
2. (K,R)-annuli,
3. R-annuli,

4. disc subdiagrams with some r-cells whose boundary path contains no R-edges,

Proof. We are proving these statements by a joint induction on the number of cells of the inside
diagrams of the annulus or the “bad” subdiagrams. By contradiction take the smallest disc subdi-
agram A’ of A which either contains one of the annuli forbidden by the lemma or has boundary
path forbidden by the lemma.

Case 1. Assume there is a K-annulus Q in A. Then there exists an R-edge on a side of Q.
Hence Q crosses an R-band 7. Since Q and T form a (K, R)-annulus with the inside diagram
smaller than that for Q, we obtain a contradiction.

Case 2. Suppose that A” is the inside diagram of a (K, R)-annulus Wy U Wy where W, is a
K-band and W5 is an R-band.

Then the contour of A” does not contain K-edges (otherwise there would be a (K, R)-annulus
with a smaller inside diagram). Therefore W; consists of two cells. These two cells have a common
K-edge and they belong to the same r-band Ws. Therefore these two k-cells cancel, a contradiction.

Case 3. Suppose that there is a k-cell in an R-annulus Q. Then we get a contradiction as
in Case 1. Therefore the boundary label W of A” is a word in A. Since the counterexample is
minimal, A” has no edges except for A-edges. Hence W = 1 modulo a-relations. Diagram A’ has
the same boundary label W, since all (7, a)-cells in Q, are commutativity cells. But this contradicts
the property that A’ is Z(S,a)-reduced, because there are R-edges in Q.

Case 4. Suppose that 9(A’) contains no R-edges. Then by part 3 of the lemma, A’ contains
no R-edges, so it cannot contain r-cells, a contradiction. ]

Corollary 7.4. The group H}, is (naturally) embedded into the group defined by Z(S,a).
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Proof. Indeed, let W be a word in K U A which is equal to 1 modulo Z(S,a). Then there exists a
Z(S,a)-reduced van Kampen disc diagram A with boundary label W. By Lemma 7.3, part 4, A
contains no r-cells, so all cells in A are a-cells. Hence W = 1 modulo a-relations, so W = 1 in Hj,,.
Thus the natural map of Hj, into the group given by the relations Z(S, a) is an embedding. O

7.3 Trapezia

Here we shall present a tool to translate results from Section 6 into the language of van Kampen
diagrams and vice versa.

Let A be a Z(S, a)-reduced disc diagram which has the contour of the form p;qi1p; 1q2_ ! where:

(TR1) ¢(q1), ¢(g2) are K-reduced words without R-letters, starting and ending with K-letters,
and

(TR2) p1 and ps are sides of reduced K-bands each containing at least one x-cell.

Then A is called a trapezium. The path ¢ is called the bottom base, the path g9 is called the
top base of the trapezium, the paths p; and py are called the left and right sides of the trapezium.
The history of the K-band whose side is p; is called the history of the trapezium.

By Lemma 5.1, if a word h over S contains just one rule 7, W = zju;...2; is a reduced admissible
word, and W -h = W7, then there exists a word W’ which is equal to W modulo a-relations and such
that 7 is applicable to W/, W’ - h = W/ where W] is equal to W; modulo a-relations. By Lemma
5.1 there exists a trapezium © consisting of one 7-band with bottom base label W', top base label
W{. Since W = W', W1 = W{ modulo Burnside relations, there exist diagrams A, Ay consisting of
a-cells with boundary labels W (W')~! and W (W{)~! respectively. Gluing three diagrams A, O,
A1 in a natural way, we get a trapezium T'(W,7) with bottom base label W, top base label W7,
left side label L(7,21), right side label R(t, z).

If a reduced word h consists of several rules, the corresponding trapezium can be obtained
by induction. Let h = h't where I’ is a word of smaller length than h. Suppose that we have
constructed a trapezia T'(W, h') with the bottom base label W and the top base label W - i/, and
suppose that W - h exists. Then W - 1’ is in the domain of 7, so 7 is applicable to a reduced
admissible word Wj which is equal to W - ' modulo a-relations. Then there exists a diagram A
over the a-relations with contour sys, ' where ¢(s1) = W - b/, ¢(s2) = Wi. By Lemma 5.1 there
exists a trapezium T'(W7,7) with the bottom base label Wi. Glue T'(W,h') with the diagram
A identifying the top base of T'(W,h') with s;. Then glue the resulting diagram with T/(W1, )
identifying so with the bottom base of T' (W7, 7). The K-bands in the resulting diagram T'(W, h)
are reduced because h is a reduced word. Every closed path in T (W, h) consisting of A-edges is
contained in one of the subdiagrams A consisting of a-cells. Hence T'(W,h) is a Z(S, a)-reduced
diagram. It is clear that conditions (TR1) and (TR2) are satisfied. Hence T'(W, h) is a trapezium
with bottom base label W, top base label W - h, left side label L(h, z1) and right side label R(h, z;).
It has a form of a sandwich where diagrams consisting of a-cells are sandwiched between 7-bands
(see Figure 14).

Clearly T' (W, h) is not determined uniquely by W and h because we can choose the a-parts
of the sandwich in many different ways. Any trapezium of the form T(W,h) is called a normal
trapezium with history h and base label W.
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Fig. 14.

Lemma 7.5. Every trapezium is a normal trapezium T (W, h) for some W and some h.

Proof. Consider a trapezium A with bases q1, g2 and sides pj, pe. By condition (TR2) p; and po
contain R-edges. Since by (TR2), p; and py are sides of reduced K-bands, ¢(p1), ¢(p2) are R-
reduced. Since A is Z(S, a)-reduced, we can apply Lemma 7.3(2) and conclude that every maximal
R-band starting on p; ends on ps and every maximal R-band starting on py ends on p;. By Lemma
7.3(3), A does not contain any other maximal R-bands.

Since by (TR1) ¢(q1) and ¢(g2) are K-reduced, by Lemma 3.2 every maximal K-band starting
on ¢ (resp. ¢2) ends on g (resp. ¢1) and by Lemma 7.3(1) A does not have any other maximal
K-bands.

Let 7,7 be the first and the last maximal K-bands in A starting on ¢; counting from p; to ps.
Let B and B’ be the first and the last R-bands of A, counting from ¢; to ¢o.

Consider the subdiagram A’ of A bounded by ¢; and the connecting line of B. By Lemma 7.2
the boundary label of A’ is equal to ¢(g)W ! where W is an admissible word. Since A’ does not
contain r-cells (by Lemma 7.3, part 3), W = ¢(q1) in Hj,. Since ¢(q1) is reduced by (TR1), W is
a reduced admissible word and ¢(q1) is a reduced admissible word which is equal to W. Let A” be
the diagram obtained from A by removing A’ and B. Then d(A") = piq}(ph) " (¢h) ™" where p} is
a side of T without the first cell, p), is a side of T’ without the first cell, ¢} is a side of B, ¢5 = ¢o.
Since by Lemma 7.2 ¢(q}) = ¢(q1) - 7 in H}, if B is a 7-band, we have that ¢(¢}) is K-reduced.

Suppose that p}] does not have R-edges. Then p/, does not have R-edges either (every maximal
R-band of A” is a maximal R-band of A), so the boundary of A” contains no R-edges. By Lemma
7.3 (4) A” does not contain r-cells, hence ¢(¢q2) = ¢(¢}) = é(q) - 7 in H,, hence A = T(p(q1), )
as required.

Now if p| contains R-edges then p, also contains R-edges, so A” satisfies conditions (TR1) and
(TR2), so A” is a trapezium. Since A” contains fewer maximal R-bands than A, by induction, we
can assume that A” = T(¢(q}), h) for some h. Then A = T(¢(q1),7h) as required O

8 The group H,,

Consider the group H,, which is the group generated by A U R subject to the set of relations
consisted of all a-relations and all (commutativity) ra-relations from Z(S,a). We consider A-
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letters as zero-letters and R-letters as non-zero letters. So in terminology of Section 3, in this
section Y = R.

We are going to prove that the presentation of H,, satisfies conditions (Z1), (Z2), (Z3) from
Section 3

Locally, in this section, we are going to keep the same notation as in Section 3. We let Ry = 8¢
be the set of a-relations and ra-relations. The set 8y, is thus empty. Clearly conditions (Z1.1)
and (Z1.2) hold.

Since 8; /5 is empty, conditions (Z2.1), (22.2) and (Z2.3) also hold.

We will use the terminology and results from Section 3 and Section 3.2. In particular, we are
going to talk about essential, reduced and cyclically reduced words in H,,.

As in Section 3, for every cyclically reduced essential element g € H,, we define 0(g) = 0(g) as
the maximal subgroup of H, which contains ¢ in its normalizer. For an arbitrary essential element
g of the form vuv~! where u is cyclically reduced, we define 0(g) = vO(u)v~!. By Lemma 3.7, 0(g)
is well defined (does not depend on the presentation g = vuv—1!).

The following lemma will imply both (Z3.1) and (Z3.2).

Lemma 8.1. Let g be an essential element represented by a cyclically reduced word A, let x # 1
be a 0-element such that g~ *xg* is a 0-element. Then the following two statements hold.
(i) There exists a 0-element u such that for every integer 1, glu™" commutes with every element

of 0(g).

(ii) = € 0(g).
Proof. By Lemma 3.6, g~ 22g? is O-element. Let B be a word in A representing a non-trivial element
x from 0(g), C be a word in A representing g2xg 2.

Let A = uyrius...rsusy1 where v, € R, i = 1,...;s, u; are words in A, ¢ = 1,...,s + 1. By
property Lemma 3.7 (all of the conditions of that lemma hold), we can replace A by any cyclic shift
of A. So we can assume that uq is empty.

Then there exists a diagram A of minimal type over the presentation Sy of H,, with boundary
p1Q1p2_1qQ_1 where ¢(q1) = ¢(q2) = A%, ¢(p1) = B, ¢(p2) = C.

Since A is cyclically reduced and pi1,ps do not contain R-edges, every maximal R-band in A
starting on ¢; ends on ¢y and every maximal R-band starting on ¢y ends on ¢;. By Lemma 7.3 (3),
A contains no other maximal R-bands.

Let T1, ..., Tos be all maximal R-bands starting on ¢;, counted from p; to ps. Notice that every
ra-relation is a commutativity relation of the form ra = ar where r € R(z),a € A(z) for some
z € K. For every i = 1, ...,2s, r; belongs to R(2;) for some z; € K. Then the labels of the top and
the bottom paths of T; are equal to a word v; in the alphabet A(z;) U A(z;)~!. Notice that B is
conjugate of each of the words v;, ¢ = 1,...,2s in H,,. Indeed, the subdiagram of A bounded by
P1,q1,q2 and the connecting line of T; has boundary label t_lBtvi_ ! for some word ¢. Since B # 1
modulo in H,,, none of the words v; is equal to 1 modulo in H,,.

The connecting lines of the bands T1,...,Tos divide A into diagrams Ag,...,Aqs+1 such that
the boundary of each A; contains no R-edges. By Lemma 7.3 (4), each A; has no r-cells, so the
boundary label of each A; is equal to 1 in the group H,.

Since A starts with 71, the subdiagram A is bounded by a side of 77 and p;. Hence B =
¢(p1) = v1 modulo a-relations.

The boundary label of Aq is ’LL2_1U1UQ’U2_1. Hence u;lvlz@ = vy in H,. Recall that H, is the
free product of subgroups (A(z)) in the variety of Burnside groups of exponent n. By Lemma 36.2,

2
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34.11 from [27], each of these subgroups is malnormal in H,. Therefore ve,us € (A(z1)) modulo
a-relations. Since ug,v2 # 1, z1 = 29. Now considering subdiagrams A, ..., As11 one by one, we
conclude that u;, v; are words in A(z1), 4 =1,...,s + 1, and 21 = 29... = z5. Therefore all r; belong
to R(z1). Since v; are not empty, r; commutes with some letters from A(z;). By definition of Z(S)
then r; commutes with every letter from A(z;) in H,,. Hence r1,...,7s commute with all letters
from uy, ..., usy1. In particular, A = rire...rsuy...us in Hyq.

Let u = uq...us. This word does not contain letters from R. Notice that H, is a retract of H,q,
u is the Hy-projection of g, so u does not depend in H,, on the word A representing g. Let also
g1 = ri1...1s. Since (R) is a retract of H,4, g1 does not depend on the word A representing g. Since
g1 commutes with u, we have glu™! = gll.

We have proved that B is equal modulo a-relations to a word in A(z1). So g1 commutes with
B = x. Since 0(g) is a 0-subgroup normalized by g, it consists of 0-elements y such that g—2yg? is
a O-element. We have proved that g; commutes with every such y. Hence gtu™
elements in 0(g) which proves (i).

Notice that the subgroup (A(z1)) is normalized by g = gju because g1 commutes with this
subgroup and u belongs to it. Hence (A(z1)) C 0(g). Since x € (A(z1)), € 0(g), which proves
(ii). O

commutes with all

We have checked all properties (Z1), (Z22), (Z3), so by Proposition 3.19, we have the following
statement.

Proposition 8.2. There exists a graded presentation R, of the factor group Hy,(c0) of Hy, over
the subgroup gemerated by all n-th powers of elements of H.,, such that every g-reduced diagram
over R, satisfies property A, and all the lemmas from Section 3 hold.

As a corollary of Proposition 8.2, we have the following statements which we are going to use
later.

Lemma 8.3. Let A be a g-reduced diagram over R,q, O(A) = p1q1s_1q2_1, obtained by gluing two
diagrams T' and II where

(i) O(T) = praipy a5 b, é(p1) is a subword of R(h, z) for some reduced word h over S and some
2z € KUK™!, p; starts and ends with R-edges; g1 and go do not contain R-edges; T' is a diagram
of rank O (that is over Z(S,a));

(ii) I1 is a cell of corresponding to a relation v™ = 1 in Ry of rank > 1, O(II) = pas—1;

(iii) v starts with an R-letter v, ¢(p2) = v'r where | > 1/2en.

Then there exists a diagram A’ over Ry, which has the same boundary label as A, O(A') =
Pidi(s") " Hga) ™ where ¢(ph) = d(p1), 9(d1) = dlar), ¢(s') = ¢(s), d(g5) = ¢(g2), and

(1) A" contains a subdiagram 11" where ¢(O(I')) = u™ where u is a cyclically R-reduced word,

(2) 10(11) N g} > 6ul,

(3) A\IT' is of rank 0.

Proof. Consider the R-bands in I starting on py. Since v is a period, it is cyclically R-reduced (by
Proposition 8.2 and the definition of periods from Section 3. Since ¢; and ¢o are of R-length 0,
every R-band starting on ps ends on p;. Since ¢(p1) is a subword of an R~ reduced word R(h, z),
every R-bands starting on p; ends on ps. Hence the R-projections of words ¢(p1) and ¢(ps) are
identical (the labels of R-edges in all cells of a R-band are the same).
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Therefore ¢(p;) = u'r where |ulgr = |v|r, u starts with r. Since u and u? are subwords of
an R-reduced word R(h,z) (since | > en > 2), u is cyclically R-reduced. In particular, u is an
essential word.

Let T and T’ be the first and the last maximal R-bands in T' starting on p; (we count the
R-bands from (p;)- to (p1)+). Consider the subdiagram I'; of I' bounded by the top side of T, p1,
pe2 and the connecting line of T’ (so this subdiagram is equal to T’ minus J”). Since all cells in I are
commutativity cells, 21 = ¢(top(T’)) = ¢(bot(J")). The subdiagram of I" bounded by a side of T’
and ¢; does not contain R-bands, so ¢(q1) = 1 modulo a-relations. Similarly ¢(g2) = x2 modulo
a-relations where x5 is the word written in a side of T. Clearly |z1|r = |z2|r = 0.

Let p1 be the path p; without the last edge, p2 be py without the last edge. Then ¢(p1) = !,

(b(ﬁ?) = UZ)

uley = xov! (14)
modulo a-relations and ra-relations.

Similarly every subword of the cyclic word u is equal to a subword of the same R-length of the
cyclic word v up to multiples of zero length. Hence w is cyclically reduced by Lemma 3.3. Therefore
u is essential.

Suppose that u is not simple in rank 0. By Lemma 3.25 there exists a word w which is simple
in rank 0 (and so w is simple in rank 1/2 because R,, does not contain hubs), |w|g < |u|r, and a
word t € 0(w) such that u = zw’tz~! for some word = and some integer b # 0.

Therefore by u! = zw”t;2~! for some t; € O(w) (since O(w) is normalized by w). Using (14),
we get

ulacl = waltlx_lxl = xgvl
in rank 0, where both w and v are simple in rank 0, the R-lengths of x,x1,t1,x2 are equal to 0
(for =, x1, z2 we have established it above, for 1, this follows from the definition of 0(w) since w is
cyclically R-reduced). Now we can apply Lemma 3.32 and conclude that v = yw®toy~! in rank
0 for some word y and some t2 € O(w). This contradicts the fact that v is simple in rank 0 (since
lwr < |ulr = [v|r)

Thus u is simple in rank 0 (and so it is simple in rank 1/2). Then again by Lemma 3.32, we
can conclude that

zovFltgryt = u (15)

in rank 0 for some t5 € 0(v). Suppose that the exponent of v in (15) —1, that is zov 'tozy ' = u.

Therefore

ul = xg(vfltg)lazz_l = azgvflt’xgl

for some t' € 0(v) (since 0(v) is normalized by v). By (14),

1,1 l,.—1

— _ -1 _ =y —1
Ty U =0T =0 Tx,

whence

v = t'w;lwl.

Since t' is of R-length 0 (this follows from the definition of 0(v) since v is cyclically R-reduced),
x1 and 1 are also of R-length 0, we have that v? is of R-length 0 which contradicts the fact that
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v is cyclically R-reduced (by Lemma 3.4). This contradiction shows that in fact the exponent of v
in (15) is 1.

By Lemma 3.12, (vt)™ = v" in rank 0. Hence u" = z9v™z, " in rank 0.

Recall that ¢(p;) = u'. Let A be a diagram with contour p;(p})~! where ¢(p}) = u!, which is
a result of gluing two mirror copies II' and II with boundary labels u*! over R,., where P is a part
of the boundary of IT’, py is a part of the boundary of II. Consider the union of A and A. Notice
that |p}| > lju| > Zen|u| > 6|u|. It remains to observe that in the union of A and A, the II is
connected with II by a path with label 2, hence this pair of subdiagrams and the connecting path
can be replaced by a diagram of rank 0 corresponding to the equality u" = zav"zy ! The lemma
is proved. O

1

9 The group Hj,.,

Recall that in Section 7 we considered the set of defining relations Z(S, a) which is the union of the
set of all a-relations and the set Z(S) of relations corresponding to the S-machine S.

Now consider the union Z(S,ra) = Z(S,a) U {A(0)} UR,, and the group Hy,, generated by
K UR U A subject to the relations from Z(S, A, ra). Each relation of Z(S, A, ra) is either the hub,
an a-relation, a (commutativity) ra-relation, or a k-relation or belongs to R,,. Burnside relations
from R, will be called Burnside ra-relations. The corresponding cells in diagrams will be called
Burnside ra-cells. The set of all relations from Z(S,A,ra) except the hub will be denoted by
Z(S,ra).

As in Section 3, we divide the set of generators of Hy,, into the set of O-letters and the set of
non-0-letters.

Our main goal is to prove that the presentation Z(S, A, ra) satisfies properties (Z1), (22), (7Z3)
if we consider K as the set of non-zero letters and the R U A as the set of O-letters.

But at first we show how to get rid of Burnside ra-cells in diagrams over Z(S, ra).

As in Section 7, we can consider K- and R-bands in diagrams over Z(S,ra). The definition
of these bands is the same as in Section 7 (Burnside cells do not belong to R-bands). The only
difference is that now R-bands can start and end on Burnside ra-cells.

9.1 Getting rid of Burnside ra-cells

Consider (temporarily) R as the set of non-O-letters and all other letters as 0-letters. We can
consider R-bands connecting two Burnside ra-cells (a Burnside ra-cell and a part of the boundary
of a diagram) as 0-bonds, and define bonds and contiguity subdiagrams of all ranks. (We preserve
the grading of the set of Burnside ra-relations R,,.)

Suppose that a disc van Kampen diagram A is obtained by gluing together two disc diagrams
© and IT over Z(S,ra) along pieces of their boundaries, where

(1) © is a trapezium T'(W, h) with contour plqlpglqgl (q1, g2 are the bottom and the top bases);

(2) ¢(II) = u™ for some cyclically R-reduced word u over RUA, the diagram II does not contain
K-edges;

(3) II and © are glued along a subpath p of pa; |p| > 3|ul.

Then we shall say that A has the form © * II.

Suppose that a disc van Kampen diagram A is obtained by gluing together two diagrams II
and © where
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(1) © is a trapezium T'(W, h) with contour p1q1p2_1q2_1 (g1, g2 are the bases);

(2) ¢(II) = u™ for some cyclically R-reduced word u over R U A containing R-letters; IT does
not contain K-edges;

(3) II and © are glued along a subpath p of p;.

Then we shall say that A has the form Il o ©. It is easy to see that

T(W,h) « L =TLoT(W - h,h™}).

Lemma 9.1. For every wvan Kampen disc diagram A of the form © x11 there exists a van Kampen
disc diagram A of the form II' o ©' with the same boundary label and such that:
(i) the label of the bottom (top) base of O is equal to the label of the bottom (top) base of ©';
(i1) The histories of the trapezia © and © are equal modulo Burnside relations (see Figure 15).

W -h
W-h

q2

i C

p| II -
b2

q1
w w

Fig. 15.

Proof. Let © = T(W, h). Then ¢(p2) = R(h,z)~! where z € KUK™! is the last letter of W. Let p
be the common subpath of the contour of IT and the right side of the trapezium O, ¢(9(11)) = u™
for a cyclically reduced word u. Then ¢(p) = R(h,z)"! contains a cube of a cyclic shift of u as
a subword. Without loss of generality we can assume that this cyclic shift is u itself. The word
R(h, z)~! is a product of blocks of the form R(7,z2), T € S, each of which is either a one-letter word
r € RUR™ or a two-letter word (ra)*' where » € R, a € AU A~!. Every block is completely
determined by its R-letter. Consider the occurrence of u? in R(h, z)™!.

The word u? contains subword v? where v is a cyclic shift of u and the first occurrence of v
(in v?) starts with the beginning of a block. Suppose that v does not end with the end of a block.
Then the second occurrence of v in v? starts in the middle of a block, so the first letter of v is
both a beginning of a block and an end of a block. Therefore this letter belongs to A*!. Hence
v = arv'ry where a € AUA™L r; € R7!, ry € R, ar; and rea are blocks. But then the second
letter of the second occurrence of v must be r1, and it must be the beginning of a block. Thus the
same R-letter 71 is a beginning and the end of a block. this contradicts the fact that every block
is completely determined by its R-letter.

Hence v starts with a beginning of a block and ends with the end of a block. Therefore
v = R(h, z) for some cyclically reduced word hy over S. Thus h? is a subword of h. Let h = h’h2h”
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for some words A’ h”. Then W - ' is in the domain of h?. By Lemma 6.5(iv), then W - A’ is in the
domain of hj for every integer s. In particular, W - A’ is in the domain of h%_”. By Lemma 6.5(ii),

W.-h=W-Wrh =W Kh"n".

Since v = R(I, 2) is a cyclic shift of u, one can read v™ on the boundary of II, and the boundary
label of © % II is freely equal as a cyclic word to

WR(R", 2)" 2" 2R(K, 2)"*(W - h)"LL(h, ') =
WR(L",2) ' R(h3™", 2)'R(W, 2)"Y(W - h)"'L(h, 2') = (16)
WR(WAZ"h", 2)~ (W - h) " L(W 3K, 2")

where 2’ is the first letter of W.

Consider now the trapezium ©' = T'(W, h’h>~™h"") which exists by Lemma 7.5(i) since W is in
the domain of h’h%_”h”. Since W - h’h%_”h” = W - h, we can assume that the top base label of ©’
is the same as the top base label of ©, that is W - h.

The boundary label of ©' is thus freely equal (as a cyclic word) to

WR(WRZR", )Y (W - h) L L(WR3h", ).

Notice that by Proposition 8.2 there exists a van Kampen disc diagram II' containing only
a-cells, ra-cells and Burnside ra-cells, that has boundary label L(hy, 2’)". We can glue IT" and ©’
along the path labeled by L(hi,z')?™™, we get a diagram A’ of the form II' 0 ©’. The boundary
label of this diagram will be freely equal to

WR(R'BE™h", 2)"Y (W - h) ' L(W 3N, ).

Comparing this with (16) we conclude that the boundaries of A and A’ are freely equal. The
labels of the bottom (top) bases of © and ©' are equal by construction, the history h = h'h3h" of
© is equal to the history A’h?>~"h" of ® modulo Burnside relations, as required. O

Lemma 9.1 allows us to move subdiagrams with boundary labels of the form u™ from one side
of a trapezium to another side, preserving the history of the trapezium modulo Burnside relations.
The next lemma is the first application of this trick.

Lemma 9.2. For every disc diagram A over Z(S,ra) there exists another disc diagram A’ with
the same boundary label and without K-annuli.

Proof. We can assume that A contains exactly one K-annulus B and 9(A) is equal to ¢ = top(B).
Then the subdiagram A’ bounded by bot(B) is a diagram over R,,. We can assume that this
subdiagram is g-reduced, and that the K-annulus B is reduced.

By Proposition 8.2 A’ is an A-map. Suppose that A’ contains a Burnside ra-cell. By Lemma 2.6
there exists a Burnside ra-cell IT in A" and its contiguity subdiagram I' to bot(B) with contiguity
degree at least €. By Lemma 8.3, we can replace Il UT' by a new subdiagram ¥ with the same
boundary label which contains a subdiagram II' such that ¢(9(I')) = u™ for some word u and
|0(TT") N bot(B)| > 6lul, W\IT' is a diagram of rank 0. Now using Lemma 9.1, we can move II’
through B without producing new K-annuli.

After a number of such transformations we replace A by a new disc diagram A with the same
boundary label containing exactly one K-annulus which bounds a subdiagram without Burnside
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ra-cells. By Lemma 7.3, part 1, applied to the subdiagram bounded by that K-band, we can replace
that subdiagram by a subdiagram without K-edges. O

Let A be an annular diagram over Z(S, ra) with inner contour p; and outer contour ps, and let
q be a path in A. Suppose that A, ¢ satisfy the following conditions:

(T1) p1 and po are sides of K-bands T; and Ty respectively; ¢(p1) # 1 modulo Z(S, ra);

(T2) g connects (p1)— = (p1))+ with (p2)— = (p2)+; the first and the last edges of g, e1, ez, are
K-edges;

(T3) Every maximal K-band in A is an annulus surrounding the hole of A.

Maximal K-bands in A divide A into annular subdiagrams (without x-cells) which will be called
chambers. We count the chambers of A from p; to ps.

Lemma 9.3. Suppose that all chambers of A except the last one, A, do not contain Burnside
ra-cells and ¢(q) is K-reduced.

Then there exists another annular diagram A’ over Z(S,a) (that is without Burnside ra-cells)
with contours p| and phy, and a path ¢ in A" satisfying the conditions (T1),(T2), (T3) such that

d(py) = d(p1), ¢(ph) = ¢(p2) modulo Burnside relations, ¢(q") = ¢#(q) modulo Z(S,ra), ¢(q') is
K-reduced.

Proof. Among all pairs (A, q) satisfying the conditions of the lemma and having the same boundary
labels of contours p1, p2 modulo Burnside relations and the same labels of ¢ modulo Z(S,ra) let us
choose a pair where A has the smallest possible number of chambers and the last chamber A has
the smallest type in the sense of Section 3.

First of all let us reduce all chambers of A. We can get rid of j-pairs of Burnside ra-cells by
first replacing the path ¢ by a path avoiding the j-pair and its connecting path and then reducing
the j-pair. Similarly, if A contains a disc subdiagram ¥ over Z(S,a) containing r-cells, whose
boundary label is a word over A and is equal to 1 modulo a-relations, then we can replace this
subdiagram by a subdiagram with the same boundary label containing no r-cells. The resulting
diagram will satisfy conditions (T1), (T2), (T3). These operations will not increase the number of
chambers in A or the type of A or the K-length of ¢(q). Thus we can assume that A does not
contain disc subdiagrams whose boundary labels are words over A equal 1 modulo a-relations. In
particular, all chambers except for the last one are Z(S, a)-reduced in the sense of Section 7.2.

We can also reduce all K-annuli in A and also the bands T7 and Ty without changing the K-
length of q. Notice that we do not assume that T; and T are cyclically reduced because it may
be impossible to reduce the annuli 77 and T5 without changing q.

Hence we can assume that A is g-reduced in the sense of Section 3 as a diagram over Z(S,ra)
and A\(A U Ty UT;) which is a diagram over Z(S,a) is Z(S, a)-reduced.

Since ¢(q) is K-reduced in Hy,,, ¢ intersects every K-annulus in A only once. Therefore the
K-length of ¢ is equal to the number of K-annuli in A.

Let B be a maximal R-band connecting the contours of A” = A\(A U T5). Such a band exists
because if every R-band starting on the boundary of 77 ends on the boundary of T; then the label
of a side of J7 is equal to 1 modulo Z(S,ra), a contradiction with (T1).

Since the label of a side of B is equal to the label of the portion of ¢ in that subdiagram
multiplied by words of K-length 0 (read along the boundaries of the subdiagram), the label of any
side of B is K-reduced.
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By Proposition 8.2, chamber A is an A-map. Let o = (e2)_. Let s be the inner contour of A,
and let ¢ be the outer contour of A. We consider o as the beginning and the end of .

Suppose that A contains Burnside ra-cells. Then by Lemma 2.5, part c), there exists a Burnside
ra-cell I in A and its contiguity subdiagram I' of rank 0 to one of the contours s or ¢ of contiguity
degree > e.

Replacing I' (if necessary) by a smaller contiguity diagram, we can assume that conditions
(i)-(iv) of Lemma 8.3 hold. By this lemma, we can replace I'UII by a subdiagram ¥ with the same
boundary label, which has a subdiagram IT' such that 9(II') = u™ where u is a cyclically R-reduced
word and |0(IT') N s| > 6|u| or |O(I') N¢| > 6|u| and W\II" has rank 0.

Suppose first that [O(II') N¢| > 6|u|. By Lemma 9.1 we can move I through T5 replacing To by
a K-band with a history which is equal to the history of T modulo Burnside relations. The path ¢
can be replaced in the new annular diagram by a path with the same label modulo Z(S,ra). This
operation decreases the type of the last chamber of A.

Suppose now that [9(TI') N s| > 6|u|. Let 2 = 9(II') N's. Consider the annular subdiagram A"
bounded by s and p;. The diagram A” is a Z(S, a)-reduced diagram. By Lemma 7.3 every maximal
R-band starting on z must end on p;. Indeed otherwise the R-band would have two intersections
with a reduced K-band in a disc subdiagram of A” which contradicts Lemma 7.3, part 2. Since
such an R-band cannot intersect twice a K-annulus, and ¢(q) is a K-reduced word, the label of
a side of any of these R-bands is a K-reduced word. There exists a disc subdiagram © of A”
containing at least half of these R-bands, bounded by a subpath y of z, a subpath of p; and by
two r-bands. Now O is a trapezium because it satisfies conditions (TR1) and (TR2). By Lemma
7.5, © is a normal trapezium. The union of © and II is, by definition, equal to © x II. As before
we can move II’ through O replacing © by a trapezium with the same history modulo Burnside
relations. Again we decrease the type of A.

The new diagram satisfies conditions (T1), (T2), (T3) and has a smaller type than A.

Thus we can complete the proof by induction on the type of A. O

Lemma 9.3 implies the following stronger statement.

Lemma 9.4. The conclusion of Lemma 9.3 holds if one removes the restriction that only the last
chamber contains Burnside ra-cells.

Proof. Since ¢(q) is reduced, we can assume that it crosses the connecting line of every K-annulus
only once.

Let us use induction on the number of chambers in A. If the number of chambers is 1, we can
apply Lemma 9.3. Consider the diagram A; = A\(A UT3) where A is the last chamber. Let ¢; be
the part of ¢ in Aq. The number of chambers in A is smaller than the number of chambers in A.
Therefore we can apply the induction hypothesis and conclude that there exists a diagram As and
a path ¢go which satisfy the conclusion of Lemma 9.3.

Since the label of the outer contour of As is equal to the label of the outer contour of Aj
modulo Burnside relations, we can glue to the outer contour of As a diagram over R, such that
the resulting diagram Ag has the same outer boundary label as A;.

Now replace the subdiagram A; in A by As and the subpath ¢; of ¢ by ¢ga2. Let (Ay4, q4) be the
resulting pair of an annular diagram and a cutting path. Reducing if necessary, the last K-annulus
of subdiagram Ag of A4, we obtain a pair (As, g5) satisfying conditions of Lemma 9.3. Applying
that lemma, we complete the proof. ]
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The following lemma is an algebraic consequence of Lemma 9.4.

Lemma 9.5. Let P, Py be words over A UR which are not equal to 1 modulo Z(S,ra). Let
A7'PlA = Py in Hy,, for some word A which is K-reduced in Hyrq and starts and ends with
a letter » € KUK™!. Then A = RiBRy in Hy,, where Ry = L(h1,2), Ry = R(ha,z2), z is
in the domain of hl,hgl, B is a reduced admissible word starting and ending with z1 such that
Riz1 = zR(h1,2), z1Ro = L(ha, 21)z modulo Z(S,a).

Proof. Equality P, = A~'P; A gives us an annular diagram A with inner contour p; labeled by P,
outer contour py labeled by P, and a cutting path ¢ labeled by A.

The connecting line of any K-annulus in A not surrounding the hole of A cannot cross ¢
because otherwise by Lemma 9.2 we would be able to decrease the K-length of ¢ by going along
the boundary of such a K-annulus instead of crossing it. Hence by Lemma 9.2 we can assume that
A does not contain K-annuli not surrounding the hole of A.

Let e and f be the first and the last edges of ¢q. Since e and f are K-edges, they belong to the
first and the last K-annulus of A counting from p; to py. The label of p; is equal modulo Z(S, ra)
to the label of a side p} of the first K-annulus in A and the label of py is equal in Z(S,ra) to the
label of a side of the last K-annulus in A. Hence we can assume that p; and ps are the sides of
these annuli.

Thus A satisfies conditions (T1), (T2), (T3). Since ¢(q) is K-reduced, we can apply Lemma 9.4
and conclude that there exists another annular diagram A’ over Z(S,a) with contours p} and ph,
and a path ¢’ in A’ satisfying the conditions (T1),(T2), (T3) such that ¢(p}) = ¢(p1), ¢(ph) = ¢(p2)
modulo Burnside relations, ¢(¢') = ¢(q) = A modulo Z(S,ra), ¢(q') is K-reduced.

Assume that every maximal R-band starting on the first K-annulus of A’ does not end on pj,.
Then the label of p} is equal to 1 modulo Z(S,ra), a contradiction. Hence A’ contains an R-band
B, starting on p} and ending on ph.

Let t be a side of B. Then ¢ is homotopic to (p})*(p))tps for some integer s, where p] is a
subpath of p} and pf is a subpath of p,,. By Lemma 7.2 ¢(t) = B is an admissible word starting and
ending with a K-letter z’. The K-length of B is the same as the K-length of A (since B intersects
each of the K-annuli exactly once), whence B is reduced in Hpyq.

The word ¢((p})*(p}) is written on the top side of z-band, so it is equal to Ry = L(hy, z) for
some hy. Similarly ¢(p}) = R(ha,z) for some hy. The last equalities from the lemma follow from
Lemma 7.1. ]

Lemma 9.6. Let A be a K-reduced word without R-letters, starting and ending with letters z1, zo
from KUK™!, and suppose that for some words Py and Py of K-length 0, P; # 1 modulo Z(S,ra),
we have A~'P{A = Py modulo Z(S,ra). Then:

(1) Py = L(h, z1), P> = R(h, z2) modulo Z(S,ra) for some word h over S;

(2) A is a reduced admissible word;

(3) A-h=A.

Proof. Consider a van Kampen disc diagram A over Z(S,ra) for the equality A~'PlA = Py,
(A) = plqlpglqgl where ¢(p;) = Pfl, o(gi) = A, i =1,2. By Lemma 9.2 we can assume that A
does not contain K-annuli. We can also assume that all K-bands in A are reduced. Hence every
maximal K-band in A connects ¢; and ¢2. These maximal K-bands divide A into diagrams over
Z(S,ra) without K-edges, which we shall call chambers as in the annular case before. As in the
proof of Lemma 9.4, one can use induction on the number of chambers, Proposition 8.2, Lemma
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8.3 and Lemma 9.1, to move all Burnside ra-cells out of A. Since only two sides of A, namely p;
and po may contain R-edges, only these two sides will change during this process. Their labels
will stay the same modulo Z(S,ra). Hence there exists a van Kampen diagram A; over Z(S,a)
(i.e. over Z(S,ra) but without Burnside ra-cells) with contour p)q1(ph) g5 ' where é(pl) = ¢(p;),
modulo Burnside relations ¢ = 1, 2.

Let T7 and T2 be the first and the last K-bands in A; starting on ¢; and ending on g2 (we count
the K-bands starting at p}). Consider the subdiagram As of A; bounded by T, T2, ¢1, g2 (and
containing Ty, T). Then 9(Az) = p{q1(py) gy ' where pf is a side of Ty, pl is a side of To.

Considering the subdiagrams of A bounded by p/ (p})~! and p)(p4) !, we conclude that ¢(p}) =
o(pY), ¢(py) = ¢(py) modulo Z(S,ra). This gives part (1) of the lemma.

The subdiagram Ag is a trapezium (by definition). Hence it is a normal trapezium T'(A,h)
for some word h (by Lemma 7.5). In particular, A is an admissible word which proves part (2) of
the lemma. Moreover, ¢(p1) = ¢(p}) = 6(p}) = L(h,21)"L, o(p2) = o(ph) = $(p}) = R(h,25)""
modulo Z(S,ra) for some word h over S. Since the top base of Ay has label A, we have A-h = A.
This gives part (3) of the lemma. O

Lemma 9.7. Let B be a K-reduced word, starting with a letter = € K UK™! and ending with
a letter 2 € K UK which does not contain R-letters . Let U be a word over A, let P,R
be words of K-length 0 such that BURBUz is K-reduced, P # 1 in Z(S,ra). Suppose that
(BURBUz)"'P(BURBU?z) is a 0-word Q modulo Z(S,ra). Then BUz is an admissible word,
and there exist 0-words P', R' and Q' which are equal modulo Z(S,ra) respectively to P, R, Q, such
that (BUR'BU2)'P'(BUR'BUz) = Q' modulo Z(S,a).

Proof. Consider a disc diagram A over Z(S,ra) corresponding to the equality
(BURBUz)"'P(BURBUz) = Q,

A(A) = prqipy 'y " where ¢(p1) = P, ¢(p2) = Q, ¢(q1) = ¢(q2) = BURBUz. Let q1 = s1a1t15],
g2 = Saxatash where ¢(s;) = B, ¢(z;) = U, ¢(t;) = R, ¢(s}) = BUz, i = 1,2. Let T1, T3 be the first
and the last K-bands starting on s1, T3, T4 be the first and the last K-bands starting on s}. Since
BUR is cyclically reduced, T1, T2 end on the first and the last edges of ss, T3, T4 end on the first
and the last edges of s5. Then we can assume that p; is a side of J7, py is a side of T4. Let p; be
the side of To which connects (s2)4 with (s1)4, let P2 be a side of T3 which connects (s})_ with
()

By Lemma 9.6 ¢(p1) = L(h1,2), ¢(p2) = R(he, z) modulo Z(S,ra), B and BUz are admissible
words, and B-hy = B, BUz-hg = BUz. Thus as in Lemma 9.4 we can move all Burnside cells out
of the subdiagrams A; and Ay of A bounded by plsl(ﬁl)_lsgl and by ;Bgs’lpgl(s’g)_l, and replace
them by trapezia T(B, hy) and T'(B, hy) in the expense of possible increasing the number of cells
in the subdiagram I"' bounded by ﬁ1x1t1ﬁ51($2t2)_1. Hence we can assume that Ay = T'(B, hy),
Ay =T(B, hs).

Thus all Burnside ra-cells in A are in I'. Consider the diagram I'. By Lemma 9.2 we can
assume that I' does not have K-annuli. Since the boundary of I' does not contain K-edges, the
entire diagram I' does not have K-edges.

Since ¢(t1) = ¢(t2), we can identify t; and t2 to obtain an annular diagram I' and a path ¢
connecting the contours x5 15121 and Py of I'. We can eliminate all j-pairs of T, replacing ¢ by a
path with the same label modulo Z(S,ra). Hence we can assume that I' does not have j-pairs.
Hence T is an A-map by Proposition 8.2.
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If ' does not have Burnside ra-cells, we are done, because we can again cut I' along the path
t. Suppose that I' contains Burnside ra-cells. Consider I' as an A%-map with boundary divided
into four parts: x1,xo,p1,p2. Recall that paths x1, zo do not contain R-edges. By Lemma 2.5,
there exists a Burnside ra-cell IT and a contiguity subdiagram I of rank 0 of IT to p; or ps with
contiguity degree at least e. We can assume that ¢ avoids IV. Hence II and I are subdiagrams of
the (disc) diagram I'. As in the proofs of Lemmas 9.3, 9.4, we can use Lemmas 8.3 and 9.1 and
move IT through either the trapezium A; or the trapezium As leaving ¢(p1) and ¢(p2) the same
modulo Z(S, ra), leaving paths s;, x; untouched and decreasing the number of Burnside ra-cells in
I". The proof now can be completed by induction on the number of Burnside ra-cells in I'. O

9.2 Conditions (Z1), (Z2), (Z3)

Now we are ready to check that the presentation Z(S, A, ra) satisfies conditions (Z1), (Z2), (Z3)
from Section 3.
Here we are going to use notation from Section 3 again, as in Section 8.
Let Ry = 8¢ be the set Z(S,ra) of all relations in Z(S, A,ra) except for the hub, and let
8172 = {A(0)}, so Z(S,A,ra) = Ry /5. We let Y =K, so all letters from R U A are O-letters.
Condition (Z1.1) holds by an easy inspection. Condition (Z1.2) holds by Proposition 8.2.
The length of A is (2n + 3)N > n, so (Z2.1) holds. The condition (Z2.2) is obviously true.
The next lemma gives us (Z2.3).

Lemma 9.8. Assume that viwi and vowsy are cyclic permutations of A(0)*! and |vi| > €|A(0)].
Then if uivy = vous holds modulo 8¢ for some 0-words uy, us, then we have ugwi = wouy modulo
8.

Proof. Suppose that u;v; = vouge modulo 8y. Then there exists a van Kampen diagram I' over g
with boundary plqlpglqgl such that ¢(p1) = u1, ¢(p2) = u2, ¢(q1) = v1, ¢(q2) = va (see Figure 6).
The K-bands of I starting on ¢; end on ¢y since ¢(q;) is a linear word and u;,us do not contain
letters from KUK ™!, The labels of the start and end edges of each of these bands are equal. Hence
vy = ¢(q2) = ¢(q1) = v1 = v. Since |v| > 0, and A(0) and A(0)~! do not have common letters,
v cannot be a subword of both A(0) and A(0)~!. Without loss of generality assume that v is a
subword of A(0).

Recall that for every j = 1,..., N, we denote A;(0) to be the subword of A(0) starting with A(j)
and ending with A(j + 1) ( as usual “N + 1" here is 1).

By Lemma 9.6 there exists a word h over S such that v-h = v, uy = L(h, \(j)), uz = R(h, A(j))
modulo Z(S,ra). Hence we can assume that u; = L(h, A(j)), ua = R(h, A(j)) in the free group and
that I' = T'(v, h). Since T'(v, h) is a diagram over Z(S,a), I' does not contain Burnside ra-cells.

Since v = ¢(q1) = ¢(q2) is a subword of A(0), we can attach to I' two hubs II; and IIy along
the paths ¢; and g2, and consider the resulting diagram A with boundary label woujw; 1u2_ L We
need to show that A can be replaced by a diagram over 8y with the same boundary label.

Since |vi| > €|A(0)] and N > n > 3/e, we conclude that v; contains A;(0) for some j > 1.

Let ¢} be the subpath of g; such that ¢(q}) = A;(0). Since A is linear, every K-band starting
on g1 ends on ga. Let T; be the A\(j)-band and T2 be the A(j + 1)-band starting on ¢j. Then T;
ends on the edge of g2 labeled by A(j,0) and T3 ends on the edge of g2 labeled by A(j + 1,0).
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The bands T7, T, the path ¢} and the path g2 bound a subdiagram I"” of I" which is a trapezium.
By Lemma 7.5, I" = T'(A;(0),h) and A;(0) - h = A;(0). Let ¢ be the subpath of J(I") which is a
side of T7.

Consider the subdiagram A’ of A consisting of II;, Iy and ¢t. Since A\A’ consists of 0-cells, it
suffices to show that the boundary label of A’ is equal to 1 modulo 8.

Thus we need to show that ¢(t) = L(h, A(j)) commutes with

A (O + 1,00 A4 1 (0)A(G +2,0) 1 Aj—1(0)A(5,0) . (17)

By Proposition 6.16, for every i = 1,..., N we have A;(0) - h = A;(0). The trapezium T'(A;(0), h)
gives us the equality

As(0)EL(h, A(0)As(0) = R(Ry A4 1)) = A(i 4+ 1,0) Y (L(h, A(i + 1)A(i +1,0),s =1,..., N
modulo 8g. Hence

A(i +1,0)A:(0) " L(h, X(3)A; (0)A( +1,0) " = L(h,A(i +1)),i = 1,..., N.
Hence if we conjugate L(h, A(7)) by the word (17), we get L(h, A(7)) as required. O

As in Section 3, for every cyclically reduced essential element g € Hy,, we define 0(g) as the
maximal subgroup of H,, which contains ¢ in its normalizer. For an arbitrary essential element g
of the form vuv~! where u is cyclically reduced, we define 0(g) = v0(u)v~!. By Lemma 3.7, 0(g)
is well defined (does not depend on the presentation g = vuv—1).

The following lemma will imply both (Z3.1) and (Z3.2).

Lemma 9.9. Let w be an essential element represented by a cyclically minimal in rank 1/2 word
W, let x # 1 be a 0-element in Hy,.q such that w™4zw?* is a 0-element. Then the following two
statements hold.

(i) There exists a 0-element u such that for every integer I, w'u™
of O(w).

(ii) x € 0(w).

Proof. We divide the proof into several steps.

1. Let P; be a 0-word representing x. By Lemma 3.4 every cyclic shift of W is a cyclically
K-reduced word. Therefore we can assume that W starts with a letter z € KUK ™! (by Lemma
3.7).

By Lemma 3.6, (Wz2)"'Pi{Wz is equal in Hy,, to a O-word P. By Lemma 9.5 Wz = CBz'D
in Hy,, where B does not contain R-letters and starts with a K-letter 2’ such that Cz’ = 2("’,
2D = D'z modulo Z(S,a) where D' = L(f,z2), C = L(f’, z) for some words f, f" over S.

In particular since Wz = CB2'D = CBD’'z, we have W = CBD' in Hy,,. Since D'C7 =
2/ DC’, passing if necessary to a cyclic shift BD'C of W, we can assume that C is empty, so 2’ = z,
and replace W by BD' where D'z = zD modulo Z(S,a). The word B is equal to zB1U where B;
is either empty or ends with a letter 2/ € KUK™!, U is a word over A.

2. By Lemma 3.6, we have the following equalities in Hy;q:

L commutes with every element

(:ByUD'2BU2) ' P (2 BiUD'2B1Uz) = P, (18)
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(:B1UD'2B1UD’ 2 B4 Uz)flPl (2BiUD'2B1UD'2B1Uz) = P (19)

where P, and P53 are 0-words.

By Lemma 9.7 (which can be applied because 2B1UD’2B1Uz is reduced since this word is
equal to a subword of the same length of the reduced word W?3) we can assume that equality (18)
holds modulo Z(S,a) (replacing P; and P, by equal in Hy,, words if necessary), Bz is a reduced
admissible word. By Lemma 3.6, since D’z = 2D, we have that (:B1Uz) ' P;(2B1Uz) is a 0-word
modulo Z(S,a). Hence by Lemma 9.6 P, = L(h, z) modulo Z(S,a) and

Bz -h = Bz. (20)

3. Now consider a diagram A over Z(S,a) corresponding to equality (18), O(A) = p1qipy 1q2_ !
where ¢(p1) = P1, ¢(p2) = P2, ¢(q1) = BD'Bz = ¢(q2). Then ¢1 = si1t18), where ¢(s1) = B,
¢(t) = D', ¢(s}) = Bz. Consider the maximal z-band T7 in A starting on the first edge of s|. As
usual, we can assume that ps is a side of a z-band T5. The bands T7 and T3 bound a subdiagram
A of A which is a trapezium. By Lemma 7.5, Ay = T'(Bz, h1) where h; is the history of T7.

Consider the natural homomorphism ¢ from Hg,, to the free group freely generated by S. This
homomorphism takes K and A to 1, and takes each letter from R to the corresponding rule from
S. It is clear that this homomorphism is correctly defined because killing all letters from KU A in
every relation from Z(S,a) and replacing letters from R by the corresponding rules from S gives
us a trivial relation 1 = 1. Since D' = L(f, z), ¥(D’) = f. Applying this homomorphism to the
boundary label of the subdiagram of A bounded by p; and a side of T, we get hy = f~'hf. Hence
we have

Bz f7'hf = B-. (21)

4. Now let A; be a van Kampen diagram corresponding to equality (19). Applying Lemma
9.6 to the subdiagram Ao of Ay bounded by two z-bands T7, T corresponding to the two last
distinguished occurrences of z in 2B UD'2B UD'2B1Uz, we obtain zB1Uz - ho = 2B1Uz, i.e.
Bz - hg = Bz where hy is the history of the z-band J7. Applying the homomorphism v to the
boundary label of the subdiagram of A} = Aj\Ay we obtain the equality (D) "2hy)(D')?hy " =
f_thzhg1 modulo Burnside relations. Hence f_2hf2h§1 = 1 modulo Burnside relations. We
conclude that

Bz -hy = Bz (22)

where hy = f~2hf? modulo Burnside relations.

Let Wy = Bz, hy = f_lhf, g = f_l, b = ho. Then Wy - hy = Wy by (21), Wiy - ghlg_l =W
by (20) and Wy - b = Wy by (22) where b = g~'h;g modulo Burnside relations. Suppose that Bz
contains an accepted subword V which is

Suppose that Bz contains an accepted subword B’. Then B’ - k' is a cyclic shift C' of A(0)
for some word h’' over S. Then for some admissible subword B” of B and B’, B” - h’ = C' where
c'c” =, |C" < 1. By Lemma 7.5 B” = UC'V in Hy,q where U and V are O-words. Hence
B" = U(C")~'V in rank 1/2. Since |[U(C")~'V| < |[UC'V|, and B" is a subword of W, we get a
contradiction with the assumption that W is cyclically minimal in rank 1/2.



98 A.Yu. OL’SHANSKII AND M. V. SAPIR

Thus all conditions of Proposition 6.17 hold. By that proposition and by Remark 6.18, we can
conclude that for every integer s there exists an word bs11 over S which is equal to g°h1g™° =
F~571hf5*t! modulo Burnside relations and such that

Bz - bs+1 = Bz.

5. For arbitrary integer s consider the trapezia Ty = T'(Bz,bs). Let 0(Ts) = plqlpglqgl, where
¢(p1) = L(bsaz)a ¢(p2) = R(bS,Z), (b(QZ) = BZ, i = 172

Considering the subdiagram of Ty obtained by removing the last z-band (whose side is ps), we
get the equality

L(bs, z)BL(bs,2) "' = B

modulo Z(S,a). Thus B commutes with L(bs,z) modulo Z(S,a). Notice that by = h. Hence B
commutes with L(f,2)"*L(h, z)L(f, z)®* modulo Z(S,ra). Recall that L(f,z) = D', L(h,2) = P, =
L(bg, z). Hence (D')~*z(D’)* commutes with B for every integer s.

Therefore for every non-negative integer s, we have the following equalities in Hppq:

W=SPW* =

(BD")~*P(BD")* = (D")"'B~'..(D")'B~YD")~"Y(B~'P,B)D'BD'...BD’ =
(DY~'B=1.(D)'B~ (( "~ PD)BD’ .BD' = (23)
(DY~ 'B='.B~Y((D")2P(D")?)B...BD' =

(Dl)—spl (D/)s

(we underline the parts of the words which are changing). Similar equalities hold for negative s.
Therefore for every integer s, w™%zw?® is a 0-element in Hy,,. Hence x € 0(w) (since the subgroup
generated by w%zw®, s = 0,+1, ..., consists of 0-elements and is normalized by w).

6. Let us prove that B commutes with every element y € 0(w) modulo Z(S,ra). Let P, be a
word in RUA representing y. Since y € 0(w), W2P,W? is equal modulo Z(S, ra) to a 0-word. By
Lemma 3.6, (BD'z) "' P,(BD’z) is a 0-word (modulo Z(S,ra)). Since D'z = 2D modulo Z(S, ra),
we have that (BzD)~!P,(BzD) is a 0-word modulo Z(S,ra). By Lemma 3.6, (Bz)"1P,(Bz) is a
0-word P; modulo Z(S,ra). Considering a van Kampen diagram for this equality, we deduce (by
a usual argument) that P, = L(hy, 2), P, = R(hy, z) for some words hy, hj, over S. Applying the
homomorphism v to the equality

(Bz)"'L(hy, 2)(Bz) = R(h, z)
we get that hy, = h; modulo Burnside relations. The last equality implies
B™'P,B = B™'L(hy,z)B = zR(h, 2)2"" = L(h,,z) = P,

modulo Z(S,ra) (by Lemma 7.1). Hence B commutes with P, modulo Z(S,ra), as required.

7. Now let y € O(w) be represented by a word P,. Let us prove by induction on [ that
(D")!P,(D")~! belongs to O(w) for every I > 0. This is clearly true for | = 0. Suppose that it is
true for some { > 0. Then

(DYHLP, (D)™ = (D')(D')' Py(D) (D)™t = BTH(BD')(D')'P,(D")(BD')"'B.  (24)
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Since (D')!P,(D")~! belongs to 0(w) = 0(BD'), we have that (BD')(D')'P,(D")~Y(BD’)~! belongs
to O(w) (by the definition of 0(w)). Since B commutes with every element of O(w), (24) implies
that

(D)FLRy (D)™t = (BD)(D')' P, (D")"(BD') ™! € O(w).

Similarly one can prove that (D')!P,(D")~! belongs to 0(w) for all I < 0.

8. Let u be the element of Hy,, represented by D’. Then clearly u is a O-element. For every
integer [, let w; be the element represented by WZ(D’ )*l. We need to prove that w; commutes with
y, that is, W!(D")~! commutes with P, modulo Z(S,ra), or, equivalently,

(BD')"'P,(BD") = (D')"'P,(D")

modulo Z(S,ra). This can be proved as in (23) because we have proved in steps 6 and 7 that
(D")~*P,(D")* is in O(w) for every integer s and B commutes with every element of 0(w) modulo
Z(S,ra). O

This completes verification of properties (Z1), (Z2), (Z3). By Proposition 3.19, we have the
following statement.

Proposition 9.10. There exists a graded presentation Ry, containing Z(S,ra) of the factor group
Hyq(00) of Hirq over the subgroup generated by all n-th powers of elements of Hyyq, such that every
relation of Rprq of rank > 1 has the form u™ = 1 for some word u, and every minimal diagram
over Ry,q satisfies property A and all the lemmas from Section 3.

Lemma 9.11. Let z be any letter from K. Then the subgroup of Hy,q(00) generated by the set
R(z) is a free Burnside group of exponent n.

Proof. Consider the map from the set of generators of Hy,.,(c0) to the free Burnside group B(S,n)
freely generated by the set of S-rules S, that takes every letter from R to the corresponding S-rule
and all other letters to 1. Clearly this map kills all relations from the presentation of Hy,.,(00)
defined in Proposition 9.10 except for the Burnside relations. It takes a Burnside relation to a
Burnside relation. Hence this map can be extended to a homomorphism w from Hy,.,(00) to the free
Burnside group B(S,n). Notice that the restriction w, of the map w to the subgroup of Hy,,(c0)
generated by R(z) is injective and maps R(z) onto S. Hence w, is a surjective homomorphism of
(R(z)) onto B(S,n) taking generators of (R(z)) to the free generators of B(S,n). Since (R(z))
satisfies the identity ™ = 1, and B(S,n) is the free group in the variety given by this identity, w,
is an isomorphism. ]

10 Proof of Theorem 1.1

We follow the scheme of the proof presented in Section 1.2. The set Z(S, A) plays the role of set R
in Section 1.2. The group Hy,,(00) plays the role of group H, the role of the set B (the generating
set of B(m,n)) is played by A(x(1)), the role of C is played by AUKURU A.

As in Section 1.2, let §; be the group generated by AUKURUA subject to relations from Z (S, A),
all derived relations, and all u-relations from the presentation of group G and relations v™ = 1 for all
words v over A. Recall (see Section 6) that derived relations form the set t(Z (S, A))Ut?(Z(S, A))U....
All derived relations are words in A(k(1)). As in Section 1.2, let G5 be a subgroup of Hj,.q(00)
generated by A(k(1)). As we noticed in Section 1.2, our choice of the words u, (the fact that they
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generate a subgroup with a congruence extension property in B(m,n)) implies that §; > H > G,
and there exists a natural homomorphism ¢ 2 from §; onto G which takes a; € A to a;(k(1)) €
A(k(1)). In order to prove that ¢;2 is an isomorphism (which according to Section 1.2 would
complete the proof of Theorem 1.1), we need to show that for every word w(aj(k(1)), ..., am(k(1)))
which is equal to 1 in Hy,.q(00), the word w(aq, ..., an,) is equal to 1 in G;. This is done in Lemma
10.2 below. But first we prove this fact in the case when w is a derived relation.

Lemma 10.1. For every derived relation w(ai(k(1)),...,am(k(1))) the relation
w(ag, ..., am) =1
holds in Gy.

Proof. By definition, w(ai(k(1)),...,am(k(1))) = t°(w') where s > 0 is a natural number and
w (Y1, yt) € Z(S,A), y; € KURU A. Let us use the induction on s. If s =1 then

W(A1, oy Q) = W (Uyyy s ooy Uy, ).

Since w'(y1,...,y¢) = 1 is a relation of §; and y; = u,,, i = 1,...,t, is a relation of §;, we deduce
that w(aq,...,a,) = 1 is a relation in G;. This gives us the base of induction.

Let s > 1, wi(a1(k(1)),...,am(k(1))) = t571(w’). We can assume that wi(ai,...,an) = 1
in §;. Then w(ay,...,an) is obtained from wi(ai(k(1)),...,am(x(1))) by replacing a;(k(1)) by
the corresponding words g, (1)) Since relations a;(k(1)) = w4, (1)) hold in Gq, the relation
w(a, ..., an,) = 1 holds in Gj. O

Lemma 10.2. For every word w(x1,...,xm) if w(ai(k(1)),...,am(k(1))) = 1 in Hppq(oo) then
w(ay,...,am) =11n G;.

Proof. Let A be a g-reduced diagram over Ry, with boundary label w(ai(k(1)),...,am(K(1))).
Suppose that A contains cells of rank > 0. By Proposition 9.10 A is an A-map. By Lemma 2.5
A contains a cell IT of rank > 0 and a contiguity subdiagram of II to 9(A). Since non-0 letters
in presentation Ry, are letters from K, by definition of contiguity subdiagrams from Section 2,
J(A) contains a K-edge, a contradiction.

Hence A does not contain cells of rank > 0. Therefore A is a diagram over Hy,,. So we can
assume that A is a g-reduced diagram over Hp,.,. By Lemma 9.2 we can assume that A does not
contain K-annuli. Hence A does not contain K-edges. Therefore A is a diagram over R, where
R is the set of non-0 letters.

Suppose that A contains a cell of rank > 0. Then by Proposition 8.2 and Lemma 2.6 A contains
a cell IT of rank > 0 and a contiguity subdiagram of II to 9(A). Hence d(A) contains R-edges,
a contradiction. Therefore A does not contain cells of rank > 0. Hence A is a diagram over H.,,.
By Lemma 7.3, part (3), A does not contain R-annuli. Hence A does not contain R-edges. This
means that all cells of A are a-cells. Therefore A is a diagram over H,.

Since (A(k(1))) is a retract of H,, we obtain that w(ai(k(1)), ..., am(K(1))) is equal to 1 modulo
derived relations and Burnside relations. By Lemma 10.1 if we rewrite a derived relation in letters
ay, ..., am, we get a relation that holds in G;. Since every Burnside relation in {aq, ..., a,,} holds in
G1, we get that w(ay,...,an,) =1 in 9. O

The proof of Theorem 1.1 is complete.
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type of a map (diagram) 9
van Kampen diagram 10
van Kampen lemma 10
vertices in the same phase 28
0-word 19

H-word 43

working rule 52, 55

A 52

A 4, 52

|Aly 18

A(z) 52
a,B3,7,0,e,C 0, hyn, &, 3,7 14
B(m,n) 4
bot(B) 10
oIy, T, II,) 14
o(II), [o(In)| 9
e_,er 9

=20

IAIL 14

G(i), G(0) 26
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H, 60

H;, 60
H,, 84
H,q(c0) 86
Hyra88
Hpyq(00) 99
K 52

K(z) 52
K 52

A 52

A;(0) 66
L(r,2) 53
L%(T,z) 61
0(g) 20

Q 52
(I, T, IT) 14
To® 89
R(r,z) 53
R%(1,2) 61
R 52
R(o0) 26
R; 26

:era 99
Rra 86
r(II) 9
r(q) 14
r(r,z) 55
Si 26

St 52,55
St 52

~; 26

© xII 88
£ 53

7(z) 52
top(B) 10
U(w) 52
W - h 61
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