THE WINDING INVARIANT

JONATHAN ARIEL BARMAK f

ABSTRACT. Every element w in the commutator subgroup of the free group F2 of rank 2
determines a closed curve in the grid Z x R UR x Z C R?. The winding numbers of
this curve around the centers of the squares in the grid are the coefficients of a Laurent
polynomial P, in two variables. This basic definition is related to well-known ideas in
combinatorial group theory. We use this invariant to study equations over F2 and over the
free metabelian group of rank 2. We give a number of applications of algebraic, geometric
and combinatorial flavor.
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1. INTRODUCTION

We introduce an invariant which associates a Laurent polynomial in two variables with
integer coefficients to every element w in the commutator subgroup F,, of the free group
in two generators x,y. The winding invariant W : F, — Z[X*! Y*!] is in fact a group
homomorphism. Given a word w € s, there is a polygonal curve ~,, in the square grid
Z x RUR x Z, which is closed when w € F),. This curve starts at the origin (0, 0) and it is
the path induced by w in the Cayley graph I'(Z x Z, {z,y}) = ZxRUR x Z. The coefficients
of the polynomial P,, = W(w) = 3" a; ;X'Y7 are the winding numbers a; ; = w(yu, ¢; j) of

0.

the curve around the centers of the squares in the grid. Alternatively the winding invariant
can be seen as the quotient N — N/N’ where N is the normal closure of [z, y] in Fy and
N/N' is the relation module of the presentation (z,y|[z,y]). The definition of W is ele-
mentary and therefore it can be interpreted in multiple ways using different notions from
topology, algebra and combinatorics. We mention some articles which deal with the wind-
ing invariant and variations. This list is probably not exhaustive. There are papers which
use this concept as an algebraic non-geometric tool [20, 26, 27]. In contrast, some others
use geometric ideas but do not exploit algebraic properties. The family of coefficients of P,
appears in an article of Conway and Lagarias [46, Section 5], but the authors do not use
the ring structure of Z[X*!, Y*1]. If w,w’ € F} are conjugate in F, then P, = X'Y7 P,
for some ¢,j € 7Z. In the particular case that ~,, is simple, positively-oriented and the
boundary of a convex polygon, P, is known as the characteristic/generating function of
the polygon [32]. In [147], Sarkar considers a map S : F, — Z[X*!, Y*!] without ap-
pealing to winding numbers. The coefficient of X*Y7 in S(w) is the number of times 7,
travels through the edge (7, j), (i + 1, j), taking into account orientations. Sarkar’s invari-
ant S is in fact the Magnus embedding I, /F) — Z[Fy/F,] ® Z[F2/F,] composed with the
projection onto the first coordinate, and we will see that for w € F,, S(w) = (1 = Y)P,.
In other words, the winding invariant can be described as P, = (1 — Y)*1¢(‘?9—1£). Here
2+ Z|Fy] — Z[F,] is the Fox derivative and ¢ : Z[Fo] — Z[Fo/F)] = Z[X*!, Y*!] is the
projection. One important interpretation related to the Magnus embedding was first ob-
served by a referee of a previous version of this article: the winding invariant of w € F, is
essentially the (multivariable) Alexander polynomial A¢ of the group G = (x, y|w). Rig-
orously speaking A is an element of Z[X*!, Y*!] ~ 7Z[Z?] well defined up to a change
of basis of Z? and up to a multiplication by a unit +X*Y". In our applications it is crucial
to have a well defined Laurent polynomial. Moreover, some of the generalizations of the
winding invariant that we study here involve group rings Z[G] in which G is non-abelian
or with torsion, while Alexander polynomials always live in Z[G] with G free abelian.
Finally, our geometric definition is central in the applications we explore.

In this article we will present a number of results in combinatorial group theory which
can be obtained as an application of the winding invariant. Most of the results that we ex-
hibit here are original, but some others are known and we only provide alternative proofs
using our ideas. We will illustrate the strength of this tool with different applications
which appear when we use the particular geometric description of W. Since the results in
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this paper lie within several areas of group theory and algebraic topology, we have tried
to give a self contained presentation of the subject.

We will use the winding invariant to study equations over F5. For instance we will
study properties of elements of F, which are products of k-th powers. A result by Lyndon
and Morris Newman [109] states that [z, y] is not a product of two squares in Fo. It is
known now that there is an algorithm which decides for an element w € F, which is a
product a?a3 . .. a2 of squares, what is the minimum number n in such an expression. This
is the square length of w [47, 56, 58, 69]. The commutator length of an element w € I}
is the minimum number of commutators whose product is w. This is also algorithmically
computable, and in fact this generalizes to all quadratic equations (see [56, 58] and [45,
94]). The stable version of the commutator length has received a lot of attention in the
last decade [29, 38, 39] because of its connections with Dynamics and two-dimensional
bounded cohomology. We will give a three-line proof of Lyndon-Newman’s result using
the winding invariant and we will state a generalization in Proposition 8, providing a
necessary condition for an element w € Fs to be a product of two k-th powers. This is
related to the problem of deciding whether the Burnside group B(2,5) is finite. Kostrikin
proved [96] that if the sixth Engel word es = [y, [v, [v, [y, [v, [, z]]]]]] is not a product of
fifth powers in Fy, then B(2,5) is infinite. We will see in Corollary 9 that no Engel word is
a product of two k-th powers for & > 2. It is known that e5 is a product of fourth powers,
but we will prove in Corollary 65 that e3 is not. This could be proved alternatively using
coset enumeration for some presentation of B(2,4) (see [83, 132]), but our computations
are simpler. Using the Cayley graph of B(2,3) it is not hard to check for a given element
in Fy if it is a product of cubes. In Theorem 61 we will use the winding invariant to obtain
a different characterization of the products of cubes. For k£ > 4 we provide necessary
conditions for an element in 5 to be a product of k-th powers (Theorem 59, Corollary 60
and Proposition 63). Another result by Lyndon and Newman in [109] says that in the free
group F (1,9, ...,7,) freely generated by 1, x2, ..., ,, the element 2223 ... 22 is not a
product of fewer than n squares. In Theorem 13 we generalize the case n = 3 by showing
that for n > 3 the equation 2724 ... 2™ = a*b* has no solution a,b € F(x1,22,...,z,) if
m>1and k > 2.

Since the kernel of the winding invariant W : Fj, — Z[X*!, Y*!] is F, we can use it
to study problems concerning the free metabelian group My = Fy/F} of rank 2. Recall
that a group is termed metabelian if its derived subgroup is abelian. Philip Hall noticed
[78] that if G is metabelian, then G’ has a structure of Z|G/G’]-module, and we can use
commutative algebra to study G’. In our case, M}, is a free Z[Z x Z]-module of rank 1
and the isomorphism M/, — Z[X*! Y*!] is given by the winding invariant. On the other
hand, M is the relation module of the presentation (x, y|[z,y]) of Z x Z, and the relation
module N(R)/N(R) of a presentation (X |R) of a group G always has a structure of Z[G]-
module. Laurent polynomials have been used before to study metabelian groups [20, 27].
For instance Bavard and Meigniez [27] proved that the commutator length of M is 2 (the
maximum of the commutator lengths of elements in M). The computation of the square
length of M, seems to be a more difficult problem and we will prove in Theorem 57 that
this number is 4 or 5. This contrasts with the case of finite simple groups in which it is
known that every element is a product of two squares [76, 101], and the case of non-cyclic
free groups, which contain elements of arbitrarily large square length. Theorem 57 is one
of the results which best represent the ideas exposed in this paper. We don’t know whether
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eg is a product of fifth powers in Fs, but this holds in M. In fact, for every positive prime
p and every n > p, e, € My is a product of p-th powers (Proposition 66).

Square length and commutator length are just two examples of the notion of u-length.
If u is an element in the free group F(x1,x2,...,x,) and G is any group, there is a word
map G"™ — G which maps (g1,92,...,9n) to u(g1,92,...,9n). The elements in the image
of the word map and their inverses are the wu-elements. The verbal subgroup u(G) is the
subgroup of G generated by the u-elements and the u-length of an element g € u(G) is
the smallest m such that g can be written as a product of m u-elements. The u-width (or
u-length) of u(G) is the supremum of the u-lengths of elements in u(G). If G is a finite
simple group and u(G) # 1, then u(G) = G and in fact there is a universal bound for
the u-width of G for all such finite simple groups [102, Theorem 1.6]. The problem of
finding a constant c¢ such that the u-width of «(G) is smaller than or equal to ¢ for a family
of groups G is known as a Waring type problem for its resemblance with the classical
problem of the same name. For u = [z, 3], the u-width of every non-abelian finite simple
group G is 1, that is, every element of GG is a commutator. This is the statement of the
Ore conjecture [133] whose proof was finally completed in 2010 [101]. On the other
hand there are finitely generated infinite simple groups with infinite commutator length
and infinite square length [127]. Products of two k-th powers have also been studied
in the context of finite simple groups [75]. For more references on the theory of word
maps and Waring type problems see [150]. Shalev proposed in [150, Conjecture 3.5]
a generalization of the Ore conjecture: for every Engel word e,, and every finite simple
group G, the word map e, : G2 — @ is surjective. In Section 6 we study e,-lengths of
elements in M, and we prove in Theorem 55 that the verbal subgroup e, (M) coincides
with the n-th term ~,,11 (M) of the lower central series for n = 1, 2, but they are different
forn > 3.

We will study a question of Sims who asked whether the normal subgroup generated by
the basic commutators of weight m in [F,, is v,,(F,) [151] (Theorem 29). Baumslag and
Mikhailov ask in [21] whether all one-relator groups with two generators, whose relator
is a basic commutator, are residually torsion-free nilpotent. We prove in Theorem 28 that
this holds modulo F7.

We have mentioned that the commutator length is algorithmically computable in F,.
The first result in this direction, due to Wicks [159], was a characterization of those ele-
ments with commutator length 1, i.e. commutators.

Theorem 1. (Wicks) An element w € F, is a commutator [u,v] if and only if there is a
cyclically reduced conjugate of w which coincides with a cyclically reduced word of the form
ABCA-'B~tC—1,

In Section 5 we use the winding invariant to study commutators from a different per-
spective. A commutator [u,v] in Fy determines a parallelogram in R? and this is used to
prove that the coefficients of P, ,) can be partitioned in classes, the sum of the members
in each class is a constant number ¢« € {—1,0,1}. In Proposition 40 we give an alterna-
tive proof of a result of Comerford and Edmunds that there exists a commutator [u, v]
which is a product of two squares but it is not of the form [a2, b]. We also use the ideas of
this section to give a short proof to a theorem of Baumslag-Neumann-Neumann-Neumann
which says that if w, u € Fy are independent modulo I, then the equation [w, u] = z* has
no solution in My for & > 2 (Proposition 41). We also give a short proof of a result by
Baumslag and Mahler which is the analogue of the Vaught conjecture for My (Proposition
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42). The methods of this section can be used to study commutators in M,. Commutators
in this group have been also studied in [27, Théoreme 2].

In Section 7 we use the winding invariant to study Q*-equivalence of presentations.
Our article [13] was motivated by this section. We prove there that there exist presen-
tations which are not Q*-equivalent but which have simple homotopy equivalent stan-
dard complexes, thus disproving a strong version of the Andrews-Curtis conjecture. The
key ingredient here is the existence of a matrix M € GLo(Z[X*!, Y*!]) which is not in
GE»(Z]X*', Y*!]). Bachmuth and Mochizuki proved in [11] that Z[X*!, Y*!] is not gen-
eralized Euclidean, and Evans was the first to give an example of a concrete matrix in
[62]. The existence of infinitely many presentations which are simple homotopy equiva-
lent but pairwise Q-inequivalent is discussed at the end of Section 9 in connection with the
relation lifting problem. In Theorem 76 we prove that My contains infinitely many pairs
with the same normal closure and which are pairwise QQ-inequivalent. This is similar to
a result obtained by Myasnikov-Myasnikov-Shpilrain in [129]. Inspired by [129] we use
the winding invariant to study the following open question: is GLs(Z[X, X ~!]) generated
by elementary and diagonal matrices? If we replace 2 by 3, the answer is affirmative and
proved by Suslin [156].

In Section 8 we introduce more general versions of the winding invariant. If P = (X |R)
is a presentation of a group G and N(R) is the normal closure of R in F'(X), the winding
invariant associated to P is the abelianization map from N(R) to the relation module
N(R)/N(R)'. The original winding invariant corresponds to (z, y|[z, y]). If P is aspherical,
the relation module is a free Z[G]-module (See Appendix A). We use this together with
the fact that one-relator presentations whose relator is not a proper power are aspherical
[105], to prove a generalization (Lemma 83) of a result by Baumslag, Miller and Troeger
[24] which says that in a free group, two non-commuting elements u, v cannot satisfy that
vuv~'u~? is a conjugate of u or u~!. We use this to prove in Propositions 87 and 88 that
certain one-relator groups are not residually solvable or not residually nilpotent.

In Section 9 we use variants of the winding invariant to study presentations other
than (z,y|[z,y]) with planar Cayley graphs, and derive new results on equations over
free groups.

The relationship with Alexander polynomials and the Magnus embedding appears in
Section 10.

Although this article has followed a different path, the original motivation for the def-
inition of the winding invariant was a combinatorial problem about tilings of regions in
the plane. The bisection problem is presented in Section 11, together with applications to
equations over [F, and other tiling problems.

2. PRODUCTS OF TWO k-TH POWERS

In [109], Lyndon and Morris Newman proved the following result.

Proposition 2. The commutator [z,y] = zyr ty~!

the free group of rank 2 generated by x and y.

is not a product of two squares in F,

The article [109] contains in fact two proofs of Proposition 2. The first one, due to
Newman, considers a representation Fo — PSL(2,Z) and then performs many computa-
tions with matrices. The second proof, due to Lyndon, works in a quotient of I, where the
elements have a canonical form. Both proofs require a lot of clever ideas and hard work.
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In 1973 Wicks [160] extended his ideas from [159] to classify the elements of F» which
are products of two squares. Independently in 1975 Edmunds obtained the same result
[56]. Culler obtained the same description in [47, Remark 3.2 (2)] using maps from
surfaces. This can also be proved using results from [69].

Theorem 3 (Edmunds [56], Culler [47], Wicks [160]). A word w € Fy is a product of
two squares in o if and only if it has a cyclically reduced conjugate which can be obtained
by non-cancelling substitution from one of the four words AABB, ABA™'B, ABCA~'CB,
AABCCB™L.

A non-cancelling substitution is a substitution of each letter A, B, C' by reduced non-
trivial words ¢(A), ¢(B), ¢(C) € Fy such that the resulting word is reduced.

Culler [47], Edmunds [56, 58] and Goldstein-Turner’s [69] results give in fact algo-
rithms to decide for every k > 1 if a given element of IF,, is a product of k squares or a
product of k£ commutators. For the case of products of two squares, an algorithm was pre-
viously known to exist by Schupp [149]. Schupp proves in fact that for any word w € Fo
and any element g in a free group F, there is an algorithm which decides if the equation
w(a,b) = g has a solution a,b € F (see also [58, Theorem 4.4]).

Proposition 2 trivially follows from Theorem 3. A much simpler proof of Proposition 2
can be found in [147], in which Sarkar proves more generally the following.

Proposition 4 (Sarkar). [z",y"] is a product of two squares in Fy if and only if mn is even.

In order to prove Proposition 4, Sarkar introduces an invariant [Fo, Fy] = F, — Z which
maps the product of two squares to an even number but maps [z, y| to 1. Sarkar’s invariant
is in fact a particular case of the winding invariant. The winding invariant appears in an
article of Conway and Lagarias [46] where it is used to prove that certain regions in the
square grid Z x RUR x Z cannot be tiled with some particular sets of tiles. We define
now this invariant and in order to illustrate its simplicity and strength, we will give a self
contained proof of Proposition 2 in a couple of lines and a generalization of Proposition 4.

Definition 5. Let w € Fy. Then w = z7'z5’ ... x;' where z; € {z,y} and ¢; € {1, -1} for
each i. The word w determines a path 7, in R? which begins in (0,0) and is a concate-
nation of paths 71,72,...,7. The path +; moves one unit parallel to the z;-axis and with
positive or negative direction depending on the sign ¢;. The image of v, is contained in
the grid Z x R UR x Z. Note that the ending point of ~,, is (n, m) where n is the total
exponent of z in w and m is the total exponent of y. Recall that w € F) if and only if
n =m = 0. Suppose w € F, so ~,, finishes in (0,0). For each (i,5) € Z x Z, let a; ; be
the winding number w (v, + %, j + 3) of ,, around the point p = (i + ,j + 1), that is
the number of times the curve ~,, travels counterclockwise around p. Define the winding
invariant P,, € Z[X*!,Y*1] of w to be the Laurent polynomial P, = 3 a; ;X'YJ. The
map W : F), — Z[X*! Y+, w s P, is the winding invariant map.

The curve ~,, can also be interpreted in the following way. The word w € Fs induces a
cycle in the standard complex K = S' Vv S! of the presentation (z,y| ). The curve v, is the
lift of this cycle to the maximal abelian cover K = Z x R UR x Z, starting at (0,0). The
curve -, can be defined easily as a product in the group of paths introduced in [93].

Example 6. Let w = [z,y] = xyz~'y~!. Then ~, is the curve in R? which begins in

the origin and moves one unit to the right, then one unit upwards, one to the left and
one downwards. Therefore all the winding numbers a;; = w(yw,i + 3,/ + 3) are zero
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with exception of agy = W(yw,0 4+ 3,0 + 3) = 1. Hence, the winding invariant of w
is P, = 1 € Z[X*!,Y*!]. In Figure 1 at the left we can see a picture with the image
of the curve ~,,. The origin is represented with a small black square and a small arrow
indicates the orientation of the curve. Inside the square with vertices (0,0), (1,0), (1,1),
(0,1), there is a number 1 which indicates that the winding number of ~,, around the
center of the square is 1. The remaining squares are labeled with the number 0, which
we will always omit in this graphical representation. A polynomial P can be represented
graphically as a finite subset of squares in the grid Z x R UR x Z, each of them labeled
with an integer number. The square with center (i + %, i+ %) is labeled with the coefficient
of the monomial X*Y”/ in P. The second example is w’ = x3yz =2y —2 Lz=1y. Now

0 R

FIGURE 1. The CUIVES Y[y 4] and.’}/z3yzj2yj2zily$yi1$7ly and the graphical
representation of the corresponding winding invariants.

alyry

the curve v, has self intersections. Moreover, some edges of the grid appear twice in
- In order to make the graphical representation clear, we choose to represent a curve
v homotopic to v,,. Here we consider 7,7, : S — R? \. C, where C is the subset of
R? which contains the centers (i + 3, + 3) of the squares (see the picture in the right of
Figure 1). In this case the winding numbers a; j = W(yu, i+ 3,7 + 3) are ai,o = asg = 1,
ap,—1 = —2, and all the others are zero. Therefore P,y = X + X% —2Y L.

Proposition 7. Let w,w’ € F,, u € Fo. Then the following hold:
() P,-1 = —P,,.
(i) Pyw = Py + Pyy.
(iii) P,yy-1 = XY™ P,, where n and m are the total exponents of x and y in u.
(iv) Py = (XY™ = 1) Py,

Proof. (i) and (ii) follow from the fact that ~,-1 is the inverse 7, of v, and 7, is the
concatenation +,, * 7,, which we will also denote ~,,v,s. To prove (iii) observe that
Yuwu—1 = Yu(Yw + (0, m))7,, where v+ (n, m) is v composed with the translation R? — R?
which maps (z1, x2) to (1 +n, 22 +m). The last item follows from the previous three. [

Proof of Proposition 2. Suppose w = [z,y] = a?b?® for certain a,b € Fy. Note that
ab € F,. Since a?b* = (ab)b~*(ab)b, by Proposition 7, P, = (1 + X"Y™)P,;, where n,m
are the total exponents of = and y in b~!. In particular P, (1,1) € Z is even. However,
Py =1€Z[X= Y+ O

The fact that a word w € F), has winding invariant P,, divisible by a factor 1 + X"Y™
does not imply that w is a product of two squares, however we will show below that w
is a product of two squares in certain quotient of Fs. First we prove a generalization of
Proposition 2.
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Proposition 8. Let w € F, and let k > 1. Suppose there exist a,b € Fy such that w = a*b”.
Then there exist n,m € Z such that 1 + X"Y™ + X2ny2m 4 4 x(k=bny(kE=Dm diyides
Py

Proof. As before, since a*b* € I}, then ab € F,. Moreover
aFbF = (ab).b~ (ab)b.b"2(ab)b? ... b~ (ab)bF L.

Then if n, m are the total exponents of x and y in b1, P,, = P+ X"Y ™ P+ X?"Y 2" P+
..+ XE=Dny (k=1)m p .y Proposition 7. O

Most of the results in this section are consequences of Proposition 8. In Section 6
we will study products of k-th powers in general. Some of these results require that we
develop first techniques to understand the winding invariants of commutators. This will
be achieved in Section 5.

Proposition 8 is related to the Burnside problem. Given n,m > 1, the Burnside group
B(n,m) is defined to be the group with generators 1, zs, . .., x,, and with relators w™ for
each w € F(z1,x9,...,x,). In particular B(n,m) is finitely generated and every element
has finite order. In general, a finitely generated torsion group need not be finite. This
was proved by Golod and Shafarevich [70] in 1964 and gave an answer to the General
Burnside Problem. What about a finitely generated group G such that each element g € G
satisfies ¢"* = 1 for a fixed m > 1? Is such a group necessarily finite? This question,
known as the the Burnside Problem was solved by Novikov and Adian [1], who showed
that in general a finitely generated group with bounded exponent m can be infinite. Any
group with n generators and exponent m is a quotient of B(n, m). Therefore the Burnside
Problem asks about finiteness of Burnside groups. It is known that B(n,3), B(n,4) and
B(n,6) are finite for every n, but it is still unknown whether B(2,5) is. The Engel words
are defined recursively by e; = [y, 2] € Fe and e,,11 = [y,e,] forn > 1 ! It is not hard
to see that the second Engel word e is a product of cubes in 5. We recall the argument
here. First note that e is a conjugate of [zy~'z~!,4~!]. Now, in a group H of exponent
3 any element commutes with its conjugates. Burnside argument in [37] is the following.
For a,b € H, we have 1 = (ab)® = a*(a"2ba?®)(a"tba)b = (a~2ba?®)(a"'ba)b. Replacing
a by a® we obtain 1 = (a~'ba)(a=2ba?)b, so (a~1ba)b = b(a"'ba). In particular, if G is
any group and a,b € G, then [a~'ba, b] is trivial in the group H = G/N where N is the
normal subgroup generated by all the cubes in G. Thus [a~!ba,b] € G is a product of
cubes in G. This proves that e, is a product of cubes in Fy. Lyndon proved in [108] that
[zy~ 'z~ y~!] € Fy is a product of 4 cubes. Havas [83] and Akhavan-Malayeri [2] show

that in fact es is a product of only 3 cubes and that it is not a product of 2. Concretely
eyt~ y T = (ay e 2y (y e )
Moreover, in [2] it is proved that the equation e = a®b? has a solution in F, if and only if
3|k. We will say more about the elements in F/, which are products of cubes in Subsection
6.3.
On the other hand, Havas proved [83] that ej5 is a product of 250 fourth powers. Later,
Korlyukov showed (unpublished) that 28 fourth powers suffice. In Corollary 65 we will

prove that ez is not a product of fourth powers. This can also be proved by showing

1Some alternative definitions may be found in the literature, but they are all equivalent up to inversion
and an automorphism of Fa.
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that e is nontrivial in B(2,4) using coset enumeration for the presentations obtained in
[83, 132], but our methods are simpler in this case.

Kostrikin proved that if the sixth Engel word eg is not a product of fifth powers, then
B(2,5) is infinite (see [96, p. 184]).

We we will deduce from Proposition 8 that eg is not a product of two fifth powers and
that e5 is not a product of two fourth powers. Moreover, we give an alternative proof of
the fact that es is not a product of two cubes. In Proposition 66 we will prove that eg is a
product of three fifth powers in the quotient Fy /F7.

Corollary 9. The n-th Engel word e,, is not a product of two m-th powers for any n > 1 and
m > 2. Moreover, if r > 1 and m 1 r, then (e,,)" is not a product of two m-th powers.

Proof. By Proposition 7, the winding invariant P, is (Y — 1), , for n > 2. Since P,, =
—1 € Z[X* Y*!], we conclude that P,, = —(Y — 1)""! and then P,y = —r(Y — 1)L,
By Proposition 8, if €] = a™b™ for certain a,b € Fo, then there exist k,l € Z such that
1+ XFyl 4 x2y2 4 X(m=Dky (m=Dl divides P., in Z[X*!, Y*!]. Putting X = 1, we
have that Q = 1+ Y! + Y% + ... + Y™ Dl divides (Y — 1)"~! in Z[Y*!]. Since Y ("~ 1!
is a unit, we can assume [ > 0 and then Q divides (Y — 1)"~! in Z[Y]. Since m { r, then
1 #0. Thus Y™ — 1jr(Y! — 1)(Y — 1)"!, which is absurd since m > 2. O

Another direct consequence of Proposition 8 is the following.
Corollary 10. If w € F), is a product of two k-th powers in Fy, then k divides P, (1,1).

In Theorem 59 we will see that Corollary 10 holds also if we replace the word “two” by
any positive integer, when k is odd. If k is even, in this general version we will only be
able to conclude that % divides P, (1,1).

Corollary 11. Let r, s,k > 1. Then w = [z",y®] is a product of two k-th powers in Fy if and
only if k divides r or s.

Proof If k|r, say r = nk, then w = (2™)*(y*z~"y~*)*. Similarly if k|s, w is a product of
two k-th powers.

Conversely, suppose w is a product of two k-th powers. Then there exist n,m € Z such
that 1 + X"y™ 4 X2ny2m 4 4 X (k=Dny (k—1m dijvides P,,. On the other hand it is easy
toseethat P, = (1+ X + X2+ ...+ X" H(1+Y +Y2+...+Y* 1) Putting Y = 1, we
deduce that Q = 1+ X" + ... + X*=D" divides s(1 + X + X2+ ... + X"1) in Z[X*1].
We can assume n > 0. Thus Q divides sP in Z[X], where P =1+ X + X2 + ... + X"~ 1.
Then X** — 1 divides (X" — 1)(X™ —1). If n > 1 and k > 2, this implies that kn|r and we
are done. If k = 1, then k|r. Therefore, if k£  r, then n = 0. Symmetrically, if £ 1 s, then
m = 0. Thus k|P,, in Z[X*!, Y+, so k|1, a contradiction. O

A very simple but useful idea to extend our results on [y to study the free group F,, of
rank n is to consider a map p : F,, — Fo. Then the composition Wp|g, : F], — Z[X*!, Y*!]
shares many of the properties of the winding invariant.

Example 12. Let {z,y, z} be a free basis of F3. The word w = zy?z2~'y~227! is not a

product of two squares in F3. If we consider the homomorphism p : F5 — Fy = (z,v)
which fixes x,y and maps z to 1, p(w) = [z, y?] is a product of two squares in Fy. However
if p fixes 2,y and maps z to y~!, instead, then p(w) = [z, 3] is not a product of two squares.
Moreover W (p(w)) = 1 is not divisible by a polynomial of type 1 + X™Y™, so Proposition
8 applies.
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In [109, Theorem 2], Lyndon and Newman prove that if I,, is the free group of rank n
freely generated by x1, z9, . .., ¥y, then 2223 .. . 22 is not a product of fewer that n squares.
Their result follows also from the subsequent ideas in [47, 56, 58, 69]. The following is a

generalization of the case n = 3.

Theorem 13. Let F,, be the free group of rank n > 3 freely generated by x1, o, ..., x,. Let
m > 1 and let k > 2. Then the equation
m kbk

x'ry .t =a

has no solution a,b € F,,.

Proof. Suppose the equation has a solution. Using the map F,, — [, which maps x;
to z, xo to y, x3 to x 'y~ ! and x; to 1 for each i > 4, we deduce that the equation
2™y™(z~ly~1)™ = a*b* has a solution a,b € Fy. The winding invariant of the left hand
side (Figure 2) is

m—1
P=) YX{(1+X+X>+. . +X" ),
=0

FIGURE 2. The curve v, for w = z°¢°(z 1y~ 1)°.

By Proposition 8 there exist r, s € Z such that 14+ X"Y 54+ X2y 4 4 X(-Dry(k—1)s

k=1 m—1
divides P. Taking Y = X ! we deduce that Q = > X*("~%) divides P(X, X ') = 3 (1+
i=0 =0

X+ X2+ ...+ X" hinZ[X, X 1]. Multiplyi;lg by (X — 1) we obtain that Q divides
m—1 )

(X —1) = X+ X2+ ...+ X" —m. Since k{ X + X%+ ...+ X™ —m, then
i=0

r—s # 0. Let { € C be a primitive (k|r — s|)-th root of unity. Then Q(¢) = 5?:7:1 =0, so

E+E 4. 4+ —m=0.Thenm = |6+ &2 +.. . +&"| < |€|+|€%| +...+|€™| = m implies
that ¢ and £2 have the same argument, so ¢ is a positive real number, a contradiction. [J

Conway and Lagarias prove in [46, Theorem 5.1] that the winding invariant map F, —
Z[ X+, Y*1] is surjective and its kernel is Fj, the commutator of ). We exhibit here a
much shorter proof. There is a shorter proof yet which is explained in Section 8 and uses
the fact that W is just the projection of 7r1(f( ) onto H 1(IN( ) for the covering K of the figure
eight space K corresponding to the subgroup F), < 7 (K).
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Theorem 14 (Conway-Lagarias). The winding invariant map W : Fy, — Z[X*!, Y*] is a
surjective group homomorphism whose kernel is F’.

Proof. Proposition 7 (ii) says that W is a homomorphism. If n, m € Z, then w = 2"y [z, y]
y~ Mz~ € T, satisfies P, = X™Y™. This proves that W is surjective. Since Z[X*!, Y*!] is
abelian, the commutator F) of I}, is contained in ker(W). We prove now that ker(W) C F/.
Let w € ker(W). Since F), is the normal subgroup of F generated by [z, y], then

k
w= Hudas,y]”ufl (D
i=1

for certain k£ > 0, u; € Fy and ¢; = +1. We will prove that the class w of w in F,, /F/ is trivial
k

by induction on k. If k£ = 0, w = 1. Suppose k > 1. By Proposition 7, P, = > XY™,
i=1

where n; and m; are the total exponents of x and y in u;. Since P, = W(w) = 0, there

exists 2 < ¢ < k such that ¢, = —¢; and (n;,m;) = (n1, m1). Since the factors of (1) lie in

[, they commute in F, /. Therefore w coincides with the class of

-1

i

—€1

w’:ul[x,y]eluflui[aﬁ,y] u;u

where uw = [[  wylz,y]9u;". Since (ni,m;) = (n1,m1), u; 'u; € Fh, so w’ coincides
2<j<k,j#i
with the class of

1 1

w [z, y]? [z, y] "My uu = .

Since w = w, u € ker(W). By induction w = u = 0. O

Remark 15. Theorem 14 provides an algorithm for deciding whether an element w € F,
is in IFY.

Theorem 14 says that the winding invariant is useful to study equations in the free
metabelian group My = Fy/F/ of rank 2. Recall that a group G is said to be metabelian
if G’ = [G, G] is abelian. The free metabelian group of rank & is I, /IF}/. Theorem 14 says
then that W induces a well-defined bijective map M}, — Z[X*! Y *!] which we will also
denote W. Recall that an equation over a group G in the variables 21, z», .. ., 2, is a word
w € GxF(z1,29,...,2,). Asolution of w = 1in G is an n-tuple a1, as, . .., a, € G such that
w lies in the kernel of the homomorphism G * F'(z1, 29, ..., 2,) — G which maps G iden-
tically to G and each z; to a;. Similarly a solution of w = 1 in an overgroup H > G is an
n-tuple in H which induces a map G * F'(z1, 29, ..., 2,) — H whichmapswto 1 € H. Itis
worth mentioning that the general solvability problem for equations in the free metabelian
group of rank 2 is algorithmically unsolvable [143]. However, for some quadratic equa-
tions the problem is solvable [111, 112] and other problems over metabelian groups are
known to be algorithmically solvable (see [19], [22] and [98, Section 9.5], for example).

Our proof of Proposition 2 shows that the equation [z, y] = 2722 does not have a solution
in F, and moreover, it does not even have a solution in M. The following result is a
converse of Proposition 8 which characterizes the elements w € ) such that w = 2§25
has a solution in M.

Proposition 16. Let k be a positive integer and let w € F,. Then the following are equivalent
(i) There exist a,b € Fy such that w = a*b* in M.

(ii) There exist n,m € Z such that 1 + XY™ 4+ X2ny2m 4 4 x(k=Uny(k=1m diyides P,
in Z| X+ Y+
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Proof. The proof of the implication (i) = (i7) is the proof of Proposition 8 together with
the fact that F/ is the kernel of the winding invariant map.

Conversely, suppose (ii) holds. And let P € Z[X*!, Y*!] be such that P, = (1+X"Y "+
x2ny?2m 4 XDy (k=1)m)p_ Since the winding invariant map is surjective, there
exists u € F, with P, = P. Let b = 2 "y™™, a = ub~! € Fs. By the proof of Proposition 8,
P,iye = P,,. By Theorem 14, a*b* and w differ in an element of F}. O

a

The proof of Corollary 9 shows that no Engel word is a product of two k-th powers
in M. In Proposition 66 we will see that Engel words can be products of three k-th
powers in M. The fact that for a metabelian group GG, G’ has a structure of G /G’-module
can be traced back to Philip Hall [78, 2.3]. Baumslag and Mahler [20] implicitly used the
isomorphism W : Fy/Fy — Z[X*!, Y*!] to show that if w, u € F5 are linearly independent
in Fy /T, and k > 2, then the equation w*u* = 2* has no solution z in Fy/F4. This result is
a version for free metabelian groups of the famous Vaught conjecture that w?u? = 22 for
w, u, z in a free group F implies wu = uw [106]. In Proposition 42 we give a simple proof
of Baumslag and Mahler’s result for £ = 2. The Vaught conjecture holds as well when the
exponent 2 is replaced by any k£ > 2 [148] and when the three exponents in the equation
are greater than or equal to 2, even if they are different [110]. In Fo/F/, however, the
equation w*u! = 2™ may have solutions when w and u are independent modulo F/, [107].
Other important open conjectures of equations over free groups which have been studied
for metabelian groups are the Kervaire-Laudenbach conjecture and the Levin conjecture

[144].

3. WINDING INVARIANTS FOR GROUPS WITH RELATORS IN THE COMMUTATOR SUBGROUP

The winding invariant may be used to study groups other than free and free metabelian.
Suppose G is a group generated by two elements, say G is presented by (x,y|S) for some
subset S C Fy. Moreover, suppose S C F,. Then G' = F,/N(S), where N(S) < Fy
is the normal subgroup generated by S. Let I = I(W(S)) = (Ps)ses be the ideal of
Z[X*!, Y*1] generated by the polynomials P; with s € S, and let ¢ : Z[X*! Y*!] —
Z[X*, Y1 /I be the quotient map. Then ¢W : F, — Z[X*! Y*!]/I induces a map
W : G' — Z|X* Y+ /I. This is the winding invariant map of G. We will see that
Z[X* Y+ /I is well defined up to isomorphism (given two presentations (x,y|S) and
(z,y|T) of G with S, T C F}, Z[X*' Y*!/I(W(S)) and Z[X*! Y*!]/I(W(T)) are iso-

morphic) and so is the winding invariant W.

Lemma 17. Let S be a subset of F,. An element w € F,, is in the subgroup N (S)F} if and
only if P, € I(W(S)).

Proof. The inclusion W(N(S)F4) C I(W(S)) follows from the fact that W is a homomor-
phism. Conversely, suppose P, € I(W(S)), thatis P, = Q1Ps; + Q2Ps, + ... + QnPs,
for certain si,s2,...,5, € S and Q1,Qs,...,Q, € Z[X*',Y*!]. Note that if s € S and
k,l € Z, then P, 1,-+ = X*Y'P,. Therefore if Q = > ap X*Y! € Z[X*,Y*!], then
k,l
u = [[(zFy'sy~la=F)mt ¢ T, satisfies P, = QP; and u is in the normal subgroup of Fy
k,l
generated by s (the element v is in fact well-defined up to rearrangement of the factors in
the product). We do this for every term Q; P, and obtain w’ € N(S), such that P, = P,.
Then by Theorem 14, w € N(S)F}. O
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Proposition 18. The winding invariant W : G' — Z[X*',Y*/I is a surjective group
homomorphism and its kernel is G".

Proof. The fact that W is surjective follows from the surjectivity of W : F, — Z[X*! Y*1].
If g € G”, then g is the class w of a word w € Fj, so W(g) = ¢qW(w) = 0 by Theorem 14.
Conversely, let g € ker(W). Let w € F} be such that w = g. Then ¢qW(w) = W(g) = 0.
Thus P, = W(w) € I. By Lemma 17, w € N(S)F5 and then g =w € G". O

In particular, if (x,y|S) and (z,y|T) are two presentations of G with S,7 C F), then
ZIXEL, YH/I(W(S)) and Z[X*, Y+ /I(W(T)) are isomorphic groups. In fact, using a
result by Dunwoody ([53, Theorem 4.10]), it is possible to show that these two rings are
isomorphic rings. This is proved in Proposition 70 below.

Recall that the Thompson group F admits the following presentation (z, y|[zy !, 2~ yz],
[zy~!, x~2yx?]). One important open question about F is whether this group is amenable.
It is known that F' is not simple, but its commutator subgroup F” is. Here we give a short
proof of the fact that F” is perfect using the last result.

1

Proposition 19. The commutator subgroup of the Thompson group F' is perfect.

Proof. Call r; = [zy~ ! 27 lyx] and ro = [zy~!, 2~ 2y2?] the relators of the presentation of

F.ThenP., =1+X'!'-Y L P, =14+X 14+ X2V X1y~! (seeFigure 3).

~

( 1 1 \1 1 1\

(1) (1)

FIGURE 3. The curves ~,, and ~,, together with the polynomials P, and P,,.

Note that (1 + X)P,, — XP,, = 1. Therefore the ideal I = (P,,, P,,) is the whole ring
Z[X*, Y+, so F' = ker(W) = F” by Proposition 18. That is, F" is perfect. O

The previous example obviously generalizes to the following

Corollary 20. Let G be a group which admits a presentation (x,y|S) with S C F,. Then
G is quasi-perfect (i.e. G" = G') if and only if I[(W(S)) = Z[X*,Y*]. In particular, if
I(W(S)) = Z[XT, Y*! and G’ # 1, G is not residually solvable.

In Subsection 8.2 we will use a deeper result to obtain a class of non residually solvable
one-relator groups.

The next result is an improved version of Proposition 2, which applies for instance to
groups presented by basic commutators of weight greater than or equal to 3 (see Lemma
26 below).

Proposition 21. Let G be a group presented by a presentation (x,y|S) with S C F,. More-
over, suppose Ps(1,1) € Z is even for every s € S. Then the class of [z, y] is not a product of
two squares in G.
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Proof The map € : Z[X*!,Y*!] — Z, which evaluates in (1,1) and reduces modulo 2
induces a map ¢ : Z[X*!, Y+ /I(W(S)) — Zs, by hypothesis. Let g € [G, G] be such that
there exist g1, g2 € G with g = g2g3. Let uj,us € Fy be representatives of g; and go. Let
u € T, be a representative of g. Thus N(S) > wudu~" = (uyuz)uy ' (uguz)ugu='. Since
N(S) < F, and u € F), then ujuy € Fh. Therefore eW(g) = eW((uju2)uy (uiug)ug) =
e((1 4+ X"Y™)P,,u,) = 0 € Zy. Here n,m are the total exponents of z,y in u,'. On the

other hand if g = [z, y], eW(g) = eW([z,9]) = €(1) = 1 £ 0. O

In the last result of this section we use the winding invariant W : G — Z[X*! Y+!)/T
to give a necessary condition for an element g € G to be in the center Z(G).

Proposition 22. Let G be a group with a presentation (x, y|S) for some S C F,. If an element
g € G is in the center of G, then any word w € Fq representing g satisfies the following. If
n, m are the total exponents of x and y in w, then X"Y™ — 1 € (W (S)).

Proof. Suppose W = g € Z(G). Let u = [z,y]lw™! € Fo. By assumption |[w,u] = 1 € G,
so 0 = W([w,u]) = qW([w,u]). But W([w,u]) = P[w,u] = P[w,[a:,y]] = (Xnym — 1)P[z,y] =

XY™ — 1, by Proposition 7. Then ¢(X"Y™ — 1) =0 € Z[X*! Y*!]/I. O

Given a group G presented by a presentation with two generators and relators in F,
there is a method which decides for every w € Fy whether ¢ = w € G is in G”. First,
g € |G, G] if and only if w € F),. Now, if g € G/, then by Proposition 18, g € G” if and only
if 0 = W (g), which is equivalent to P,, being in I, the ideal of Z[X*! Y*!] generated by
the winding invariants of the relators in the presentation. Now, ideal membership can be
determined using Grobner bases. Usually Grobner bases are used for studying ideals in
the polynomial ring Z[X, Y], but the ideas can be extended to Laurent polynomial rings
(see [152, Section 10.7]. Section 11.6 of the same book studies polycyclicity of the group
G/G" using Grobner bases).

4. LOWER CENTRAL SERIES AND A PROBLEM OF G. BAUMSLAG AND R. MIKHAILOV

Recall that the lower central series of a group G is defined inductively by v, (G) = G
and v,+1(G) = [G,7,(G)]. In particular v2(F3) = F}, and ~3(F2) = [Fa, ).

Wick’s Theorem 1 provides an algorithm for deciding whether an element w € Fy is a
commutator. On the other hand, Philip Hall’s collecting process [77, Chapter 11] gives
an algorithm that decides whether a given word w lies in 7, (F2) for any given n. The
following result gives a necessary condition for a word w to be a simple commutator
[a1,ag,...,ar]. Recall that the simple commutator [a1,as, ..., a;] of weight k is defined
recursively as [ay, [ag, . . ., ag]]. Of course, the simple commutators of weight & lie in ; (F2)
and for & = 2 they are just the usual commutators.

Proposition 23. Let w € F,, and let k > 1. Then the following are equivalent:

(i) There exist ay,az,...,a; € Fy and u € F, such that w = [a1,ag,...,ak,u] in My =
Fy /FY.

(i) There are monomials M; = X™Y™: for i = 1,2,...,k such that (My — 1)(Ma —
1)...(My — 1) divides P, in Z[X*!, Y+

Proof. Suppose (i) holds. Then P, = P, 4,... 4, Dy Theorem 14. By Proposition 7,
Py = (X™MY™ —1)P, . a.u> Where ny,m; are the total exponents of = and y in a;. By
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induction P, = (M; — 1)(My — 1)...(My — 1)P,. Here M; = X™Y™ where n;, m; are
the total exponents in a;.
Conversely if (ii) holds, there exists P € Z[X*!, Y*!] such that P, = (M; — 1)(My —
1)...(My — 1)P. By Theorem 14, there exists u € F, with P, = P. Then
[ ty™r a2y ey

has the same winding invariant as w, so by Theorem 14 they are equal modulo F/. O

Corollary 24. Let k > 3 and let w € ~yi(F3). Then
d'P,
XTIy
forevery0<i<k—-30<j<i.

(1,1) =0

Proof. Since w € vi(F2) = [Fa,vk—1(F2)], w is a product of commutators [a, u] with a € Fo
and u € 7,_1(F2). Therefore we may assume w = [a,u] is one such commutator. By
Proposition 7, P, = (X"Y™ — 1) P,, and then the corollary follows by induction. O

Let w € F), and suppose P, = > a; jX'Y7 # 0. Let (n,m) € Z?* be such that a, ,, # 0
1,

and a; ; = 0 for every (n,m) # (i,7) € Z* with i > n and j > m. There is always at least

one pair (n,m) with this property. On the other hand, let (n/,m’) be such that a; ; = 0

for every (i,j) € Z* with i < n’ or j < m'. Then w ¢ Y, 1m—n/—m/+3(F2). Otherwise, u =

x*”'y*m/wym/x"' would also be in 7,1, —n/—m13(F2) and P, = X-y-m'p ¢ Z[X,Y].

n+m—n/—m/ . .
But W(l, 1) = (n — n)/(m — m/)laym # 0, which contradicts Corollary 24.
Note that in particular we deduce that for every w € F), \ 4, there exists £ > 3 such

that w is not in 74 (). In fact any free group F is residually nilpotent, i.e. () vx(F) = 0.
k>1
The inclusion () vx(G) € G” however, does not hold for every group. For instance the
k>1

alternating group A, is metabelian (A} = 0) but not nilpotent.

Remark 25. F9 is not nilpotent, and moreover we can easily prove that ~(F) ¢ F} for
every k > 1. We may assume that & > 2. The Engel word e;_1 = [y,y,...,y,z]| € v(F2)

k-1
and P.,_, = —(Y — 1)*72 =£ 0. By Theorem 14, w ¢ F}.

In [21], G. Baumslag and R. Mikhailov proposed the following problem: are all one-
relator groups G defined by basic commutators residually torsion-free nilpotent? The
aim of this section is to prove that the mod G”-version of this holds. First we recall the
definitions of the concepts involved.

Recall that [a, b] denotes aba~'b~'. Let IF,, be the free group with generators 1, zo, . . .,
z,,. The basic commutators of weight 1 are the inverses x; ' of the generators 2, Suppose
that m > 1, that the set of basic commutators of weight < m has already been constructed
and, moreover, a total order in that set has been defined. A basic commutator of weight
m is a commutator [u~!,v~!] where u and v are basic commutators of weights I,k < m
such that [ + k = m, u > v, and, if u is a basic commutator [ufl,uz’l] of weight > 1,
then v > wuy. Extend the total order to the set of basic commutators of weight < m in

2Because of our notation for commutators, we have chosen our definition of basic commutator in such a
way that it differs from the standard by the automorphism of F,, which inverts each generator x;.
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such a way that every commutator of weight m is greater than any commutator of weight
< m. For instance, for n = 2, Fy is generated by z,y and if we order = > y~!, then
the basic commutators of weight < 3 are y =1, 271, [z, y], [[x,y] ", 9], [[x,y] !, z]. Magnus
proved [115] that the basic commutators of weight m are a basis of the free abelian

group Ym (Fpn)/¥m+1(Fn). By means of the collecting process, any word w € F,, can be

rewritten as a product c¢;*cy? . .. czk where ¢; < ¢y < ... < ¢ are basic commutators and
ni,na,...,n are integers. This process can be used to determine the maximum number

m such that w € ~,,(F,,). For more details on basic commutators see [77, Chapter 11].

Lemma 26. If w € Fy is a basic commutator of weight m > 1, P, = (X — 1){(Y — 1)* for
certain l,s > 0 with [ + s = m — 2 or P,, = 0. Moreover; every polynomial (X — 1)}(Y — 1)*
with l,s > 0, l + s = m — 2, is the winding invariant of a basic commutator of weight m.

Proof. If the weight of w is 2, w = [z,y], so P, = 1. If the weight of w is greater that
2, then w = [u~!,v7!] for u a basic commutator of weight > 2. If the weight of v is also
> 2, then w € Fj and P, = 0. Otherwise, v =z ' orv =y, s0 P, = (X —1)P, or
P, = (Y — 1)P,, and by induction P, is of the form (X — 1)(Y — 1)* with [ 4+ s = m — 2.
Conversely, let [, s > 0 with [ + s = m — 2. Define recursively ug = [z,y], ur11 = [}, 9]
for k > 0. Then wy is a basic commutator for every k > 0. Now, let vy = usg, vp11 = [v,;ﬂ x]
for every £ > 0. Then v, is a basic commutator of weight s + 2 + k for every k and
P, = (X - )Y —1)s. O

Definition 27. A group G is said to be residually torsion-free nilpotent if (| 7,(G) = {1},
k>1

where 7,(G) = {g € G|g" € v(G) for some n > 1}. Equivalently G is residually torsion-
free nilpotent if for every 1 # g € G there exists a normal subgroup N <1 G not containing
g such that G/N is torsion-free and nilpotent.

In particular, residually torsion-free nilpotent implies residually nilpotent. Magnus
proved [115] that finitely generated free groups are residually torsion-free nilpotent. The
Hydra groups introduced by Dison and Riley in [49] are one-relator groups with two gen-
erators and where the relator is a basic commutator. Baumslag and Mikhailov [21] prove
that these and more general groups are residually torsion-free nilpotent but leave as an
open question whether all one-relator groups defined by a basic commutator have this
property. The main result of this section is the following

Theorem 28. Let G = (x,y|r), where r € Fq is a basic commutator. Then (| 7(G) C G”.
k>1

Proof. If the weight of r is 1, G is an infinite cyclic group. We may assume r € F,,. Let
g € () 7(G) and let w € Fy be such that its class w in G is g. Since g € 7(G), there
k>1
exists n = n(2) > 1 such that ¢" € G'. Thus, w” = ¢" = ws for certain wy € F,.
Since r € F}, then w € F,. We want to prove that ¢ € G”. We may assume that P, €
Z[X,Y]. Otherwise, take p,q > 0 such that Py a,y-a,—» = XPYIP, € Z[X,Y]. Then
¢ = xPylwy—92~P € G is a conjugate of g, so ¢’ € () 7x(G) and if we prove ¢’ € G”, we
k>1

will have g € G”.

Given any k£ > 1, since g € 7,(G), there exists n = n(k) > 1 such that g" € v (G).
Therefore, for some wy, € v,(F3), w™ = wy, so w”wgl is contained in the normal subgroup
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N(r) of Fy generated by r. In particular
nPw_Pwk:inlzl:QkPr (2)

w

for certain Q;, € Z[X*!, Y*!]. .
Let P, = > a;;(X —1)"(Y — 1)) be the Taylor expansion of P, about (1,1), i.e.
4,520
i+J
ai,j = %ﬂ%(l, 1).
By Lemma 26, P, = 0 or P, = (X — 1)/(Y — 1)* for some [, s > 0. In the first case, given
i,j >0, take k =i+ j + 3. Then nP, = P,, for certain wy € v;(F2) and n > 1. Corollary

24 says that 861;;“}5 (1,1) =0, s0 a; j = 0. Thus P, =0, w € F§ and then g =w € G”.

In the case that P, = (X — 1))(Y — 1)® for some [,s > 0, given i,j > 0 with i < [
or j < s, take k = i+ j + 3, so Equation (2) holds for certain wy € 4(FF2), n > 1 and
Qr € Z|X* Y*!]. Since i < [ or j < s, then %(1,1) = 0. By Corollary 24,
%(1, 1) = 0. Then a; ; = 0 for each (4, j) with i < [ or j < s. Thus P, divides P, in
Z[X,Y]. Then there exists u € N(r) such that P, = P,. By Theorem 14, wu~! € Fj and

then g = wu—! € G”, as we wanted to prove. O

In [151, Theorem 11] Sims proves that the normal subgroup N,, generated by the basic
commutators of IF,, of weight m is ~,,(F,,) provided that m < 4 or that m = 5 and n = 2.
It is unknown whether this holds for every n, m. In [90, Theorem 3.8] it is proved that
the answer is affirmative modulo F//. Here we give a simple proof of this fact for the case
n=2.

Theorem 29. (Jackson-Gaglione-Spellman) Let m > 1 and let N,, be the normal subgroup
of Fy generated by the basic commutators of weight m. Then N,,,F4 = ~,,,(Fo)FY.

Proof. We can assume m > 2. Since N, C 7v,,(F2), in view of Theorem 14, we only need
to prove that for every w € ~,,(F2) there exists w’ € N, with P,, = P,, and, in view of
Lemma 26, this is equivalent to proving that there exist polynomials Qg, Q1,...,Qm_2 €

m—2
Z[X*', Y+ such that P, = Zo Qp(X — 1)P(Y — 1)™2-P._ By conjugating w we may
p:

assume that P, € Z[X,Y]. Let P, = > a;;(X—1){(Y —1)? be the Taylor expansion of P,

i.7>0
about (1,1). By Corollary 24, a; j = 0 if i+j < m—3. Then every term a; ;(X —1)"(Y — 1)/
is multiple of a polynomial (X — 1)(Y — 1)® with [,5 > 0,1+ s =m — 2. O

5. COMMUTATORS AND PARALLELOGRAMS

Commutators in Fy are completely understood by Wicks’ result, Theorem 1. However,
we will associate a number ¢ to each commutator [a,b] € Fa, related to the winding
invariant, and we will use it to obtain information about commutators that is harder to
visualize using Wick’s ideas.

5.1. The invariant .. Given w € F,, denote by v,, € Z? the endpoint of 7, that is the
vector (exp(x,w),exp(y,w)) of exponents of z and y in w. Denote by oy, : [0,1] — R? the
straight path from (0, 0) to v,,. In general this path will not be contained in the grid Z x RU
RxZ. Given a, b € Fy, the vectors v, and v, generate a second grid (v,Z+v,R)U(vR+v,Z)
whose elements are integers multiples of v, plus real multiples of v, and symmetrically
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real multiples of v, plus integer multiples of v;. This second grid is homeomorphic to the
first one unless v, and v, are R-linearly dependent. If dimg(({v,,vy)) = 1, it is just one
line, and if v, = v;, = 0, it has only one point. The double grid D is the union of the first
and second grids (see Figure 4).

Note that

Vap) = Va(Vo + Va) (T + V)T =
>~ Ya0gq

oa (V6 + Va) (@ + Va) (0p + Va) (@a + V1) (00 + V) o + V) To 0675,  (3)
N =~

[e% B“Fva a+vy 6

where a = 7,5, and 8 = 0,7, are loops based in (0,0). The symbol ~ denotes here
homotopy of paths in the double grid D.

.~ /
_____

____________

.......
________

""""

FIGURE 4. The curve 7|, and the parallelogram with vertices (0, 0), vq,
Va + Vp, v at the left. The double grid D generated by the parallelogram
at the right.

If p € R? is a point which is not in the double grid, _then the winding number w(a, p)
coincides with —w(a@ + vy, p + v) and w(53,p) = —w(B + vq,p + vq). Thus, if L = L,
denotes the subgroup of Z? generated by v, and v, we have

tpab = D W(ap) P+ X) = Y W(0a(0y + Va) (Ta +V5)Tp, p + A)-
AEL AEL

But among all the points p + A with A € L, there is only one inside the parallelogram
described by the curve o,(0p + v4)(Ga + Vi), in the case that v, and v, are R-linearly
independent, so ¢, ., = 1 or —1. If v,, v, and the origin are collinear, ¢, ,;, = 0. Note that
tp.a,p does not depend on the point p but only on v, and v;, so we may also write ¢, . In
conclusion we have the following result.

Theorem 30. Let a,b € Fy. Then for any p € R? \. D we have that
lp,ab = j{: Vvvﬁabb17+'A)
)\ELayb

is 1 if the vectors v,, vy are positively oriented, —1 if they are negatively oriented and 0 if
{Va, vy} is dependent.
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Proposition 31. Let w € F}, be a word such that all the coefficients of the winding invariant
P, are non-negative and at least one of them is greater than or equal to 2. Then w is not a
commutator in Fo.

Proof. Assume w = [a, b] for certain a,b € Fy. Let (n,m) € Z? be such that the coefficient
c € Z of X"Y™ in P, is strictly greater that 1. Let p € R? \. D be a point in the interior of

the square of vertices (n, m), (n+1,m), (n+1,m+1), (n,m+1). Then vy, = > W(Vuw, 0+
AEL

A) > wW(7Yw,p) = ¢ > 2, which contradicts Theorem 30. O

Example 32. [z",y™]" is not a commutator in Fy if nm # 0 and k # 0,1, —1. We can

assume n,m > 1 since [z", y™], [y™, 27 "], [x~",y~™] and [y~™, 2"] differ in a cyclic per-

mutation. Furthermore, we can assume k is positive since [a,b] = [b,a]"!. The winding
n—1m-1

invariant of w = [z",y™]Fis P, =k 3. Y. X'Y7, so the last proposition applies.
i=0 j=0

Corollary 33. If w € T is such that no proper subword of w lies in F}, then w* is not a
commutator for k # 0,1, —1.

Proof. The hypothesis implies that ,, is a simple closed curve, so for all the squares outside

the curve the corresponding coefficient in P, is 0 and the coefficients corresponding to

squares inside the curve are all k or all —k. So Proposition 31 applies either to w” or
—k

w™ ", U

If P e Z[X*',Y*!] and (n,m) € Z?, we denote by P{(n,m)} the coefficient of XY™
in P. Leta,b € Fo. If pis a point in the plane not in the double grid, and p lies in the square
of vertices (n,m), (n+1,m), (n+1,m+1), (n,m+1), then w(7|qp), p+A) = Plgp{(n, m)+A}
for every A € L, ;. Therefore, Theorem 30 can be restated in the following way:

Theorem 34. Let a,b € Fy. Then for any (n,m) € Z? we have that

lap = Z P[a,b]{(n?m) + )‘>}

)\ELaﬁb

is 1 if the vectors v,, vy are positively oriented, —1 if they are negatively oriented and 0 if
{Va, Vp} is dependent.

Corollary 35. If P € Z[X*! Y*!] is the winding invariant of a commutator, there exists a
number « € {—1,0,1} and a partition of Z? (given by the cosets of a subgroup L) such that
the sum of the coeficients P{(n, m)} corresponding to pairs (n,m) in each part is .

Example 36. Let w € F), be such that P, has only three non-zero coefficients: they are
2,2, —1. Then w is not a commutator. This is immediate from Corollary 35, since there is
no partition of the multiset {2,2, -1} in 2 4+ 2 4+ (—1) = 3 parts such that the sum of the
members of each part is 1.

Example 37. The equation [2%,y] = [z,u] has no solution u € Fs. Otherwise, Pau =
P2, = 1+ X. But then for every (n,m) € Z*, 1 = 15, = . %: P2 {(n,m) + A}. Since

vy = (1,0) € Ly, for (n,m) = (0,0) we obtain 1 = P[xzjy]{(o,’())} + P2 {(0,1)} =2, a
contradiction.
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We will generalize the previous example in Corollary 84, using more advanced tech-
niques.

We define an invariant which we have already used. The signed area of a word w € F),
is defined as P, (1, 1) € Z. Note that the signed area of a commutator [a, b] is by Theorem
34 the number of cosets of L, ; in 72 times .. Therefore we deduce:

Corollary 38. Let a,b € Fa. Then P, (1,1) = Lap|Z? : Lap| (if the index of Lay in Z2 is
infinite, this equation says that P 4(1,1) = 14 = 0). In particular, 1,5 = 1 if the signed
area of [a, b is positive, 1., = —1 if the signed area is negative and o, = 0 if the signed area
is trivial.

The signed area of w € F» is the sum of the winding numbers w(v,,,n + 3,m + 1) for
n,m € Z. Since each square in the grid Z x RUR x Z has area 1, P,(1,1) = [ w(yu,p)dp,

where the domain of integration is the complement of the grid. If w = [a, b] is a commu-
tator, by Equation (3), its signed area is

Lo wlp) @4 v1,1) 4 w5+ 90,0) +9(B.0) + (0 +¥0) (T +0)70 )

Now, @ + v, is a translation of o with the opposite orientation, and 3 + vy, is a translation
of 3 with the opposite orientation. Therefore P,(1,1) = [ w(o4(0op + v4)(Tq + v3)Tp, p)dp
is, up to sign, the area of the (possibly degenerated) parallelogram with vertices (0, 0), v,,
Va + Vb, vi. When the parallelogram is non-degenerated, its area is the index |Z? : Lyl
and when it is degenerated, this index is infinite.

5.2. Four examples, by Baumslag, Comerford, Edmunds, Mahler and B., H. and P.
Neumann.

Example 39. In [16], Baumslag defines two classes of groups. The class ) contains

those groups which admit a presentation (z1,zs,...,z,|uv™!) where each word v and
v is positive (the generators occur only with positive exponent) and uv~! € [F,,F,].
The class X consists of the groups which admit a presentation (z1,zs,...,x,|[u,v]) in

which u, v are positive. Obviously X is contained in ). The groups in ) are examples of
residually finite one-realtor groups (see Subsection 8.2). In order to show that the classes
are different, Baumslag considers the presentation (z, y|(zy)?(y2?y?z)~!) and uses Wicks’
result, Theorem 1 to prove that w = (xy)3(yx?y?z) ! is not a commutator.

S

1 1 [

L ()

1 1,-2,.-2, -1

FIGURE 5. The curves of w = (zy)?(y2?y?z)~! and w = zy?2?yzyr 'yl ly 2272y
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In order to show that w is not a commutator, instead of using Wicks’ ideas, we propose
to use a convexity argument together with Corollary 35. Suppose w is a commutator. The
winding invariant of w is P,, = 1 + X2Y? (see Figure 5). Since the sum of the coefficients
of P, is positive, . = 1. Let L be a subgroup of Z? as in the statement of Corollary 35. In
the coset (1,1) + L there must be a pair (n, m) with P,{(n,m)} # 0, that is (n,m) = (0,0)
or (n,m) = (2,2). Therefore (1,1) € L and then (0,0), (2,2) lie in the same coset, so the
sum of the coefficients for that coset is 2, a contradiction.

Many other examples of words uv~! € F), which are not commutators while u, v are
positive, can be constructed using this idea. We mention one more:

1 2

w = mmeQy:Uy:U_ly_ :E_ly_ 1:_2y_1 € IE"Q

is a product of a positive and a negative word. It is not a commutator since P, = 1 —
XY + X2Y? + X3Y3 (see Figure 5): as P,(1,1) = 2 > 0, we should have : = 1. Since
P,{(1,1)} = —1, in the coset (1,1) + L there must be exactly two pairs of the set S =

{(0,0),(2,2),(3,3)}. Then (1,1) € L and all the elements of S are in this coset.

If a,b € Fo, then [a?,b] = a?(ba~'b71)? is a product of two squares. In [44, Sec-
tion 4], Comerford and Edmunds prove that there exist commutators [u,v] which are
products of two squares and which are not of the form [a?,b]. They observe 3 that for
uw=y e~ ly?ry~ ! and v = x,

1 1 1

[u,v] = (zy "2 lyaly ey ey T ey ey T ey ey Ty ey )?

is a product of two squares and they prove that there are no a,b € F,, such that [u,v] =
[a2, b]. Their proof studies the possible factorizations of [u,v] as Wicks words of commuta-
tors. Here we give an alternative proof using the winding invariant.

1

Proposition 40 (Comerford-Edmunds). Let u = y 'z~ y?zy~',v = & € Fy. Then there

are no a,b € Fy such that [u, v] = [a?, b).

Proof The winding invariant of w = [u,v]is P, = (1 — X~ 1)(1 + Y ~1). Suppose a,b € Fy
are such that w = [a?,b] = [a,b]bab™'[a,blba~'b~'. Then P, = P4 (1 + X"Y™), where
(n,m) = v, € Z* is the endpoint of v,. Thus, 1 + XY™ divides (1 — X 1)(1 + Y 1).
Putting Y = 1 gives that 1+ X" divides 2(1— X 1) in Z[X, X 1]. If n > 0, 1+ X"[2(X — 1)
inZ[X]and if n < 0, X~ ™ + 1|2(X — 1) in Z[X]. We conclude that n = 0, so v, = (0,m)
(m can be proved to be 1 or —1, but we will not need that).
Since the signed area P, (1,1) is 0, ¢,2;, = 0 by Corollary 38 and then {2v,,v,} C R? is
linearly dependent, so v, = (0,7) for some r € Z. Thus, L,z = (2v4, V) <0 X Z < 72.
We apply Theorem 34 to the pair (0,0) to obtain 0 = ¢,2;, = » P,{\}. But
XeL,a,
P,{(0,0)} = P,{(0,—1)} =1, and P,{(0,s)} = 0 for every s € Z \ {0,1}. Therefore,
Lg2p = 1 OT 142}, = 2, a contradiction. O

Our proof of Proposition 40 shows in fact that the equation [u,v] = [a?,b] has no so-
lution in My = F9/Fj. The next two results concern equations in My which assume
independence modulo F/,. The first one was proved in [26, Theorem 5.1]. We provide
here a short proof as an application of the invariant ¢.

3The convention for commutators used in [44] is not ours, so we have adapted their example.
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Proposition 41. (Baumslag, Neumann, Neumann, Neumann) Let w,u € Fo be two elements
which are independent modulo . Then the equation [w,u] = z* has no solution in My =
Fy /FY for any k > 2.

Proof. Suppose z € Ty is a solution. Then z € [ and P, ,) = kP.. The invariant v, is
1,—1or 0, and since k divides ¢, then . = 0, which means that w and u are not independent
in Fy/F). 0

In the next example we provide a simple proof of a particular case of a result of Baum-
slag and Mahler [20], which is the analogue of the original Vaught conjecture (see Con-
jecture 81) for the free metabelian group Ms.

Proposition 42. (Baumslag-Mahler) Let w,u € Fy be two elements which are independent

modulo ). Then the equation w?u® = 22 has no solution in M.

Proof. Suppose that z € Fs is a solution of the equation. Then in Fy/F}, (wu)? = w?u? =

z?. Thus wu is equal to z modulo Fj. Let ¢ € F) be such that wu = zc. We have then
2?2 = w?u? = (wu)u~(wu)u = zeu tzcu in My. This implies that cu!zcuz=! € Fj. In

particular, the winding invariant is
0= (1 + XnYm)PC + P[u—l,z}7

where n, m are the exponents of z, y in v~ 'z. The invariant ¢,-1 , is 1, —1 or 0, but by the
equation above this number must be even. Thus, ¢,-1, = 0 and then «»~! and z are not
independent modulo F. Thus, the same is true for w and u, a contradiction. O

5.3. Endomorphisms, the area formula and commutators determining the same par-
allelogram. Now we will study the effect of an endomorphism ¢ : Fo — F5 on the winding
invariant, that is the relationship between P, and P, for a word w € .

Since w € F,, Equation (1) in page 11 holds for certain £ > 0, u; € Fy and ¢; = £1.
Then

k
o(w) = [ [ oulo@), o(u)1“o(ui) ", C)
i=1
so by Proposition 7,
k; / /
Pty = Pio(a).ot) )_ XY™, (5)

i=1
where n},m) are the total exponents of x and y in ¢(u;). In other words, (n},m}) =
¢(n;, m;) where ¢ : Z?> — 7?2 is the map induced by ¢ in the abelianizations and n;, m;
are the exponents of z,y in u;. If Z[¢] : Z[XT!, Y+ — Z[X*!,Y*!] denotes the ring
homomorphism induced by ¢, then Equation (5) says:

Proposition 43. If ¢ € End(F2) and w € F), then Py, = Py((y4))Z[¢)(Pu)-
If for ¢ € End(F2) we define W(¢) : Z[X*T Y*H] — Z[X*, Y+ by W(¢)(P) =

Pz Z[9](P), then the previous result simply says that W (¢)W (w) = W (¢(w)) for
every w € F.

Since Z[¢] preserves the augmentation Z[X*!, Y*!] — Z (the signed area), then we
obtain the following
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Corollary 44. (The area formula) If w € F, and ¢ € End(F3), then the signed area of ¢(w)
is the product of the signed area of w and the signed area of ¢([z,y]).

Corollary 45. Let u € F,, and let n,m € Z. If there exist a,b € Fa such that u = [a",b™],
then nm divides the signed area of u.

Proof. If u = [a™,b™], then u = ¢([z", y™]) for the endomorphism ¢ : F; — [y which maps
r to a and y to b. By Corollary 44, nm = Pyn ,m (1, 1) divides P,(1,1). O

The following result is mentioned in [13].

Corollary 46. If ¢ € Aut(Fs), then Py, ) is a unit of Z[X*' Y+,

[z,y]

Proof: We have 1 = P ) = Pyp—1(jay))) = Lo(o) 0N Ep—1([ny)))- 0

The result above follows also from the invariance of the Alexander polynomial modulo
units for isomorphic goups (see Section 10).

The signed area of [a,b] (and ¢, ;) depends only on the vectors v, vy, € Z?. What else
can be said about commutators [aj, b1], a2, ba] with equal associated vectors v,, = vg,,
vp, = Vp,? The following result gives a partial answer.

Proposition 47. Let ay,as,b1,by € Fy and suppose alagl,blbgl € F,. Let n,m € Z be
the total exponents of x and y in a; and n’,m’ the total exponents of x,y in by. Then
Pia, 5] = Plag,bo] 1 in the ideal (XY™ — 1L,XYYy™ —1) C Z[X*+!, v+

Proof. We copy the idea of the beginning of the section

’7[(117111] = Pylll (7131 + (n7 m))(ial + (n/7 m/))ﬁbl =
= ’Ymiag Yas (761 + (n7 m))(ibg + (n7 m))(7b2 + (TL, m))(iaz + (nlv m/)>
——

o B+(n,m)
(Yaz + (0, ") (Fa, + (0, m") Y, Yoo 76, (6)
N——

-~

a+(n/,m’) B

Now a = 74,7, and 8 = 3,7, are loops based at (0, 0) and ~ denotes homotopy of paths
in the grid. For each p € R? out of the grid, we have

W(Yar,b1]> ) = W(Vas bo]» ) + Wl p) + W (B + (n,m),p) + w(@+ (n',m’), p) + w(B,p).
Thus, Py, 5] = Plas ) + Pa — X"Y™P5 — X" Y™ P, + P3, where P, and P denote

the polynomials associated to the curves o and 3 (i.e. Palagl and szbfl). Then P, 5, —
Plagpy € (1= X"Y™ 1 — X"y™), O

If in the previous proposition we have b; = by, then 3 is null-homotopic and Ps = 0.
Thus we deduce the following

Corollary 48. Let aj,as,b € Fy and suppose (11(12_1 € F,. Let n',m’ € Z be the total

exponents of x and y in b. Then Py, ) — Py, y) is in the ideal (X"'Y™ — 1) C Z[X*! Y+,
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6. WORD MAPS AND VERBAL SUBGROUPS FOR COMMUTATORS, ENGEL WORDS, SQUARES
AND HIGHER POWERS

The genus or commutator length Cl;(g) of an element g in the derived subgroup G’ of a
group G is the smallest integer n such that there exist ay, b1, as,bo, ..., an, b, € G which
satisfy

w = H[ai, bl] = [al, bl][ag, bQ] Ce [an, bn] (7)
i=1

The supremum of the commutator lengths is the commutator length or commutator width
of G'. This invariant has been extensively studied for different classes of groups, including
finite, simple, free and metabelian [27, 43, 44, 47, 50, 72, 73, 74, 113, 127, 145]. For
free groups there exists an algorithm which computes the commutator length [47, 56].
Culler proves in [47, 2.6] that Clg, ([z, y]") is L if n is odd and % + 1 if n is even. So in
particular the commutator length of I}, is infinite. There are many groups for which the
commutator width is known to be finite (see [3, 5, 15, 142, 155] for some examples). On
the other hand the commutator width of non virtually cyclic hyperbolic groups is infinite
(see Theorem 50 below). The (already proved) Ore conjecture states that the commutator
width of a non-abelian finite simple group is 1.

The square length Sq(g) of an element g € Sq(G) = (h?|h € G) is the minimum n > 0
such that g can be expressed as a product of n squares, and the square width or square
length of Sq(G) is the supremum of these numbers. This invariant has also been widely
studied both for finite and infinite groups. Each commutator [u, v] is a product of squares.
Namely [u,v] = u?(u~1v)%v~2. Therefore, for finitely generated groups, finite commutator
width implies finite square width. If G = 5, then the subgroup of G generated by the
squares is the set of words w € Fs whose total exponent in x and total exponent in y are
even. Proposition 2 says for instance that Sqy, ([, y]) > 3.

The notions of commutator and square length generalize as follows. Given a group G,
a word u € F(zy,x9,...,x,) determines a function G = G x G x ... x G — G which
maps (91,92, ---,9n) to u(g1,92,...,9n). This is called the u word map and the elements
in its image, along with their inverses, are the u-elements. The verbal subgroup u(G) is the
subgroup of G generated by the u-elements. The u-length of an element g € u(G) is the
least n for which ¢ can be expressed as a product of n u-elements. The u-width of u(G)
is defined as the supremum of the u-lengths of its elements. In the case that u = [z, ],
the verbal subgroup is u(G) = G’ and the u-length of g € G’ is its commutator length. For
u = 22, u(G) = Sq(G) and the u-length is the square length. Culler’s results imply that
for G = FFy, the commutator width of I}, is infinite. This follows from a far more general
result by Rhemtulla [141].

Theorem 49 (Rhemtulla). If G is a free product of two non-trivial groups which is not
infinite dihedral and u € F(x1,x2, ..., xy,) is non-trivial and u(G) # G, then the u-width of
u(Q) is infinite.

This was extended by Myasnikov and Nikolaev in [130].

Theorem 50 (Myasnikov-Nikolaev). In a non-elementary hyperbolic group G every proper
verbal subgroup u(G) has infinite width.

Note that if G is an epimorphic image of a group H then the u-width of u(H) is greater
than or equal to the u-width of «(G). In particular this holds for G = My and H = F,. The
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aim of this section is to study verbal subgroups and u-lengths in M, and the consequences
of this for F;. Note that since My contains a subgroup isomorphic to Z x Z, it is not
hyperbolic and the last result cannot be applied. We will recall a result of Bavard and
Meigniez about the commutator length of M/, we will analyze the difference between u-
length and verbal subgroups for v = ¢, = [z1,z9,...,2n1] and u =€, = [y,y,...,y,z].
We will find bounds for the square length of Sq(Ms). Then we will characterize the verbal
subgroup of M, for u = z3, that is the elements which are products of cubes. We will
obtain a necessary condition for an element of M to be a product of n-th powers. This
gives in turn a criterion for Fo. For the case n = 4 we will give a particular argument
based on a coloring of the squares in the grid.

6.1. Commutators, Engel words and higher commutators. Given w € F, we write
Clyy, (w) for the commutator length of the class of w in My. Theorem 14 implies that

n
Cly, (w) is the minimum 7 such that there are a1, b1, ..., an, by € Fo with Py, = 3 Py, .-
i=1

The results in Subsections 5.1 and 5.2 can be interpreted as statements on the commu-
tator length of elements in My. For instance, Proposition 31 says that if w € [F/, is a word
such that all the coefficients of the winding invariant P,, are non-negative and at least one
of them is greater than or equal to 2, then Cly, (w) > 2.

The difference between Clp, (w) and Clyg, (w) can be arbitrarily big as the next example
shows.

Example 51. Let n > 2. Then Cly,([z,y]") = 2. Indeed, Proposition 31 implies that

Cly, ([z,y]") > 2 and for a; = x, by = [[([y, 271" "*y), ag = b1y ™", by = yx € Fy we have
i=1

P[%Z/}” =n= P[017b1] + P[az,bﬂ'

This can be seen graphically (see Figure 6) or proved algebraically. We don’t include here
the complete proof since we will show that something much more general holds.

o
2 @

-3

()
Bl

FIGURE 6. The curves v, 3, and (g, s, for n = 4.

Example 51 leads to a natural question: what is the commutator length of M}? In other
words, how big can Cly, (w) be? The fact that this number is finite follows from another
result by Rhemtulla [142, Theorem 1]. The answer to the question above was given by
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Bavard and Meigniez in [27] (see also Allambergenov and Roman’kov’s paper [6]). We
write here their proof using the concepts we have studied so far.

Proposition 52 (Bavard-Meigniez). For every w € F), Cly, (w) < 2.

Proof By Theorem 14 we only have to prove that for any polynomial P ¢ Z[X*! Y+
there exist commutators ¢, ¢ € Fy such that P = P, + P,.

Let P ¢ Z[XT! Y*!. Call k = P(1,1) € Z. Let n,m € Z be such that X"Y™(P —
P y4) € Z[X,Y]. We apply the Euclidean algorithm to obtain polynomials @1 € Z[X, Y]
and Q3 € Z[Y] such that

Xnym(P - P[x’yk]) - (1 - X)Ql - (1 - Y)QQ SWA
Since Py, ,#1(1,1) = k, we deduce that the integer above is 0. Thus
P = (1 — X)QlX_nY_m + P[%yk] + (1 — Y)QQX_TLY_m.

By the surjectivity of the winding map, there exist wy, wo € F} such that P, = Q; X "Y ™
for i = 1,2. Thus, P, 5 = (1 = X)Q1 X "Y "™ and P, ) = (1 = Y)Q2X"Y ™. But
[wy, 2]z, y*] = [wiy™", yFzy~"], so

P = P[w1y*’“,y’“xy*’“] + P[wzyy]

is the sum of the winding invariants of two commutators. O

Every element w € y3(F3) = [Fo, [F2,F2]] is a product w = [] [a4, [b;, ¢;]] for some n > 0
i=1
and a;, b;,¢; € Fo (see [117, pp. 2971). Let o = [z,y,2] = [z,[y,2]] € F3. The verbal
subgroup c3(F2) is v3(F2) and the co-length of an element w € ~3(F2) is the minimum
possible n in the expression above.

Example 53. Let w = [z, [z, y]z%[z,y]v 2] € Fa. Since for every a,b,c € Fy the identity
[a,bc] = [a,b][bab™t, bcb~!] holds, we have that

w = [z, [z, y]][[z, ylzle, y] 7" (2, yl2?) [, y] [z, y)2*) ).

Therefore the cy-length of w is smaller than or equal to 2. We use the winding invariant
to prove that it is exactly 2. P, = (X — 1)(1 + X?). Suppose that w = [a, [b, c]] € F2 for
some a,b,c € Fo. Then P, = (X"Y™ —1)P 4, where n,m are the total exponents of
z,y in a. Then m = 0 and X"™ — 1|(X — 1)(1 + X?). We deduce that n = +1 so P is
equal to either 1 + X? or —X (1 + X?). In Example 39 we proved that 1 + X2Y? cannot
be the winding invariant of a commutator. The same convexity argument can be used to
prove that 1 + X2 and — X (1 + X?) are not winding invariants of commutators. Thus, the
co-length of w is 2.

By Theorem 49 there are elements in ~3(IFy) of arbitrarily large co-length. The ¢, -length
of elements in 7, (F2) can be defined similarly and can also be studied using the winding
invariant.

Example 54. If P, = X3 1= (X —1)(1+ X + X?), we will not be able to prove that the
ca-length of w is greater than 1 without extra assumptions. In fact w = [z, [23, y]] has such
winding invariant. However, we can prove that any word with P,, = X3 — 1 is not in the
image of the second Engel word map ey = [y, [y, ]|, that is w = [a, [a, b]] has no solution
a,b € Fa. Otherwise, P, = (X"Y™ — 1)P,4 for n,m the exponents of z,y in a. From
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this we conclude that m = 0 and X" — 1| X3 — 1. Thus n € {1,-1,3,-3}. If n = 1, then
Pi.p = 1+ X +X?. We use the ideas of Section 5. Denote by Py, ;{(k,)} the coefficients of

Py, and by L the subgroup of 7* generated by v, vp. Thent =1, = > Py (k1) + A}
AEL

for each (k,1) € Z? (see Theorem 34). In this case v, = (n,m) = (1,0), so in particular, for
=1 =0, weobtain. = 3 # —1,0, 1, which is absurd. If n = 3, then P, ;) = 1. In this case
ve = (3,0), ¢ = 1 and we again arrive to a contradiction: taking (k,!) = (—1,0) we deduce
that (1,0) € ((3,0),vp) and taking (k,!) = (0, —1) we obtain that (0,1) € ((3,0),vs). For
n = —1, —3 we obtain contradictions with the same arguments.
As an example, w = [z, [z,]|[z, [z, zyz~Y]][z, [z, 2%y2~2]] is in the verbal subgroup
ea2(Fo) and P, = X3 — 1. Thus, the eo-width of w is greater than or equal to 2.

The element w = [z, [z3,y]] € My is clearly in the image of the word map My x My x
My — My associated to ¢y = [z,y, 2] = [z, [y, z]], and Example 54 shows that it is not in
the image of the word map associated to es = [y, [y, ]]. However, we will prove that the
verbal subgroup c3(M3) = v3(My) coincides with the verbal subgroup es(Msy). In general,
for n # 1,2 we have ~,41(My) # e, (My).

Theorem 55. Let e,, € Fy denote the n-th Engel word, and ¢,, = [x1,x2,...,Zpt1] € Fpy.
Then the verbal subgroup e, (Ms) coincides with c¢,(Ms) = ~vyp+1(Ma) for n = 1,2, but
en(Mz) # ynt1(Mz) for any n > 3.

Proof. For n = 1 this is trivial since e; = [y,z] and ¢; = [z,y]. For n = 2 we have
seen that the word maps associated to e; and ¢, do not have the same image. However,
if w € My is in the image of the word map associated to cp, then by Proposition 23,
W(w) = (X¥Y!—1)P for certain k,l € Z and P € Z|X*!, Y*!]. Now, X1 = W ([z, [z, y]])
and 1 =Y = W([y, [y, z]]) lie in W (e2(M3)). Since e2(My) is a normal subgroup of Mj,
W (e2(My)) is anideal of Z[ X+, Y*1]. Now X*Y!—-1 = (X*-1)Y!4+Y!-1 € (X-1,1-Y),
so W(w) € W(ea(Mz)) and then w € e2(My). Since each generator of co(My) lies in
CQ(MQ), then ¢y (Mz) - CQ(MQ).

Let n > 3. Then w = %3«"7---73373/7%9] € 7”+1(M2) = CTL(MQ) and W(’U)) = (X -

n—2

1)"~2(Y — 1). Thus, % = (n — 2)!. On the other hand, if w’ € My is an e,-element

(is in the image of the word map associated to e,,), say w’ = [u,u,...,u,v] for certain

n

u,v € My, then W(w') = (X*¥! —1)""1 P, ). It is easy to see that

"W (w') kvl

g VW) 1) _

gy = (n— A+ (XPY - 1)B

for certain A, B € Z[X*! Y*!]. In particular (n — 1)! divides %(1, 1), and this
holds as well for any v’ € e,(Mz). Thus, w ¢ e, (Ma). O

To finish this subsection we mention a conjecture of Shalev [150, Conjecture 3.5] con-
nected to the previous result and Example 54.

Conjecture 56 (Shalev). For every finite simple non-abelian group G and every n > 1, the
n-th Engel word map G x G — G is surjective.

Recall that the statement of the Ore conjecture [133] is that for every finite simple
non-abelian group G the u = [z,y] word map G x G — G is surjective (the u-width of
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u(G) = G is 1). In other words, every element of GG is a commutator. This conjecture
stated in 1951 is the case n = 1 of Shalev’s conjecture. The proof of the Ore conjecture
was completed in 2010 by Liebeck, O’'Brien, Shalev and Tiep [101]. Note that the Ore
conjecture implies that for any simple group G, the word map G"*! — @ associated to
cn = [x1,29,...,2n41] is surjective. Shalev’s conjecture has been verified in several cases
[12, 71, 60, 92].

6.2. Square length in M. An element w € M is a product of squares if and only if the
exponents exp(z, w), exp(y,w) of z and y in w are both even. In particular the elements
in M, are products of squares. We have seen in Proposition 16 that not every w € M)
is a product of two squares. On the other hand, since every w € M} is a product of two
commutators (Proposition 52) and each commutator is a product of three squares, then
every element in M, is a product of six squares. The following result improves this bound
and establishes bounds for the square length of Sq(Ms).

Theorem 57. Every element of M, which is a product of squares, is a product of five squares.
There exists an element in M, which is not a product of three squares.

Proof. Step 1. An element which is not a product of three squares. Let z € F, and let u, v, w €

5 be such that z = u?v?w? in M. Note that u?v?w? = (vvw)w ™ v~ (vvw)w = vw?. Then
a=wuvw € Fyand P, = P,(1 + my-1,-1) + Py—1,-14-1,,2, Where for ¢ € Fy, m; denotes

the monomial X*Y" for k,[ the exponents of .,y in t. Thus,

P, =P, (1+my-1,-1)+ mw71p[v71’w71]. (8)

Consider the polynomial P = X 2Y 24+ X2Y2+ X'+ X+ X 'Y+ XY ' and let z € ),
be an element with winding invariant P, = P (see Figure 7). We will prove that z € My
is not a product of three squares in My. Otherwise there exist a € F}, v,w € 5 such that
the equation above holds. We claim that ¢ = ¢,-1,,-1 = »_ Py-1,-1{(s,t) + A} = 0 (for

AEL

any (s,t) € Z?). As always L = (v,-1,v,,-1). For any (s, t) € Z? we have

ZPZ{(S7t) +)‘} =

AEL

=D Pu{(s;t) + A} + D (M1 Pa){(5,8) + A} + Y (my-1 P11 {(s,8) + A}

A€L AEL AEL

FIGURE 7. The support of P. The shadow squares represent monomials
with coefficient 1.
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The first and second summands on the right hand side are equal, and the third summand

is ¢. Therefore the number
n(&t) = Z Pz{(s, t) + )\}

AL
and ¢ have the same parity for any (s,t) € Z2. If we take now (s,t) = (0,0) we note that
n(s is even since P{a} = P{—a} for every a € Z?, and P{(0,0)} = 0. Therefore . is
even and then it is 0.

We deduce then that v,-1,v,,-1 € Z? are linearly dependent, so L is a cyclic group (a
“line”). Since n(,, is even for any (s,t) € 72, it means that if the coefficient P{(s,t)} is
1, then P{(s,t) + A} = 1 for some 0 # X\ € L. In other words, each line parallel to L
in Z? which touches a non-trivial coefficient of P, must pass through another non-trivial
coefficient. But this is not possible. If (s,t) = (-2, —2), then P{(s,t)} = 1,s0 L = ((1,2)),
((3,2)), ((1,3)), ((3,1)) or L contains the point (4,4), so L C ((1,1)). In any of these
cases there is another non-trivial coefficient (s’,¢') such that L + (s’,¢’) contains no other
non-trivial coefficient.

Step 2. The elements with odd area are a product of three squares. In Equation (8) take
v=c 'z~ and w = d~'y ! for some ¢,d € F,. Then m, 1,1 = XY, m, 1 =Y and the
winding invariant of [v™!, w™!] = zeyde e~ dly T is Po(X — XY) + Py(XY —Y) + 1.
Thus

P,=P,(1+XY)+ XYP.(1-Y)+Y?Py(X -1)+Y. 9
Then P, € (1+XY,Y -1, X -1)+Y = (2,Y —1,X —1)+1 C Z[X*, Y*!]. Conversely,
if P, liesin (2,Y —1, X —1)+1, then we can choose a, ¢, d € [} so that Equation (9) holds,
which means that z is a product of three squares in My. But the ideal (2,Y — 1, X — 1) is
exactly the set of polynomials with even signed area, so if P,(1,1) is odd, then z € Mj is
a product of three squares.
Step 3. If P, = 1+ X mod (2,Y — 1,X? — 1), z is a product of three squares. Take now
v=c 272 w=d 'y, so Equation (8) becomes
P,=P,(1+X*Y)+ X*YP.(1 -Y)+Y?Py(X? - 1)+ Y(1 + X). (10)
Then P, € 1+ X%V, Y -1, X2 -1)+Y(1+X)=(2Y -1,X2-1)+1+ X. And
conversely, if P, satisfies this, then z € M is a product of three squares. So, when the
signed area of P, is even, still z can be a product of three squares. If z is not a product of
three squares then P, € (2,Y — 1, X2 — 1).
Step 4. Every element in My which is a product of squares is a product of five squares.
Let r € My be a product of squares, that is, exp(x,r) = 2k and exp(y,r) = 2l for
some k,I € Z. Then r = (2FT1y")22722 for some z € M). On the other hand r =

(zFHyh)2 (2 lyoy~t271)22’ for some 2/ € M). Concretely 2’ = [z,y]x[r,y]z~ 2. The
winding invariant of 2’ is P,, = 1+ X + P,. Thus, z or 2’ (maybe both) is a product of
three squares in My and then r is a product of five squares. O

Theorem 57 leaves open the question whether the square length of Sq(Ms) is 4 or 5.
An alternative to Equation (8) which characterizes the elements in M/, which are products
of three squares, can be obtained by applying Edmunds idea [57] that there is an auto-
morphism of F3 = F(z,y,z) which maps 2%y?2? to [z,y]z2. Then an element z € T} is
a product of three squares if and only if there exist u,v,w € Fy with z = [u, v]w?. Thus,

z € M is a product of three squares in My if and only if P, = 2Q + P, for certain
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Q € Z[X*,Y*!, u,v € My. Using this idea, an element » € M) is a product of four
squares if and only if there exist u,v,w,t € My with z = [u, v]w?t?. This is equivalent to
P, being of the form Py, ,j +Q(1+ X*Y") for certain u,v € My, Q € Z[X*' Y*!], k1 € Z.

Other groups which are known to have finite square length have been studied in [3, 4,
51.

6.3. Products of higher powers. An element z € Fs is a product of squares if and only if
the class of z in M, is a product of squares in M. The same is true for cubes.

Proposition 58. Let z € Fy. Then z is a product of cubes in Fy if and only if the class of z in
M, is a product of cubes.

Proof. The result follows from the fact that any element in F/ is a product of elements
of the form [[u;, v;], [w;, t;]] for w;, v, wi, t; € Fo (see [117, pp. 297]) and each of these
commutators is a product of cubes by [99] (see also [108, p. 97]). O

Since P, = 1, the signed area P,(1,1) € Z of an element z € [, which is a product
of squares can be arbitrary. The signed area of an element z € F), which is a product of
cubes must be a multiple of 3. More generally we prove:

Theorem 59. Let z € F), be an element which is a product of n-th powers in Fy for some
n > 2. Then the signed area P.(1,1) is a multiple of n if n is odd and it is a multiple of 5 if
n is even.

Proof. Suppose z = ufuy ... ujy for some uy, ug, ..., u; € Fo. Since exp(x, u;') and exp(y, u;')
are multiples of n for each i, there exist v, vs,...,vp_2 € Fo such that ufufv] € F),
v; "up g vf € T for every 2 < i < k — 3 and v, "yujl_uj € . Thus, it suffices to prove
the theorem in the case that z is a product of three n-th powers in F.

Suppose then z = u"v"w" for some u,v,w € Fy. If we replace u by an element u €
[Fy with the same total exponents in = and y, then we obtain z = (u)™v"w" € F,, and
Ps(1,1) — P,(1,1) is a multiple of n. Indeed, z~'Z = w™"v"u~"(u)"v"w" is a conjugate
of u~"u", which has signed area multiple of n by Proposition 8.

If 1nstead we replace v by v € Fy or w by w € Fy with the same total exponents, we again
obtain an element z = «"(v)"w" or z = u™v"(w)" such that P;(1,1) = P,(1,1) mod (n).
Therefore the class of P,(1,1) mod (n) depends only on the total exponents of z,y in
u, v, w. Let (a,b) = v, = (exp(x, u), exp(y,u)), (¢,d) = vy+vy, = (exp(z, uv), exp(y, uv)) €
72. Consider the rectangle R contained in the grid Z x RUR x Z circumscribed about the
triangle 7" with vertices (0,0), (na, nb), (nc, nd). Either 1. one vertex of 7" is a vertex v of
R and the other two vertices of T lie in the two sides of R which are not adjacent to v, or
2. two vertices of 7" are opposite vertices of R and the third vertex of T lies in the interior
or boundary of R (see Figure 8).

We choose v = 2% or u = yPz%, v = 2 %% b orv =y and w = 2=y~ ¢ or
w = y~%x¢ in such a way that the curve ~,n,n,» does not touch the interior of 7. In case
1, the signed area of z = u™v™w™ up to sign is obtained from the area of R, which is a
multiple of n?, by subtracting the areas of three regions, each of area a multiple of ”(”2 L,
In case 2, P,(1, 1) up to sign is obtained from the area of R by subtracting the area of four

regions. Three of them have area multiple of ”(” U and the fourth (a rectangle) area a

d—bxc—a

multiple of n?. In any case the greatest common d1v1sor of n? and ”(" D divides P, (1,1).
This is the number in the statement of the theorem. O
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(nc,nd) (na,nb)

(0,0) (nc,nd,

(na,nb) (0,0)

FIGURE 8. The cases 1. and 2. in an example for n = 4.

Corollary 60. Let z € Fy and let k = exp(z,z), | = exp(y,z). If z is a product of n-th
powers then the signed area of y~'x*z is divisible by n if n is odd and by 5 if n is even.

Proof. If z is a product of n-th powers, n|k, [, so y~'z~%z € F} is a product of n-th powers.
O

For n = 3 we have the following characterization of the products of cubes in FFs.

Theorem 61. Let z € Fy. Then z is a product of cubes in Fs if and only the total exponents
k = exp(x, z) and | = exp(y, z) are divisible by 3 and the signed area of y~'x=*z is divisible

by 3.

Proof. One implication follows directly from Corollary 60. For the other, note that the
winding invariant of z3(z~1y)3y 3 (yz)3(z "ty 12)3273 is Y (1 — X). Symmetrically, X (1 —
Y) is the winding invariant of a product of cubes. The winding invariant 1 + X + Y
of z3(x~1y)3y~3 has signed area 3. Therefore, the ideal (1 —Y,1 — X,1+ X +Y) C
Z[X*! Y*!] of polynomials with signed area divisible by 3 is contained in the ideal
{P,lw € T} is a product of cubes}. We deduce then that if z € Fy has exponents £,

divisible by 3 and y~'x~*z has signed area divisible by 3, then 3 'z=*2 is a product of

cubes in My. By Proposition 58, y 'z ~*2 is a product of cubes in F, and then so is z. [
Corollary 62. Let n,k > 1. If nis odd and n 1 k, then [z,y]* € Fy is not a product of n-th
powers. If n is even and % { k, then [z, y|F € Fy is not a product of n-th powers.
If n|k, clearly [z, y]" is a product of n-th powers. However, for n even, the fact that %|k
does not guarantee that [z, y]* is a product of n-th powers as the next result shows. We
are going to use a coloring argument to define a variant of the signed area. We will paint
the squares determined by the grid Z x R UR x Z. All the squares in rows congruent to 0
or 1 modulo 4 will be painted with black, while the remaining rows are white (see Figure
9).

Now for a given z € F, we will consider the coefficients P.{(k,l)} of the winding
invariant P,. We add all the coefficients corresponding to black squares and we subtract
all the coefficients corresponding to white squares. Concretely, for P € Z[X*! Y+,

define
k= >, O_P{kDH- D> O_P{kD) €T

[=0,1 mod(4) k€Z 1=2,3 mod(4) k€Z
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FIGURE 9. A coloring of the squares in the grid.

and for z € IF, define k, = kp,.
Proposition 63. Let z € F),. If z is a product of fourth powers in Fo, then 4|x..

Proof. We follow the proof of Theorem 59. Since « : F, — Z is a group homomorphism,
we can assume that z = u*v*w?* is a product of three fourth powers. Replacing u, v or w
by other elements in Fy with the same total exponents does not change the congruence
of r, modulo 4 since for any monomials m = X*Y! m’ = X¥ Y the polynomial P =
m/(1 +m +m? +m3) has kp = 0 mod 4. Indeed, if I = 0 mod 4, then kp = 4 or —4,
and otherwise xp = 0. So we may suppose u,v and w are as in the proof of Theorem
59. Since the rectangles in the cases 1. and 2. have sides of length a multiple of 4, then
we only need to prove that the invariant « is trivial modulo 4 in the case of the stair-like
regions. That is, for 2/ = z%"(z~"y™)%y~*™ we want to prove that 4|~,/. In other words,
for a three-step stair as in Figure 10, we want to prove that the number of black squares
minus the number of white squares is a multiple of 4.

k+3m

k+2m feorerermeecsiniiiinin :

)77 T ....................... :

k

l I+n 1+2n [+3n

FIGURE 10. A three-step stair.

The stair consists of six n x m blocks, three in the first level, two in the second and one
in the third. We don’t know which squares are black and which white, since the stair may
be anywhere. If m is even, then the block in the third step is painted with the same colors
as the blocks in the first level, so there are four of these blocks and we only care about the
two blocks in the second level. Since m and 2n are even it is easy to see that the number
of black squares minus the number of white squares is a multiple of 4. If m is odd, then
the block in third step is painted with the opposite colors as the block in the first step (the
rightmost block in the first level), so we only care about the 2n x 2m rectangle formed
by the remaining four blocks. Again since its sides have even length then the difference
between the numbers of squares of each color is a multiple of 4. O
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Corollary 64. [z,y]? is not a product of fourth powers in Fa.

Recall that the Burnside problem is related to the problem of expressing Engel words
as a product of powers. It is known that the fifth Engel word e; = [y[y[y[yly, z]]]]] is a
product of fourth powers in F,.

Corollary 65. The third Engel word e3 = [y, [y, [y, z]]] is not a product of fourth powers in
[Fo.

Proof. The winding invariant of e3 is —(Y — 1)2, thus k., = 2 is not a multiple of 4 and
Proposition 63 applies. O

As we mentioned in Section 2 it is an open problem whether ¢g is a product of fifth
powers in [Fy. If it is not, then the Burnside group B(2,5) is not finite. The signed area of
eg, as for any other Engel word e,, with n > 2, is trivial, so Theorem 59 is not useful. In
fact eg is a product of three fifth powers in M. Concretely,

e6 = (yly, zlylz. yPyly, «Pyla, yly™) (zya™1) (yay a7y ™) € Mo
More generally we prove the following

Proposition 66. Let p be a positive prime number. Then e, is a product of three p-th
powers in M. In particular, e, is a product of p-th powers in My for every n > p.

Proof. For p = 2 note that P., = —(Y — 1)2 = —1 + 2Y — Y2 coincides with the wind-
ing invariant of y[z, y)?y 'y (ytxy~'x~1)2, so es is a product of three squares in M.
If p > 3, the winding invariant of e,;; is (1 —Y)? = 1 — Y? + pQ for certain ) €
Z[X*, Y1), Let z € F} be such that P, = @, so P,» = pQ. The winding invariant of
w = (zyz~HPy(zytz~)Py~lis P, = 1 — YP. Thus ey = 2Pw € My is a product of
three p-th powers. Since e, = [y, e,—1] = yen,ly_legil, the fact that e,,_; is a product of
p-th powers implies that e,, is a product of p-th powers. The second part of the statement

follows. O

7. COCOMMUTATIVE PRESENTATIONS AND THE ANDREWS-CURTIS CONJECTURE

In this section we use the winding invariant to study (-equivalence of presentations
with relators in the commutator subgroup.

7.1. Nielsen equivalence. Let wy,ws,...,w, € F, and let w € Fy. If w is in the normal
subgroup of I, generated by the w;, then w € I}, and P, is a Z—linear combination of the
polynomials X*Y'P, ; for 1 <j <m, k,l € Z. This follows directly from Proposition 7. In
particular, in this case, P,(1,1) is a linear combination of the integers P, (1,1). In other
words the greatest common divisor gcd{ P, (1,1), Py,(1,1),..., Py, (1,1)} (if defined) di-
vides P, (1,1). With the same idea one proves that gcd{ P, (¢,€'), Py, (€,€), ..., Py, (6,€)}
divides P, (e, €') for every e,¢ € {1,—1}. The idea of defining a map ¢ : F, — A to an
abelian group A such that ¢(w) ¢ (#(w;))1<j<m is what Conway and Lagarias call a gen-
eralized coloring argument in [46, Section 5].

2 2,2,.—1,—1 1_16

Example 67. Let wy = 2?yz " lyz 1y =2, wo = [z, y]2? [z, y]z ™2, w = 2%y%x "yl ly
. Is w in the normal subgroup N of F, generated by w; and wo?

Following the idea of the previous paragraph we compute P,, = 1+ X +Y, P,, =
1+ X% P, =1+X+XY. Py, (1,-1) = P, (~1,1) = 1 and P,, (-1, —1) = —1. Moreover,
P,,(1,1) = 3 while P,,(1,1) = 2. Therefore gcd{P,, (¢, €'), Py, (¢, €)} divides P, (e, ¢’) for
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every e, € {1,—1}. However a further computation gives P, (3,1) = 5, P,,(3,1) = 10,

Py(3,1) = 7. If w € N, then P, is a linear combination of polynomials X ’“Ylej for

k,l € Z. In particular 7 = P,(3,1) = 3 (5n3* + 10m;,3%) for certain integers ny, my,
keZ

only finitely many of them nonzero. Thus, 5 divides 3*7 for some k > 0, a contradiction.

Therefore, w ¢ N.

Let S,T be two subsets of F, and suppose that (z,y|S), (z,y|T) are presentations of
isomorphic groups with an isomorphism which fixes the generators (that is the normal
closures N(S) and N(T) are equal). Let (¢,¢') € {1,—1}? and suppose there exist w €
S,u € T with P,(e,€") # 0 # P,(e, €'). Then by the comments above

ged{ P, (e, )|w € S} = ged{Pu(e, ) |w € T}.

Two presentations P = (x1,x2,...,x,|5), Q = (x1,z9,...,x,|T) with the same genera-
tor set are said to be Nielsen equivalent if there exists an automorphism ¢ of FF,, such that
¢(N(S)) = N(T). Of course, Nielsen equivalent presentations present isomorphic groups.
The converse is not true, not even for one-relator groups (see [34, 51, 54, 120, 139, 135,
136]). However, it does hold for the presentations that we are interested in. Call a pre-
sentation (z,y|S) cocommutative if S C F,. We have already studied these presentations
in Section 3.

Lemma 68 (Dunwoody). Let (x,y|S) and (x,y|T) be cocommutative presentations of a
group G. Then P = (z,y|S UF}) and Q = (z,y|T UTFY) are Nielsen equivalent.

Proof. Since G ~ Fy/N(S) ~ Fy/N(T), then G/G" ~ Fy/N(S)Fy ~ Fy/N(T)F5. Thus, P
and Q present G/G”. This group is a (0, 2)-group in the sense of Dunwoody [52, pp. 18]:
it is generated by two elements and there is an epimorphism G/G"” — Z x Z. Since G/G"
is metabelian, the proposition follows from Theorem 4.10 in [52]. O

Perhaps it is worth recalling that the isomorphism problem for metabelian groups re-
mains open [19, 23].

Proposition 69. Suppose that P = (x, y|wi,wa, ..., wy) and Q = (z,y|ui, ua, . .., Uy, ) are
cocommutative presentations of the same group. Moreover suppose not every relator of P has
signed area equal to 0 and the same holds for the relators of Q. Then

ged{ Py, (1,1), Py, (1,1),..., Py, (1,1)} = ged{ Py, (1,1), Py, (1,1),..., P, ,(1,1)}.
Proof. By Lemma 68 there is an automorphism ¢ € Aut(FF3) such that ¢(N (wy, wa, . .., wy,)
F5) = N(u1,us,...,uy, )Fs. By Corollaries 44 and 46, the signed area of ¢(w;) is equal
to the signed area of w; up to sign. Since ¢(w;) € N(u1,uz, ..., um)Fy, Py,,)(1,1) (and
then P, (1,1)) is a linear combination of the numbers P, (1,1), 1 < I < m/. Thus the
greatest common divisor of these numbers divides P, (1, 1). The same holds in the other
direction. O

Recall that for a subset S C I, I(W(S)) denotes the ideal of Z[X*!, Y*!] generated by
the polynomials P, with w € S.
Proposition 70. If P = (z,y|S) and Q = (z,y|T") are cocommutative presentations of the
same group, Z| X1 YH)/I(W(S)) and Z[X*', Y+ /I(W(T)) are isomorphic rings.

Proof. Let ¢ € Aut(Fy) be as in the previous proposition. Let ¢ : Z* — Z? denote the map
induced in the abelianization. By Proposition 43 and Corollary 46, Z[¢] : Z[X*!, Y*!] —
Z[X*!, Y*!] induces the desired ring isomorphim. O
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7.2. The Andrews-Curtis conjectures. Given a presentation P = (z1,z2,. .., Tp|wi, wo,

., Wpy), one way to obtain another presentation Q = (zy,z9,...,xy|u, u2, ..., Up)
of the same group with an isomorphism fixing the generators, is by a sequence of Q-
transformations, that is transformations of the following type:

(i) replace a relator w; by wj’l,

(ii) replace a relator w; by w;w;, for some i # j,
(iii) replace a relator w; by a conjugate uw;u~?, for some u € F,,.

If we furthermore allow the following transformation
(iv) replace each relator w; by ¢(w,) for some automorphism ¢ of F,,,

we obtain what are called Q*-transformations.

Presentations connected by a sequence of Q-transformations or Q*-transformations are
called Q-equivalent and Q*-equivalent respectively. Q*-equivalence implies Nielsen equiv-
alence. Finally, we add the moves

(v) add a generator z,1 and a relator wy,11 = Z,+1 and
(vi) the inverse of (iv), if possible,

to obtain the **-transformations, which generate the Q**-equivalence relation.

The original Andrews-Curtis conjecture [10] states that any balanced (same number
of relators as generators) presentation (x1,xs,...,Ty|wi, ws,. .., w,) of the trivial group
is Q-equivalent to (z1,x2,...,zn|z1,Z2,. .., 2y). The weak version of the Andrews-Curtis
conjecture states that any balanced presentation of the trivial group is Q**-equivalent to
the trivial presentation ( | ) with no generators and no relators. In this particular case
it can be proved that move (iv) is not needed in virtue of Nielsen’s theorem that any
automorphism of a free group is given by a sequence of Nielsen transformations (moves
(i) and (ii)).

The most interesting feature of these problems is probably their geometric counterpart,
which is given by the standard construction which associates a 2-dimensional CW-complex
to each presentation. Two CW-complexes K and L are simple homotopy equivalent if we
can obtain one from the other by a sequence of collapses and expansions [41]. Simple ho-
motopy equivalence implies homotopy equivalence and the converse is false as proved by
Whitehead. In fact there are 2-dimensional complexes which are homotopy equivalent and
not simple homotopy equivalent [103, 123]. When the complexes are simply connected,
or more generally their Whitehead group is trivial, simple homotopy and homotopy are
the same. Nielsen equivalence classes and simple homotopy types are distinguished in
[103, 104] with the 1 and 2 dimensional versions of the same invariant. If the sequence
of collapses and expansions above involves only complexes of dimension less than or equal
to 3, we say that K 3-deforms to L. The weak Andrews-Curtis conjecture is equivalent to
the statement that any finite and contractible 2-dimensional complex 3-deforms into a
point.

The generalized Andrews-Curtis conjecture [85, Section 4.1] states that any two finite
presentations with simple homotopy equivalent standard complexes are Q**-equivalent.
Of course, this version implies the weak version of the conjecture. This conjecture is equiv-
alent to the following conjecture: two simple homotopy equivalent finite 2-complexes 3-
deform one into the other. All these three versions of the Andrews-Curtis conjecture are
open.
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Cocommutativity is preserved by @Q*-transformations and we can use the winding in-
variant to study QQ*-equivalence of such presentations. We can associate with each cocom-
mutative presentation P = (z, y|wy, ws, ..., wy,) the vector A(P) = {Puy,, Puwy, -+ Puw,, }-
The effect on A(P) of performing a Q-transformation to P is to change a polynomial P,
by —Py,, or by Py, + Py, for certain i # j or by X leij for certain k, [ € Z. In particular
the new vector is the original column vector A(P) multiplied by an elementary or diagonal
matrix in GL,,(Z[X*!, Y*!]). Recall that a square matrix is said to be elementary if all
the diagonal coefficients are 1 and all the other coefficients but one are 0. We exploited
this idea in [13] to obtain the presentations

P = (z,yl[z,y],1)

and

71]]2 -1

Q = (z,yllz, [z.y " Pyly ™ aly™ [z [y 2l 2]])

with vectors A(P) = (1,0), A(Q) = (1 —2(X — 1)Y !, —(X — 1)2Y 1) which do not
differ in a multiplication by a product of elementary and diagonal matrices. Then P and
Q are not Q-equivalent. Moreover, if ¢ € Aut(Fg), then by Corollary 46, Py, ) is a
unit in Z[X*, Y+ so A(P) = (1,0) and A({z,y|¢([z,y]), 1)) differ in a multiplication by
a diagonal invertible matrix. Then P and Q are not Q*-equivalent either. On the other
hand, it can be proved that the standard complexes Kp and K¢ are homotopy equivalent,
and since their Whitehead group is trivial, we conclude:

Theorem 71. ([13]) The presentations P and Q are not Q*-equivalent, though their stan-
dard complexes are simple homotopy equivalent.

The idea of mapping the relators of a presentation to a test group G and studying
Q@ or Q**-transformations of vectors in G is not new (see [86]). However this is the
first counterexample we know about of the stronger conjecture that simple homotopy
equivalence implies Q*-equivalence. It is not clear how to extend our methods to study
the original version of Andrews-Curtis.

7.3. @Q-equivalence in the free metabelian group of rank 2. The notion of )-equivalence
can be extended to arbitrary groups. An m-tuple (w;, ws, ..., w,,) of elements in a group
G can be transformed into another m-tuple by replacing one w; by wj’l, by w;w; for some

i # j or by gw;jg~! for some g € G. We call these Q-transformations as well, and they
generate the notion of Q-equivalence.
Myasnikov proved in [128] the following

Theorem 72 (Myasnikov). Let F' be a finitely generated free group and let N < F be a
normal subgroup such that F/N is free abelian of rank n > 2. Let G = F/N’'. Then two
n-tuples in G whose normal closure is G are always Q)-equivalent.

When the normal closures are not (G, the result does not hold. In [129, Theorem 1.6],
Myasnikov, Myasnikov and Shpilrain proved the following

Theorem 73 (Myasnikov, Myasnikov, Shpilrain). Let n > 3 and let N be the normal closure
of {[x1,x2), 23} in F = F(x1,29,...,2,). Then in G = F/N’ there are infinitely many
pairwise Q-inequivalent 2-element sets which have normal closure N/N'.

We use the winding invariant to prove that something very similar holds in the free

metabelian group of rank 2, My = Fy/F/]. The proof is similar to that in [129], but we
need stronger results to be able to deal with non-aspherical presentations.
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Denote R = Z[X*! Y*!]|. Let Ey(R) be the subgroup of SLs(R) generated by the
elementary matrices and GFEy(R) the subgroup of GLy(R) generated by the elementary
matrices and the diagonal matrices. Since the subgroup Dy(R) C GLy(R) of diagonal
matrices normalizes F>(R), then GE2(R) = D2(R).E2(R). Since Dy(R)NSLa2(R) C E2(R)
by Whitehead’s Lemma, SL2(R) N GE2(R) = Ea(R).

Theorem 74 (Bachmuth, Mochizuki [11]). Any generating set of S Lo(R) contains infinitely
many elements which are not in Es(R).

We will need a version of Theorem 74 for GLo(R) and GE2(R). The proof is inspired
by the proof of McCullough of [121, Theorem 3].

Theorem 75. Any generating set of G La(R) contains infinitely many elements which are not
in GEQ(R)
Proof. The group R* of units of R is generated by —1, X, Y. Let Ry C R be the subgroup

generated by X? and Y2 and let H = det™'(Ry) C GLy(R).
Suppose A = GEy(R)U{ My, Ma, ..., My} is a generating set of GLo(R). A left transver-

g (1) with v € {1,-1, XY,

XY, —-X,-Y,—XY}. By Schreier’s Lemma, a generating set B of H is given by the matri-
ces N,EN, 1 € H with E € GFE»(R) and the matrices N, M;N, ! € H.

As in [121], let f : H — SLo(R) be defined by f(M) = det(M)_%M, where for
u = X"Y?" c Ry, u? denotes the element X"Y™ € R*. Then f is a retraction, so f(B)

is a generating set for SLs(R). Now, suppose N,EN, ! € H is one of the elements in B
for some £ € GE»(R), u,v € {1,-1,X,Y, XY, - X, -Y, - XY}. Then

NUENU_1:<UU_1(Set(E) ?)(8 ?)(det((])&?)_l ?)E(v(_)l (1))

: det(E)~t 0 .
Since 1 E € GEy(R) N SLy(R) = E3(R) and Dy(R) normalizes Es(R),

0
then N, EN-1 = < uv~ldet(E) 0

sal of H in GLy(R) is given by the eight matrices N, =

> E’ for some E' € Es(R).

0 1
—1 1
Finally, f(N,EN-1) = (W0 det(E))? O ) B, which lies in Ex(R)
0 (uw~tdet(E)) 2
by Whitehead’s Lemma. Therefore, f(B) contains only finitely many elements not in
E>(R), which contradicts Theorem 74. O

Theorem 76. There are infinitely many pairwise Q-inequivalent 2-element sets in G = My
which have normal closure M.

Proof. We use an idea similar to that in [129, Proposition 5.1, Theorem 1.6] with some
modifications. By Theorem 75 there exists a sequence Mp, Mo, ... of matrices in GL2(R)
such that M; does not lie in the subgroup generated by GFE>(R) and M, Ma, ..., M;_; for
every i > 1. For each i > 1 take w;, w] € F) such that (P,,, Pw;)t € R%*! is the first column

of M;. Taking classes modulo Fj we obtain the pairs S; = (w;,w]) € M3. We will prove
that the sets .S; satisfy the statement of the theorem.

Since w;, w] € T, the normal closure N(S;) of S; is contained in F5/F) = Mj. We
prove the other inclusion. Since M; € GLy(R), its determinant lies in R*. Then there
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exist Laurent polynomials @Q;, Q; € R such that P, Q; + P,;Q; = 1 € R. By Proposition
7 there exists u; in the normal closure of {w;,w;} such that P,, = 1 = P_,,. Then
F,/FY = N([z,y]) = N(u;) is contained in N(.5;).

Now, suppose that S; and S; are Q-equivalent for some ¢ > j. As in the beginning
of the section, we can associate a vector A(S) € R? to each S € (Mj)2. Namely, for
S = (w,w') we define A(S) = (P, P,). Performing a Q-transformation on S amounts
to multiplying A(S) by a matrix in GE5(R). Thus, there exists £ € GEy(R) such that
EM; () = EA(Si)" = A(S;)! = M;(;). Then the first column of M ' EM;is (;). Asin [13]
we can multiply by another matrix £’ € GFE5(R) to obtain E’M j_lEMi = Id. In particular
M, lies in the subgroup of GLy(R) generated by GE»(R) and M}, a contradiction. O

In Section 9 we will see the relationship between Theorem 76, the relation lifting prob-
lem, and the existence of infinitely many presentations (z, y|r;, s;) which are simple ho-
motopy equivalent but pairwise (J-inequivalent.

To finish this section we want to mention a connection with a question raised in [11].
It is known that GE»(Z[X]) = GL(Z[X]) (see [42]), but the following question is still
open.

Question 77. Is GEy(Z[X, X Y]) equal to GLy(Z[X, X 1])?

The relationship between this question and Q-equivalences was first noticed in [129,
Proposition 1.7]. We state now a result similar to that one in the same spirit of Theorem
76.

Theorem 78. Let N be the normal closure of y in Fo and let G = Fy/N'. Then every pair
(w1, wz) € G? with normal closure equal to N/N' is Q-equivalent to (y,1) if and only if
GE2(Z[X, X 1)) = GLy(Z[ X, X 71)).

Proof. We define a map W’ : N — Z[X, X 1] as follows. Consider the space K obtained
from the real line R by attaching a 1-dimensional sphere at each integer n € Z C R. For
w € N construct the curve 7, in K which walks from the origin following the letters of
w: it moves one unit in the line to the right or to the left if the corresponding letter is x or
x~!, and goes through the corresponding loop if the letter is 3 or y~!. The n-th coefficient
of W'(w) is the winding number of ~,, around the loop attached at n € R. The complex K
is the cover of the figure eight K corresponding to the subgroup N <« 7 (K) = Fy and W’
is the abelianization N — N/N’ = H;(K). This variation of the winding invariant will be
discussed with more generality in Section 8.

To each pair S = (wy,ws2) € N/N' we associate A(S) = (W' (w1), W'(wq)) € Z[X, X ~1]2.
A Q-transformation is reflected in A(S)* as a multiplication by a matrix in G E5(Z[X, X ~1]).
If the normal closure of {wy, w2} is N/N' then there exist Ay, Ay € Z[X, X '] such that
AW (w1) + AsW (ws) = 1, s0 ( _Wj}(lwz) W;‘(‘Z}l) >A(S)t — ().

If GEL(Z[X, X7 Y) = GL2(Z[X, X 1)), the matrix above lies in GE»(Z[X, X !]) and
then there is a sequence of @Q-transformations that we can perform on S to obtain a pair
T = (uy,uz) with A(T) = (1,0). Then T = (y,1) € G2.

g g € GL2(Z[X, X 1)), take wy, wy € N such that W (w) =
Aand W' (wq) = C. Then the fact that AD—CB is a unit in Z[ X, X ~!] says that the normal

Conversely, if M =
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closure of {w,wy} is N/N'. By hypothesis (w;, ws) is Q-equivalent to (1, 0) so there exists
E € GE»(Z[X,X~']) such that the first column of EM is (j). Then a multiplication by a
new matrix £’ € GEy(Z[X, X Y]) gives E'EM = Id, so M € GE(Z[X, X1]). O

8. ASPHERICITY AND RELATION MODULES

We will see that the winding invariant is a very particular case of a more general idea
which can be used to attack problems that appear in previous works.

8.1. A general version of the winding invariant. In the previous sections we have used
the winding invariant to study M, = F,/F7 and more generally G'/G” when G is a
group presented by a cocommutative presentation. The winding invariant W : F, —
Z[X*!, Y*!] can be interpreted as follows. Let K be the standard complex of the presen-
tation (z,y| ), that is the CW-complex with a unique 0-dimensional cell ” and two cells of
dimension 1, z and y, so K is a wedge of two circles, the “figure eight”. The fundamental
group of K is m(K) = Fo = (z,y). Let p : K — K be the covering associated to the
subgroup F), <1 Iy, that is p, (1 (K)) = F,. The complex K can be identified with the grid
Z x RUR x Z C R%. An element w of ), has a representative loop v in K which can be
lifted to a loop 7 in K from a fixed 0-dimensional cell & = (0,0) € R? of K. The loop ¥
is the curve ~,, of Definition 5. The abelianization F}, = 7, (K) — H,(K) = F,/F} which
maps w € [}, to the homology class of 5 is the winding invariant. From this interpretation
the statement of Theorem 14 (W is surjective and ker(W) = F%) is obvious. The deck
transformation group G = Fy/F, = 7Z x 7Z turns Hi(K) into a G-module. In this case
H,(K) is a free G-module of rank 1, so H,(K) = Z[G] = Z[X*!, Y*!]. The group F; acts
on [, by conjugation and it is clear that W : F, — [}, /] is equivariant: if u € Fy and
w € T, then v,u-1 = Yu * U - Y * (7, 1), which in homology is the class @ - W (w) of
T - 7. Here @ denotes the class of u in Fy/F). The group H,(K) = F}/F} is the relation
module of the presentation (xz,y|[x,y]). In general the relation module of a presentation

P = (X|R) of a group G is the Z|G]-module ]]\[V((g))” where N(R) < F(X) is the normal
closure of R in the free group with generator set X. The action of G on N(R)/N(R)' is
again w - w = vwu~! for u € F(X) and w € N(R). We can call the abelianization map
W : N(R) — N(R)/N(R)' the winding invariant of P by analogy with the original case.
In Theorem 78 we have already used the winding invariant of (z,y|y). In many cases a
similar geometric interpretation makes sense (see Section 9). The winding invariant satis-
fies then W(uwu™1) = u- W(w) for any w € N(R) and u € F(X). In general, the relation
module of a presentation can be non-free. Dunwoody provides in [53] a presentation of
the trefoil group G = (x,y|r?y3) with two generators and two relators whose relation
module is a projective Z[G]-module which is not free (see also [28, 81]). Nevertheless, the
relation module is always a submodule of a free Z[G]-module (see [116] and Appendix
A).

Recall that a path-connected space X is said to be aspherical if its homotopy groups
m,(X) are trivial for n > 2. If X is a connected 2-dimensional CW-complex, then it is
aspherical if and only if m2(X) = 0. A presentation P = (X |R) is aspherical if its standard
complex Kp is aspherical. Asphericity is a natural yet elusive property. The Whitehead
conjecture stated in 1941 says that if a 2-dimensional CW-complex is aspherical, then any
connected subcomplex is also aspherical. This problem remains open despite decades of
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effort. Important progress has been made, for instance by Bestvina and Brady in connec-
tion with the Eilenberg-Ganea Conjecture and by Howie and others in connection with
labeled oriented trees and the Andrews-Curtis Conjecture.

If P = (X|R) is a presentation of a group G, and K is its standard complex, the cellular
chain complex of the universal cover of K gives the following exact sequence of Z[G]-
modules

0 — my(K) — Z[G)12H 5 z[G)PX - z[G) - Z = 0 (11)

A description of the maps involved can be found for instance in [124, Theorem 1.39].
The image of 7 is exactly the relation module N(R)/N(R)' of P. In particular one has the
following

Proposition 79. If P is aspherical, then the relation module is a free Z|G]-module with basis
{rN(R)}rer.

For more details on this result see Appendix A.

Dyer and Vasquez proved in [55, Theorem 2.1] (1973) that if P = (X|r) is a one-
relator presentation such that r is not a proper power in the free group F(X), then P is
aspherical. The proof is implicit in Lyndon’s work [105] (1950) and in Cockroft’s [40]
(1954).

In the words of Lyndon:

Theorem 80. (Lyndon’s Simple Identity Theorem) Let F' be a free group and r € F not a
proper power. If

n

H air”a;l =1

i=1
forcertainn > 1, a; € F, ¢, = £1, then the indices 1,2, ...,n can be grouped into pairs (i, j)
with ¢, = —¢; and a; = a; mod N(r).

Recall that an aspherical presentation presents a torsion-free group (see [82, Proposi-
tion 2.45], for instance).

8.2. Residual properties of one-relator groups. In the fifties R.L. Vaught made the fol-
lowing conjecture:

Conjecture 81. Let u, v be two elements in a free group F such that u?v? is a square w? for
some w € F. Then u and v commute.

Lyndon proved [106] that in the hypothesis of the conjecture the group generated by
u, v, w is cyclic, and in particular v and v commute. Later, Edmunds gave in [56] a short
proof of the same fact by showing that the equation u?v? = w? is equivalent up to an
automorphism to the equation [u,v] = w?. Then he used Wicks characterization of com-
mutators, Theorem 1. In the following we will prove some results in the same spirit as the
Vaught conjecture: If u,v are elements of a free group F' which satisfy certain equation,
then they must commute. See [148, 110] for generalizations of the Vaught conjecture.

One of the key results in the article [24] by Baumslag, Miller and Troeger, is the follow-
ing [24, Lemma 1]

Lemma 82. (Baumslag, Miller, Troeger) Let u and v be two words in a free group F which

do not commute. Then vuv~'u~2 is not conjugate in F to either v or u™'.
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Their proof is two pages long and considers several cases taking into account whether
the words involved are reduced or if there are cancellations to be performed. Here we give
a shorter proof of a more general statement using the appropriate version of the winding
invariant.

Lemma 83. Let u and v be two words in a free group F' which do not commute. Let n,m, k €
Z with n,m # 0. Then vu™v~'u™ is not conjugate in F to uF.

Proof. Suppose first k # 0 and that there exists w € F such that vu™v~'u™ = wuFw™.

Let r € F be the root of u, that is r is not a proper power and there exists [ > 1 such that

u = r!. The subgroup H of F' generated by r,v,w is free. If rk(H) = 3, then {r,v,w}

is a basis of H and vr!"v~1r!™ wryw =" are different reduced words in F(r, v, w), which
is absurd. Since u and v do not commute we must have rk(H) = 2. We may assume
H = Fy = (x,y). Let P = (z,y|r). Then P is aspherical and by Proposition 79, the
relation module N(r)/N(r)" is a free Z|G]-module generated by p = rN(r)’. The group
G is of course Fo/N(r). We apply the corresponding version of the winding invariant,
that is the abelianization map W : N(r) — N(r)/N(r). By hypothesis Invp + lmp =
W (vrtty=1ptm)y = W (wr'kw=') = lkwp. Here, v and w denote classes in G. Therefore
nv +m = kw € Z[G]. Since n,m,k # 0, this implies that v = w = 1 € G, that is
v,w € N(r). Since H = Ty is generated by r,v,w, then Fo C N(r) and then P is a
presentation of the trivial group with two generators and one relator. This is absurd. The
case k = 0 is simpler because we have vu"v~'u™ = 1 € F and since u, v do not commute,
the group generated by r, v is free of rank 2. Exactly as before we obtain nv+m = 0 € Z|[G]
and since n,m # 0, r,v € N(r), which is absurd. O

Corollary 84. Let u,v be two elements in a free group F, and let n,k € Z with k # n # 0.
Suppose that there exists w € F such that [v,u"] = [w, u*]. Then u and v commute.

The authors of [24] use Lemma 82 to show that if v and w are two non-commuting
elements in the free group F(X) generated by a set X, then (X|[wuw™!, uJu~!) is not
residually finite. Recall that a group G is said to be residually finite if for every 1 £ g € G
there exists a finite group H and a homomorphism G — H which maps ¢ to a non-
identity element. Equivalently, for every 1 # g € G there exists a normal subgroup N <G
of finite index not containing g. Every finitely generated residually finite group is hopfian,
so in particular Baumslag-Solitar groups give examples of one-relator non-residually finite
groups. There is no general method known which decides for a given one-relator group
whether it is residually finite or not. A well-known conjecture by Baumslag [18, Conjecture
A] proved by Wise in [161, Section 18] says:

Theorem 85. (Wise) Every one-relator group with torsion is residually finite.

For more results on residually finite one-relator groups see [7, 8, 9, 16, 31].
The proof of Baumslag, Miller and Troeger in [24] can be easily adapted to prove the
following.

Proposition 86. (Baumslag, Miller; Troeger [24, Theorem 1]) Let u and w be two non-
commuting elements in the free group F(X) generated by a set X. Then the group G =
(X| [wuFw™' ulu~t) is not residually finite for any k # 0.

Proof. Since u and w do not commute, they freely generate a free group of rank 2. Thus,

v = wuFw " and u do not commute either. By Lemma 82, vuv~'u~2 is not a conjugate of
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nor u~!. A well-known result by Magnus says that if two elements in a free group have the
same normal closure, then one is conjugate to the other or to its inverse. Thus, u # 1 € G.
We show that for any homomorphism G — H onto a finite group H, u = 1 € H. Suppose
that u # 1 € H. Let m > 2 be the order of v in H and let p be the smallest positive prime

m 2m . .
dividing m. Since vuv~—! = «? in H, thenvurv™! = u'» , so p # 2 and the conjugation by

v induces an automorphism 4 of Z,, ~ (u%) < H. The order ord(u) of  divides p — 1. On

the other hand p™ is the conjugation by v™ = wu*™w™! = 1 € H, so ord(u) divides m.

If ord(p) > 2, a prime ¢ dividing ord(u) yields a contradiction. Thus p is the identity of
m 2m

(u), which means that u» =ur ,sou» =1 € H, which is again a contradiction. This
proves thatu =1 € H. 0

The presentations in Theorem 86 are of the form (X|vuv~'u~2) for u and v non-
commuting. The presentations of the form (X |vu'v='u™) for u,v non-commuting are
known to be non-residually finite if |/|,|m| and 1 are pairwise different, by a result of
Meskin [122, Theorem B]. According to Meskin, no example of a non-residually finite
presentation of the form above is known if | = —m or | = m # +1.

Lemma 83 can be used to obtain examples of non-residually solvable one-relator groups.
Recall that a group G is said to be residually solvable if the intersection (| G of the

i>0

members in the derived series is the trivial group. Equivalently GG is residually solvable if
for every non-identity element g € G there is a normal subgroup N < G such that g ¢ N
and G/N is solvable. Kropholler proves in [97] that Baumslag-Solitar groups have second
derived subgroup free, and in particular they are residually solvable, though they are non-
Hopfian and thus not residually finite. In [17] and [16, 4.3] Baumslag describes other
classes of one-relator groups which are residually solvable. Residually nilpotent implies
residually solvable, so the results of [21] give more examples of residually solvable one-
relator groups. See [91] for more on this topic.

All the groups in the statement of Theorem 86 are non-residually solvable. We can use
our generalization Lemma 83 to prove that this holds for a larger class.

Proposition 87. Let u and v be two non-commuting elements in F'(X) such that v lies in
the normal closure N(u) of u. Then G = (X|[v,u¥]u~") is not residually solvable for any
k#0,-1.

Proof. Tt is clear that u is in every term of the derived series of G. We must show that
u # 1. Otherwise, by Magnus’ result, [v, u*]u~! = vu*v~1u~*~! would be conjugate to u

orul. O

Proposition 88. Let u and v be two non-commuting elements in F'(X). Then the group
G = (X|[v,u*]u™1) is not residually nilpotent for any k # 0, —1.

Proof. Note that u is in every element of the lower central series of G and u # 1 € G by
Lemma 83. U

8.3. More applications. This subsection contains a list of comments which do not intend
to be original. They are simple applications of the ideas used in the rest of the section and
they are motivated by the proofs in [24] and [109] which could be substantially shortened
by using these methods.

From Lyndon’s Identity Theorem we immediately deduce the following
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Proposition 89. Let u be a nontrivial element of a free group F. Letn > 1, mi,ma,...,my €
n

n
Z and let ay,aq, .. .,a, € F be such that [] al-umla;1 =1€F. Then Y m; =0.

i=1 =1
The previous result can also be proved using the idea in the proof of [24, Lemma 1]:
Since u # 1 € F and F is residually nilpotent, there exists ¥ > 1 such that u € v, (F) \

n
Yis1(F). The equation of the statement reduces modulo v, (F) to u>="™ = [] v = 1.
i=1

Since i (F')/vk+1(F) is torsion-free, we must have »_ m; = 0.

i=1

Proposition 89 says that if a1, as, . .., a, are elements in a free group F whose product
aias .. .ay is 1 and the equation a1t ast® . .. a,t = 1 has a nontrivial solution in F', then
the equation is singular (the total exponent of ¢ is zero). When one looks for solutions in
an overgroup of the coefficient group, then singularity is the only obstruction according
to the Kervaire-Laudenbach conjecture. When the coefficient group G is torsion-free the
only equations without solutions in an overgroup are the conjugates of elements of G in
G x (t) according to a conjecture of Levin [33, 59, 61, 68, 87, 88, 95, 100, 131].

Proposition 90. Let u be a nontrivial element ina free group F. Letn > 1, my,mo, ..., my €

Z and let ay, a9, . ..,a, € F be such that H a;u™a; - =1 € F. Suppose moreover that a; =

Z

1 for some 1 < j < n. Finally, suppose that there is no proper subset ) # P C {1,2,...,n}
such that the sum of the exponents m; with i € P is zero. Then all the coeﬁ“taents a; commute
and they also commute with u.

Note that P = {1,2,...,n} satisfies that the sum of the corresponding m, is zero by
Proposition 89. This result is a generalization of Lemma 83.

Proof of Proposition 90. As in the proof of Lemma 83, let » € F be the root of u
with u = 7! and let H be the subgroup of F generated by r,a;,as,...,a,. Let X be a
free basis of H and let P = (X|r) be the presentation of a group G. It is aspherical.
When we apply the winding invariant of P to the equation of the statement, we obtain
S lmja; =0 € Z|G). Let P ={1 <i <n|a =1¢€ G}. Then P # () and the sum of the
i=1
m; with i € P is zero. By hypothesis P = {1,2,...,n}. Therefore, a; € N(r) for every i
and then H C N(r). Then rk(H) = 1, so all the a; and u lie in a cyclic group. O

Example 91. Let u, v, w, z be elements in a free group F with u # 1. Then

vulv TwuBw Pz =1

if and only if v,w and z commute with u. To prove this simply observe that no proper
multiset of {2, —3,2, —1} satisfies that the sum of its members is 0.

Proposition 92. Let u, v be two elements in a free group F. Let n > 1 and my,ma,...,my €

n
Z not all zero. If [] u™v™ = 1, then u and v commute.
i=1
Proof. This proof can be done in different ways. We choose one which uses the winding
invariant. If uv = 1, we are done. Suppose then uv # 1 and let r be the root of uv, uv = r.

Let X be a basis of the group H generated by r and v. Then P = (X|r) is aspherical. Let



44 J.A. BARMAK

p=rN(r) and let W : N(r) — N(r)/N(r)" be the winding invariant of P. Let g be the
classof vin G = F(X)/N(r). If m > 1,

m—1

2 -3 1—m(uv)v ’

u™ ™ = (uv)v " (uv)vo 2 (wo)v o3 v
so Wum™™) =1(1+g t4+g2+...+g""™)p. If m < —1,
u™™ = (v HYo(w oo 2 (w oo T2 Lo (T T

and since u_lv—l = U(’LL’U)_lv—l’ W(u_lv_l) — —lgp and then W(umvm) _ —l(g + 92 +
>+ ... 4+ g~™)p. Therefore

D (l+g 't +g 44" = D g+ +P+ . g ™) =0€Z[G] (12)

m;>1 m;<—1

Since P is aspherical, G is torsion-free. Therefore, if ¢ # 1 € G, since not all the m; are
zero, the coefficient of 1 € G or g € G in the left hand side of Equation (12) is nonzero, a
contradiction. Therefore g = 1, i.e. v € N(r). Thus H C N(r) and then H is cyclic. Then
r and v commute, so uv = r! and v commute, and then « and v commute. O

If v € Fo = (z,y), then [[z,y],v] € F} if and only if v € F/,. This follows easily from an
application of the winding invariant F, — Z[X*! Y*!]. The following is a generalization
of that result.

Proposition 93. Let u,v be elements of a free group F with u # 1. Let r be the root of u.
Then [u,v] € N(r) if and only if v € N(r).

Proof. If v € N(r), then trivially [u,v] € N(r)’. Conversely, suppose [u,v] € N(r). We
use the winding invariant of (X |r), where X is a basis of (r, v). Since rlvr—lv=! € N(r),
| —15=0¢€ Z[G]. Thus,v = 1 € G = F(X)/N(r). O

We have used the hypothesis of asphericity to make sure that the relation module is a
free Z|G]-module. In general, for presentations with more that one relator, asphericity is a
difficult property to check. For example, the Whitehead conjecture open for 78 years can
be restated in terms of presentations as follows. If (X|R) is an aspherical presentation,
then any subpresentation (Y'|S) (i.e. a presentation with Y C X and S C R) must be
aspherical. The particular case in which S has only one element was proved by Cockroft
in [40, Theorem 2]. This can be seen with the ideas we have used so far: Let P =

(x1,22,...,2n|r1,72,...,mm) be an aspherical presentation. Then no relator r; is a proper
power in F(z1,22,...,2,). Indeed, suppose 1 < j < m is such that r; = st for some
s € F(xy,z9,...,2,) and [ > 1. Since P is aspherical, the presented group G is torsion-

free. Therefore s must be in the normal subgroup N generated by the relators. Let W :
N — N/N’ be the winding invariant. By hypothesis N/N' is a free Z[G]-module with basis
{rkN"}1<k<m, S0 7;N' = W (s!) = IW (s) implies | = 1.

Although there is no general criterion to prove that a presentation is aspherical when
we have more than one relator, there are many conditions which are easy to check in some
cases and guarantee asphericity [14, 67, 87, 89, 137]. Presentations with more that one
relator can be used to study equations over groups which are not free. We mention just
one example.

Example 94. Let (z,y|u) be a presentation of a group H and let v € Fy. If P = (z, y|u, v)
is aspherical, then the equation vtvt~! = 1 over H has no solution in H.
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Suppose t € Fy is such that vtvt™! = 1 in H, that is vtvt~! € F, lies in the normal
closure N(u) < Fy of u. Let N = N(u,v) < Fo and G = Fo/N. The relation module N/N’
of P is a free Z|G]-module with basis {uN’,vN'}. We apply the winding invariant of P to
obtain that W (vtvt~!) = (1 + t)vN’ = TuN’ for some T € Z[G]. Then 1+ = 0 € Z[G],
which is absurd.

9. PLANAR CAYLEY GRAPHS

If (x1,29,...,2p|r1,72,...,7m) has a planar Cayley graph, then the winding invariant
W : N(R) - N(R)/N(R)" defined in Subsection 8.1 can be interpreted geometrically
as in the case of (z,y|[z,y]). We can take a particular embedding of K in R? for K the
covering of the figure eight K corresponding to N(R) < m(K) and then consider some
points po, p1, . . ., pr—1 € R2 < K. Then we can define a map W’ : N(R) — ZF as follows.
For w € N(R), take the loop in K representing w, lift it to a loop w in K and consider
the winding numbers w(w, p;) about the points p;. Then W’ : N(R) — ZF defined by

W (w) = (w(w,p1), w(w,p2), ..., w(w,pg)) is just W : N(R) — H;(K) composed with a

map H,(K) — ZF.

9.1. Two examples. If k > 1, the Cayley graph of (z,y|z",y) consists of a k-gon with
vertices 0,1,...,k—1 with a circle C; attached to each vertex i. We consider the embedding
of this graph K in R? illustrated in Figure 11.

FIGURE 11. The Cayley graph I'(Zy, {z,y}) for k = 5.

Take a point p; in the interior of each circle C;. In this case H;(K) is a free abelian
group of rank k + 1, but W : N — ZF maps the normal closure N of {z*, y} in Fs to a
free abelian group of rank £ (we have chosen to ignore the winding numbers about the
polygon). The group Z* < Hl(f() is in fact a G = Fy/N = Zj-submodule of Hl(f(). If
we identify Z* with Z[G}] for G}, the cyclic group of order k generated by an element g,
then the action of G on Z¥ = Z[G}] is described as follows. If w € Fy with exp(z,w) = j
and v € Z[Gy], then w.v = g/.v. In other words, w shifts the coordinates of v j times. We
will apply this idea in the following criterion. Note that if w € F is a product a*b* of two
k-th powers, then k| exp(z,w). The next result concerns products w = aPb? for p prime in
which p?|exp(z, w).
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Proposition 95. Let w = "y g"2y™2 | x"sy™s € Fo, n;,m; € Z for every i. Let p > 2
be a prime number such that p? divides exp(z,w) and let G, = (g) be the cyclic group of
order p. Let

S
o = Zmigm-i-nz-i-...-i-ni c Z[Gp].
i=1
If a is not a multiple of p € Z and it is not a multiple of 1 + g+ g>+ ...+ g?~! € Z|G,), then
w = aPbP has no solution a,b € Fs.

Proof. Suppose w = aPbP for certain a,b € Fo. Thus
w = (ab).b~ (ab)b.b"2(ab)b? ... b~ P~V (ab)pP~.
We consider the Cayley graph of (x, y|zP, y), N the normal closure of {z?,y} in [F3, and the

map W' : N — Z|G,] defined above. Note that W/(w) = «. Since exp(z, w) = pexp(z, ab),
by hypothesis p| exp(z, ab). It is easy to see then that ab € N. Therefore

W (w) =1+ @)L+ ®)2+...+ (5)~P"DYW (ab).
If p|exp(z,b) then W (w) = pW’'(ab). If p { exp(z,b), then (1 + (b)~1 + (B)2 + ... +
(B)~P=NW(ab) = (1+g+g>+ ...+ g )W/ (ab). O

Example 96. For example w = z"yxy 2zy* is not a product of two cubes. Note that for

p=3,p*lexp(z,w) =9and a = g" —2¢8 + 4¢° = 4e + g — 2¢% € Z|G3] is not a multiple of
3 nor a multiple of 1 + g + ¢>. Thus, the proposition applies. On the other hand note that
w is a product of cubes by Theorem 61.

A second application of the same idea is with the presentation (x,y|z?,y?, [z, y]) of
Zs x Zs. In this case N(R) is the subgroup of Fy consisting of the words w such that
exp(z, w) and exp(y,w) are both even. The Cayley graph K = I'(Zy X Zs, {x,y}) has an
embedding in the plane illustrated in Figure 12.

FIGURE 12. The Cayley graph I'(Zy x Zo,{z,y}).

In this case we take only one point p in the interior of the square, so W’ : N(R) — Z
maps a word w € N(R) to the winding number of w around p. The number W' (w) is very
easy to compute. Given w € N(R), consider q(w) € Zg x Zg, where ¢ : Fo = (z,y) —
Zgy x Ly = (x,y) maps z to x and y to y. If the reduced word representing ¢(w) has length
I, then W’/(w) = L if z is the first letter of the word, and W'(w) = —L if y is the first
letter. For instance, for w = z?yx 'y 2zyx, q¢(w) = yryr, so W' (w) = —1. We equip
Z with an action of G = Zy x Zo: T-n =9y -n = —n. Then W : N(R)/N(R)" — Z is
a homomorphism of Z|G]-modules. For w € N(R), the curves w and Tw are symmetric
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with respect to the vertical line through p, while yw is symmetric to w with respect to the
horizontal line through p.

Proposition 97. Let w € [y be such that 4| exp(z, w) and 4| exp(y, w). If W (w) € Z is odd,
w is not a product of two squares.

Proof. Suppose w = ab* for some a, b € Fo. Then ab € N(R) by hypothesis and W' (w) =
(14 (b)~1)W'(ab). This is 0 or 2W’(ab).

O

This provides one last proof of Proposition 2: ¢([z,y]) = zyxy € Zo*Zs, so W' ([z,y]) =
1 and then [z, 3] is not a product of two squares.

9.2. Relation lifting and an example of Dunwoody. If (z1,z2,...,zy|r1,72,...,7m) iS @
presentation of a group G, and N is the normal closure of {ry,r9,...,7,}, then the classes
of r1,7a, ..., generate the relation module N/N’ as Z|G]-module. The relation lifting
problem asks for a given set {s1, s2,...,sx} € N whose classes generate N/N’ if there
exists a set {s},s5,...,s.} € N whose normal closure is V and such that the class of s/ in
the relation module coincides with the class of s; for every 1 < ¢ < k. In this case we say
that the classes 5; € N/N’ can be lifted. This is connected to the relation gap problem as
follows. If for a given presentation (x1, o, ...,2y|r1,72,...,7y) any set of generators of
N/N' can be lifted, in particular the minimum number dz;(N/N') of generators of N/N'
coincides with the minimum cardinality d(NV) of a set S C N whose normal closure in
F(x1,72,...,7,) is N. When d(N) = dz)(N/N') we say that the presentation does not
have a relation gap. It is an open problem whether there exists a finite presentation with
a relation gap. For more details on the relation gap problem see [80].

Wall conjectured in [158] that the relation lifting of generators of N/N’ was always pos-
sible. Dunwoody proved that this conjecture is false in [53]. We will explain Dunwoody’s
example using the ideas of this section. Our argument is very similar to Harlander’s in
[79, Section 1.5].

Let P = (z,y|z") be a presentation of G = Zs * Z. Then the class x5 generates N/N’
as Z|G]-module. Here N = N(z®) is the normal closure of z° in Fy. Note that 1 — x +
r? € Z|G] is a unit, with inverse z + 2% — z*. Therefore, (1 — z + 2?)y is also a unit
and then (1 — z + 2?)ya’ is also a generator of N/N’. This element is the class of s =
yrdyteyr Sy e l2?yxSy~tz=2 € N in N/N’. We claim that this class cannot be lifted.
Otherwise there exists s' € N whose normal closure is N(s') = N and s’ = 5 € N/N'.
Since N(s') = N(z°), by Magnus’ result s’ is a conjugate of x° or x75.

The Cayley graph I'(Z5 *Z, {z, y}) is planar and can be embedded in the plane as shown
in Figure 13.

I'(G,{z,y}) contains countably many pentagons P;, i € N, and we can choose a point
p; inside each P;. Then W’ : N — ZN maps an element w € N to the collection of winding
numbers w(w, p;), i € N. Note that W’(z®) has one coordinate equal to 1 and all the others
equal to 0. Since s’ is conjugate to either 2° or x>, then W’(s’) has one coordinate equal
to 1 or —1 and all the other coordinates are 0. Since s’ = 5, W/(s") = W'(s). But W'(s)
has three nonzero coordinates, two equal to 1 and the other equal to —1 (see Figure 13).
This is a contradiction.

To finish this section we would like to make a comment connected to relation lifting
and the results in Section 7 and [13]. The following is inspired by a discussion with Jens
Harlander.
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FIGURE 13. The Cayley graph I'(G, {z, y}).

Dunwoody example used that Z5 x Z has non-trivial units. There is no example known
of a torsion free group for which relation lifting fails.

Theorem 98. If every 2-generator set of the relation module of (x,y|[x,y]) has a lifting,
then there exist infinitely many presentations P; = (x,y|r;,r}) which are simple homotopy
equivalent but pairwise Q-inequivalent.

Proof Consider the infinitely many pairs S; = (w;,w]) € Fa/F}y x Fy/F4 of Theorem 76.
Since their normal closure is F,/F, they generate F,/F) as Z[G]-module, where G =
Fy/Fy = 7Z x Z. Suppose we can lift each S, to a pair (r;, ) € N x N with normal closure
N =TF, 7 = w; € Fy/Fy and 7} = w] € F,/FY4. Let P; = (x,y|r;,r.). Then the standard
complexes Kp, all have fundamental group isomorphic to Z x Z and Euler characteristic
1. By the arguments in [13], all these complexes have the same homotopy type. Since the
Whitehead group of Z x Z is trivial, they are simple homotopy equivalent. By Theorem
76, the pairs S; = (w;, w)) = (7;,7]) € Fo/Fy x Fo/FY are pairwise Q-inequivalent, and
then so are the pairs (r;,7}) € Fa x Fa. O

10. RELATION WITH THE ALEXANDER POLYNOMIAL AND THE MAGNUS EMBEDDING

In this section we prove a result suggested by a referee of the first version of this article,
which essentially says that the winding invariant of w € I} is the Alexander polynomial
of (z,y|w). The Alexander polynomial of a group is well defined up to a basis change
and a multiplicative unit, and for the theory we have developed we need a well defined
element in the ring Z[X*!, Y*!]. We recall the definitions we require and make a precise
statement of the result mentioned.

Let P = (x1,29,...,2y|r1,72,...,7n) be a presentation of a group G, and let H =
G /T (G?), where G2 is the abelianization of G, and 7'(G?) its torsion subgroup. Since
H is free abelian, Z[H] is isomorphic to a ring of Laurent polynomials. The Alexander
polynomial of G is an element in Z[H] well defined up to multiplication by a unit. We recall
its definition via Fox derivatives. If IF,, denotes the free group with basis {z1, z2,..., 2}



THE WINDING INVARIANT 49

and 1 < ¢ < n, the derivative % : Z|Fy,] — Z[F,] is the group homomorphism determined
by the rule g—gj = g—;—}—u% for u,v € F,, and gizzf = ¢;; for every 1 < j < n. The Alexander

matrix A € Z[H]™*" of P is defined by 4;; = w(%), where v : Z[F,] — Z[H] is the map
induced by the canonical projection. The Alexander polynomial Ap of P is the greatest
common divisor of the (n— 1) x (n— 1) minors of A, and the Alexander polynomial of G is
the projection to Z[H|/ + H of the polynomial of any presentation [65, 66, 63, 118, 48].
If the number m of relators is smaller than n — 1, the Alexander polynomial is defined
to be 0. If k is the rank of H, a choice of a basis for H induces an isomorphism Z[H] ~
Z[tlﬂ, t2ﬂ, RN tkil] and we can see the Alexander polynomial of G as a Laurent polynomial
in the variables ¢;. Thus, the Alexander polynomial Ag € Z[tfl, tQﬂ, .. ,tfl] of G is well
defined up to an automorphism of Z* and a factor +£¢{'¢5> ... tpr. If B = {by,ba,..., by}
is a basis of H, we denote by Ap p € Z[t{', 5", ..., t'] the polynomial Ap seen under
the identification Z[H| = Z[t;', 5, ..., t7'].

Proposition 99. Let w € F,. Then the abelianization H of the group G presented by P =
(x,y|w) is free abelian of rank 2 and a basis B is given by the classes of x,y € Fy. The
winding invariant P,, € Z|X*!,Y*!] is equal to the Alexander polynomial Ap .

! |
Proof. Since w € F), w = [[ u;[x,y|%u; ! for some u; € Fa, ¢; = +£1. Note that Quilpyltiu,

- ox -
=1 1 1
Au; Olx,y|¢ ; Oy . . e 1. du; ;Ou; ~
o + uii[ 8:{] + ui[:cl, y|“ —5—. Since [z, y] is trivial in H, Z[H] > G + ufz,y|% —— =
Au; Ou; = _ Ougu; = ‘s Olx,y]%
9. + ui—— = —5.— = 0. On the other hand it is easy to see that, % =¢(l—vy) €

7Z[H|, which coincides with ¢;(1 — Y) when we identify Z[H] with Z[X*! Y*!] via the

basis B, and u; = X™Y™ ¢ Z[XT!, Y*!] if n;, m; are the exponents of z,y in u;. Thus
ilo,y]Ciu . . ¢ ) )

QuilralTus ¢ xnymi(1-Y) € Z[XE, Y+ and 22 = (1-Y) Y 6, XY™ = (1-Y) P,

Similarly %—”Z = (X —1)P,. The Alexander polynomial is then Ap p = ged((1-Y) Py, (X —

1)Py) = Po. 0
Let P = (z1,x2,...,2,|R) be a presentation of a group G and let M be a free Z[G]-
module with basis {«1, a9, ..., a,}. Consider the group H of matrices

(1)

with ¢ € G, a € M. The homomorphism p : F,, — H determined by u(x;) = ( fol O{i )

has kernel N(R)" and induces an isomorphism F, /N(R) — H which is known as the
Magnus embedding [64, 115, 116]. Every element in N(R)/N(R)’ is mapped by this
(1) Clb , and we can compose the restriction
to N(R)/N(R)" with the projection p : H — M onto the (1,2)-coefficient to obtain a
homomorphism zi : N(R)/N(R)" — M ~ Z[G]™. This map also receives the name of Mag-
nus embedding and it coincides with the inclusion Im(7) — Z[G]" in the exact sequence
(11). For w € N(R)/N(R), u(w) = (%‘i, g—;‘;, ce 837“;) € Z|G]". When we consider the
original version of the winding invariant, P = (z,y|[z,y]), N(R) = F,, G = Z x Z and
N(R)/N(R) = F,/F}. By Proposition 99, fi(w) = ((1 — Y)P,, (X — 1)P,) € Z[G]* =
Z[X*! Y*!2. Thus, the Magnus embedding 7 is W composed with a monomorphism

homomorphism to a matrix of the form (
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ZIXF Y - Z[ X Y*2, The map 7 : Fy/Fy — Z[X*, Y*!]? is up to an isomor-
phism the invariant considered by Sarkar in [147] (see also [146, Section 3.2]).

11. BISECTIONS AND TILINGS

Although this work has followed a different path, the original motivation for defining
the winding invariant was a problem about bisections of regions in the integer lattice and
an idea by Michael Hitchman.

11.1. The motivation. In 2015, Michael Hitchman published a paper called “The topol-
ogy of tile invariants” [84]. A tile is a subspace of R?, homeomorphic to a disk, which
is a union of finitely many squares in the integer lattice. A region is formally defined in
the same way as a tile, but it plays a different role and thus receives a different name.
Given a set T' = {t1,to,...,t,} of tiles and a region I', one wants to know if I" can be
tiled by T, that is if it can be covered without overlapping by translates of tiles in 7". For
a tiling o of I" by 7" and 1 < i < n, we define b;(a) to be the number of translates of
t; used in «a. A tile invariant is a relation among the numbers b;(«) which depends on
I' but not on «. For instance, when T" = {t1,t9,t3,t4} is the set of tiles of Figure 14,
Conway and Lagarias proved [46] that for any region T, bs(a) — ba(«) is independent
of a. Hitchman gave in [84] an alternative proof of this result using that a particular
presentation Q has an associated complex Ko which is Cockroft. Recall that this means
that the Hurewicz map h : mo(Kg) — Hy(Ko) is trivial. Tile invariants have been fur-
ther studied in [125, 126, 134]. The connection between tilings and 75 is given by the
following idea by Hitchman. Given a tile ¢t and a point p with integer coordinates in the
boundary, we define the boundary word of ¢ from p to be the word w,, € F, read when
we travel in clockwise direction along the boundary of ¢: when we move one step to the
right we write 2, when we move to the left we write 2~!, upwards y and downwards 5.
If p = (0,0) € R, the curve v,, that we used in the definition of the winding invariant is
the curve which starts in p and travels along the boundary of ¢. If we consider a different
basepoint p/, the boundary word w ;s differs from w; , by a conjugation.

FIGURE 14. The four tiles in 7.

If T = {t1,tq,...,t,} is a set of tiles and w; is the boundary word of ¢; for certain base-
point, then the tile boundary group G is the group presented by Py = (x, y|wi, wa, ..., wy).
The tile boundary group was originally defined by Conway and Lagarias in [46] (in fact
they work with the derived group G’.) and used by Thurston [157] and Reid [140]. Now,
if I is a region which can be tiled by T, then each tiling « gives a van Kampen diagram
over Pr with boundary label the boundary word of I'. The dual of this diagram is a picture
B, over Pr. If § is a second tiling of I" by 7', then Bs has the same boundary label as B,
and BQB? is equivalent to a spherical picture, which represents an element of w5 (Pr).
For basic notions on van Kampen diagrams and the theory of pictures see [30].

In 2000 and 2001 the Argentinian Puzzle Championship counted with the following
type of tiling problems created by Jaime Poniachik and Ivan Skvarca: given a region T,
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exhibit a bisection of T, that is a tiling by only two tiles, one a rotation or reflection of the
other. See Figure 15 for an example.

14. Anubis en dos
20 printos

Divida la figura en dos partes iguales. Las lineas
de corte siguen el cuadriculado. El ojo sdlo esta
de adomo. Dos partes se consideran iguales si

podemos superponerias por traslacién, rotacion

y/o rebatimiento.
= »

FIGURE 15. A region and a bisection.

Our first plan was to try to adapt Hitchman’s ideas to study this problem, though this
plan quickly changed to the point of view of the present article. Of course, an exhaustive
search solves the problem for any given region.

A particular case is when we only allow translations. We have then the following prob-
lem: Given a region I' in the integer lattice can it be tiled with exactly two tiles ¢, ¢/, one a
translate of the other?

We can associate a Laurent polynomial Pr € Z[X*!,Y*!] to each region I': it is the
sum of the monomials X"Y™ such that the square with lower left corner (n,m) appears
in T. If ¢ is a translate of ¢, then P, and P, differ in a multiplication by a monomial X*Y*.
Therefore, if T can be tiled by two equal tiles, which differ only by a translation, then
Pr=(1+X*YHPR.

On the other hand the boundary word of T" is a product of two squares! This is clear
as the tiling describes a van Kampen diagram over Py, with two regions. In other words,
suppose I is tiled by ¢ and a translate ¢’. The assumptions imply that ¢N¢' is homeomorphic
to a segment. Let p € Z? be one of the endpoints of ¢ N¢. When we travel through the
boundary of T" in clockwise direction starting from p, we first travel through part of the
boundary of one tile, say ¢, and then through part of the boundary of the other, . The
boundary word wr , is the concatenation of two words w and «’, each corresponding to
one of these parts. Let u be the word associated to ¢ N ¢’ starting at p. Then wr = ww’ =
wu~tuw’ € Fy. But wu™! = wy, is the boundary word of ¢ starting at p and uw’ = wy ,, is
the boundary word of ¢’ starting at p. Since ¢’ is a translate of ¢, wy , and wy, differ in a
conjugation. Thus wr = abab~! = (ab)?b=? for some a, b € Fs.

In conclusion, when I' can be tiled with two equal tiles, only translation allowed, the
boundary word of T" is a product of two squares and the polynomial Pr is a multiple of 1+
XFky'! for some k,[ € Z. The definition of the winding invariant was originally introduced
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to generalize this result. For a word w € F/, we wanted to associate a polynomial which
was a multiple of 1 + X*Y! if w is a product of two squares.

What can be said in the general case, when T' is tiled by two equal tiles and rotation
and symmetry are allowed? In this case Pr = P(X,Y) + X*Y!'Q(X,Y) for some k,l € Z
and Q(X,Y) one of the following eight: P(X,Y),P(Y,X 1), P(X~ 1, Y1), P(Y~! X),
P(X 1Y), P(Y"L, X Y, P(X,Y™ 1), P(Y, X). And the boundary words of such regions
are of the form wr = ap(a)p(b)b for some automorphism ¢ of Fy, if ¢’ is obtained from
t by an orientation preserving transformation, while wr = ap(b)p(a)~ b~ if the trans-
formation is orientation reversing. They are a twisted product of squares and a twisted
commutator, respectively. If not a topological or group theoretical answer, maybe another
simple necessary condition for the existence of a bisection can be obtained from the poly-
nomial condition.

11.2. The equation a’b*c?d®> = 1 and normal roots. The equation a? = 1 has only one
solution in F». The equation a?b? = 1 has infinitely many solutions in Fo: they are exactly
the pairs a = w,b = w~! with w € Fy. The equation a?b?c? = 1 has its solutions described
by the proof of the Vaught conjecture: they are of the form a = w™, b = w™,c = w* for
w € Fy and n,m,k € Z such that n + m + k = 0. The equation a?b*c?d? has a set of
solutions which is more difficult to describe. A solution must satisfy that (a, b, c,d) < Fo
is a free group of rank 1 or 2 [108, Section 5]. See also [44, Section 4] to learn about
some solutions of this equation (see [35] and [36] for the solution of [a,b] = [c,d] in free
groups and free products). One way to produce solutions of this equation is by considering
regions I" that admit two different bisections, each of them a tiling by a tile and a translate.

Example 100. Figure 16 shows a region I" and two different bisections by translates of a
tile.

FIGURE 16. A region with two bisections by a tile and a translate.
The boundary word w = y*zyxy 42~y ~'2~! has then two descriptions as a product of
squares. Let u = y?zyxy 22~ 'y~ '2~! be the the boundary word of the tile in the first bi-
section. Then w = wvuv™! = (uw)?v=2 for v = zyzy’zlyla~!. Let v/ = yloya~!
be the boundary word of the tile in the second bisection. Then w = w/v'u/(v')~! =
(u'v")2(v")~2 for v' = xy. Thus, we have the following solution for a?b*c*d? = 1: a =
w=y%b=v =ayzy 2z ly a7 c=v =y, d = (W)t =Pz ly A

Of course, a similar idea can be used to produce solutions of the equation a"b" = ¢™d™
for n,m > 2. In this case we should find a region which admits a tiling by n translates of
tile t and another tiling by m translated of a tile ¢'. In each case the translation vectors

must be of the form 0,v,2v,...,(n —1)vand 0,v/,2v/,... (m — 1)V’

If a region I' can be tiled by a unique tile ¢, then the boundary word of T" lies in the
normal closure of the boundary word of . When a word w € s is in the normal closure
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of a word r € Fy we say that r is a normal root of w. If r is a normal root of w then any
conjugate of r or ! is also a normal root. There are words which admit many normal
roots, none of them a conjugate of another. In fact, if w € F,, then any primitive element
of [Fy is a normal root: if {u, v} is a basis of Fy, w is a product of powers of u and v, and
since w € T, the total exponent of v in this expression is 0, so w € N(u). The following
remains open ([25, Problem F27]).

Question 101. (Magnus) Can an element in F,, which is not in F), have infinitely many
pairwise non-conjugate normal roots?

Magnus studied some cases in [114], McCool [119] extended results of Steinberg [153]
about normal roots of z"y™, and also characterized the normal roots of [z, y].

One way to produce elements in F/, with many (finite) normal roots, also in I}, is to
find a region I" with many tilings by a unique tile.

Example 102. Figure 17 shows a region I' and five tilings by a unique tile. The two tilings
in the left are real tiles. The partitions in the middle are not tilings strictly speaking, be-
cause the pieces are not homeomorphic to disks. But they are simply connected and the
same ideas work. The partition in the right is done with a piece which is not even con-
nected, but if we allow maximal 1-cells, we can connect both squares to obtain a simply
connected piece and everything works fine. There is one trivial tiling by a unique tile and
another trivial tiling by 1 x 1 squares which does not appear in the picture. An eighth poten-
tial tiling by another non-connected piece (of size 4) does not produce a normal root. The

B

o
o
>[=]

A[B B|A
A A

FIGURE 17. Tilings by tiles and other pieces.

2 1 1

seven normal roots of wr = y2wyx?yry 2z 'y a2y 12~ = [y?, 2yx?yx] which are ob-
tained from the boundary words of the tiles are: wr, [y, zyx], [v?, 2], [y, zyz’yz], [y, zy=],
lyz?y, 2], [z, y].

11.3. Full invariant tile sets. To finish we want to mention an application of Hitchman’s
ideas. We will say that a set " = {¢1,ta,...,t,} of tiles is full invariant if for each tileable
region I, the number b;(«) of tiles of type i in a tiling a by T is uniquely determined by
I'. In other words, for any two tilings «, /3 of a region I, the numbers b;(«) and b;() are
equal for every 1 < i < n.

Example 103. The set T = {t¢;,t2} of tiles in Figure 18 is not full invariant since there is
a region which can be tiled by 2 translates of ¢; and 4 of ¢ and it can also be tiled by 8
translates of ¢; and none of ¢,.

To be full invariant means that the tile counting group is the whole group Z[T] (see
[84]).
The next proposition follows immediately from Hitchman’s results.
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- -

affum

t1 ts T

FIGURE 18. Two tilings with different number of tiles of each type.

Proposition 104. Let T = {t1,ta,...,t,} be a set of tiles. If Pr is aspherical, T is full
invariant.

Proof. This follows directly from [84, Theorem 3.1] since in this case h(J) = 0. Alterna-
tively we can avoid the argument with pictures and use the fact that the relation module
of Pr is a free Z|Gr]-module generated by the classes of the relators w; = w;,. Two tilings
a and (3 of a region I" determine van Kampen diagrams with the same boundary word wr,

so we have
wr = H ujwij ] H v]wk ’U
jeJ jeJ’
for certain u;,v; € Fy. The number b;(a) is the number of j € J such that i; = 7 and
b;(B) is the number of j € J' such that k; = i. In the relation module Z[G]" we have
> ujwi; = Y Vjwg,. Applying the augmentation €" : Z[G]" — Z" we obtain the required
identities b;(«) = b;(5). O

Thus, usual strategies for proving asphericity can be used to deduce properties of tile
invariants.

Example 105. The set 7' = {t1,t2} of tiles in Figure 19 is full invariant. It is easy

t

t, L
FIGURE 19. A full invariant tile set.

to check that Pr = (x,y|w;,w2) is aspherical by noting it satisfies the small cancella-
tion condition 0(6): no relator is a product of fewer than 6 pieces. The relator w; =
yx?yx3yxdy~te—ly~ 24y ~1z=3 contains six letters y but no piece of w; contains two y.

The same happens with wy = xy2zy3zy 3z~ lyz~ly*z~'y3 and the letter z.
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A. ASPHERICAL PRESENTATIONS AND FREEDOM OF RELATION MODULES

If a presentation is aspherical its relation module is free with a basis given by the classes
of the relators. This result is well-known for the researchers in the area but we could not
find a good reference for a proof. Let P = (X|R) be a presentation of a group G and
let K be its standard complex. So K has a unique 0-cell, one 1-cell for each generator
and one 2-cell for each relator. The attaching map of the 2-cell corresponding to » € R
follows the 1-cells associated to the letters in r with orientations given by the signs. The
fundamental group of K is 7 (K) = G. Let p : K — K be the universal cover of K. The
restriction ¢ : (K)* — K to 1-skeletons is also a covering. The fundamental group of K
is m (K!) = F(X) and the covering ¢ corresponds to the subgroup N(R) < F(X). Indeed,
if w € N(R), the corresponding loop in K! becomes trivial in 1 (K) = F(X)/N(R) so
it lifts to (the 1-skeleton of) K. This proves that N(R) < g.(m1((K)')). On the other

hand, if i : K!' — K denotes the inclusion, i.q, : 71 ((K)!) — 71 (K) factorizes through
T (K) = 0. Thus, ¢ (71 ((K)')) C ker(i,) = N(R). Note that (K)! is the Cayley graph
I'(G, X). The relation module of P is N(R)/N(R)' = H,((K)'). This coincides with the
kernel of d : C1((K)') — Co((K)') in the cellular chain complex. On the other hand,

since K is simply-connected, we have an exact sequence of Z[G]-modules

0 — ker(ds) — Co(K) B C1(K) B Co(K) — Z — 0.

Of course, ker(dy) = Hy(K) = m(K) = mo(K). So, if P is aspherical (my(K) = 0),
dy : Co(K) — ker(dy) = N(R)/N(R)' is an isomorphism and then the relation module
is a free Z[G]-module. For a relator » € R, the corresponding 2-cell of K is lifted to
one 2-cell g7 of K for each element g € G. Cy(K) is the free Z|G]-module with basis
{7}rer. The homomorphism dy maps 7 to rN(R)" € N(R)/N(R)'. Thus, if P is aspherical,
N(R)/N(R)' is the free Z|G] module with basis B = {rN(R)'},cr. Conversely, if the
relation module is free with basis B, then ds is injective and P is aspherical.
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LIST OF SYMBOLS

Fo the free group of rank 2 with basis {z, y}
[u,v] = vou~tv™!
G =G, G| the derived/commutator subgroup
G/l — [G/, G/]
NG, X) the Cayley graph of G with generating set X
Z[XF Y+ the ring of Laurent polynomials in two variables
exp(z,w), exp(y, w) the total exponents of x and y in w € Fy
Y the curve associated to w € [y, p. 6
w(v,p) the winding number of v around p € R?
P, = W(w) the winding invariant of w € F}, p. 6
N(r),N(R) the normal closure of the element r or the subset R
[u1, ug, ..., U] = [u1, [ug, ..., up]]
F(X) the free group with basis X
F, = F(x1,22,...,2,) the free group of rank n
(&% :[xl,acg,...,xn+1] EIFn_H
en = [y, en—1] the Engel words (e; = [y, z])
My = Fy /F) the free metabelian group of rank 2 with generators {xz,y}
M (G) = [G,7m-1(G)]  the groups in the lower central series of G (71 (G) = G)
71(Q) ={g € G|g" € 7(G) for some n > 1}
u(@) the verbal subgroup associated to the word u € F,,, p. 24
Ey(R), Do(R), GE>(R) p. 37
B(n,m) the Burnside group, p. 8
I(W(8S)) the ideal of Z[X*!, Y*!] generated by {Ps}scs
Vo = (exp(z,a),exp(y,a)) € Z2, for a € Fy
Ly labs Upa,b p- 18
L=Lgy the subgroup of Z? generated by v, and v;,
P{(n,m)} the coefficient of XY™ in P € Z[X*!, Y *!]
Clg(9) the commutator length of g € G’, p. 24
Sq(G) the subgroup of GG generated by the squares
Sq(g) the square length of g € Sq(G), p. 24
- _ xeplew) y o) for ) € F
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