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Abstract

Recently Dicks-Linnell determined the L?-Betti numbers of the orientable surface-
plus-one-relation groups, and their arguments involved some results that were obtained
topologically by Hempel and Howie. Using algebraic arguments, we now extend all
these results of Hempel and Howie to a larger class of two-relator groups, and we then
apply the extended results to determine the L?-Betti numbers of the non-orientable
surface-plus-one-relation groups.
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1 Notation

In this section, we collect together the conventions and basic notation we shall use.
Let G be a (discrete) multiplicative group, fixed throughout the article.
For two subsets A, B of a set X, the complement of AN B in A will be denoted by A — B
(and not by A\ B since we let G\Y denote the set of G-orbits of a left G-set Y').
By an ordering, <, of a set, we shall mean a binary relation which totally orders the set.
A sequence is a set endowed with a specified listing of its elements, usually represented
as a vector in which the coordinates are the elements of (the underlying set of) the sequence.
For two sequences A, B, their concatenation will be denoted A V B.
We use R U {—00, 00} with the usual conventions, such as é = 0.
We will find it useful to have a notation for intervals in Z that is different from the
notation for intervals in R.
Let 7, j € Z.
We write
(i1 (i,i+1,...,5—1,7) € ZZ7" it i < 7,
ez if i > 7.
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Also, [iToo] = (i,i+ 1,i+2,...) and [iToo] = [iToo[ V {oo}. We define [j]i] to be the
reverse of the sequence [i1j], that is, (5,7 —1,...,i+ 1,1).

We shall use sequence notation to define families of indexed symbols. Let v be a symbol.
For each k € Z, we let vy, denote the ordered pair (v, k). We let

(Vi, Vig1, -+, vjo1,v5)  ifd <,
Vlitg) == e
() if 1 > 7.
Also, Vjiteo = (Vi) Vi1, Viga, - . .). We define vy;); to be the reverse of the sequence vy

Now suppose that vj;1; is a sequence in the group G, that is, there is specified a map of
sets vpp;) — G. We treat the elements of vy as elements of G, possibly with repetitions,
and we define

I ViViqp1 " 'Ujfl'Uj c G if ¢ g j,
Vlit4] = ip - .
(11 1eqG if i > j.

I _Jyvi v €GOt g >,
VL) = oz
leG if 7 <.

For elements a, b of G, we write @ := a™!, % := aba, and [a, b] := abab.

For any subsets R and X of G, we let ( R) denote the subgroup of G generated by R,
we write R := {*r | r € R,x € X}, and G/{R) = G/(“R). If R = {r}, we write simply
(r), ®*r and G/(r), respectively.

For each set X, the vague cardinal of X, denoted |X|, is the element of [0Too] defined as
follows. If X is a finite set, then |X| is defined to be the cardinal of X, an element of [0Too] .
If X is an infinite set, then | X]| is defined to be oc.

The rank of G, denoted rank(G), is the smallest element of the subset of [0Toc] which
consists of vague cardinals of generating sets of G.

Mappings of left modules will usually be written on the right of their arguments.

2 Background and summary of results

In outline, the article has the following structure. More detailed definitions can be found in
the appropriate sections.

Let S be a surface group, that is, the fundamental group of a closed surface. Here, there
exists some k € [0Too[ and a presentation S = (apqx | w) where either k is even and
w = Hiemg}[%—h To;] (the orientable case), or k > 1 and w = Hx[znk] (the non-orientable

case). Let r € (xpp | ) and let G == (xpy | w,r); we say that G is a surface-plus-one-
relation group. A simple example is (a,b,c | a®b?c?,abc) ~ (a,b | [a,b]). Under the name
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‘one-relator surface groups’, the orientable surface-plus-one-relation groups were introduced
and studied by Hempel [15], and further investigated by Howie [19], with the aim of carrying
some of the known theory of one-relator groups over to these two-relator groups. In the
same area, Bogopolski [4] extended to orientable-surface groups the result of Magnus for free
groups that two elements have the same normal closure if and only if the two elements are
equivalent modulo conjugation or conjugation plus inversion.

The purpose of this article is to study G algebraically, and generalize the work of Hempel
and Howie to include the non-orientable case. If k < 2, then G is virtually abelian of rank at
most two, and we consider such groups to be well understood. Thus we assume that k > 3,
and here the closed surface is said to be hyperbolic. Recall the following.

2.1 Lemma. A free-generating sequence of { a,b,c| ) is given by (x,v, z) = (bacb, ab, cab),
and here ®°([x,y]2?) = (abcab)(bacb)(ab)(bcab)(ba)(cab)(cab)(bacba) = a?b>c?. O

Thus, on setting d = k — 2 € [1Too[, we can change the generating sequence from xpyy to
(x,y) V 2p1q) and arrange for w to take the form [z, yJu, with v € (2114 ).

This leads us to consider the class of two-relator groups described as follows. Let
d € [0Too[, let F = ((z,y)Vzug | ), let u € (zppq | ) < F, let r € F, let
S = ((z,y) Vzuiq | [ yJu), and let G = ((z,y)V zpn1q | [2,ylu, 7). Notice that our
surface group has been changed to a form which includes many new groups, while we lose
three closed surfaces, namely the sphere, the projective plane, and the Klein bottle.

In Section 3, we introduce a rewriting procedure for S.

In Section 4, we recall the concepts of potency and ‘being residually a finite p-group for
each prime p’, and we show that S enjoys these properties, and we discuss connections with
early work of Karl Gruenberg. The potency of S is used later in Section 6 to show that G
is virtually torsion free.

In Section 5, we shall see that by changing (x,y) to a different free-generating sequence
of (x,y | ) without changing [z, y], and then by carefully changing r without changing the
conjugacy class of the image of r in S, we may assume that we have a presentation in which
either r = 2™ for some m € [0Too[, or d > 1 and r is what we shall call a ‘Hempel relator
for the presentation ((z,y)V zu1a || [#,y]u)’. Notice that we use a double bar to distinguish
a presentation from the group being presented.

In the case where r = 2™, we shall see that G is virtually one-relator, and we consider
such groups to be well understood.

The main part of the article then examines the case where r is a Hempel relator; here,
we can generalize the results that Hempel and Howie obtained for hyperbolic orientable
surface-plus-one-relation groups.

In Section 6, for » a Hempel relator, we perform what Howie calls ‘Hempel’s trick’” and
express G' as an HNN-extension of a one-relator group over an isomorphism between two free
subgroups. We deduce that if r generates a mazimal cyclic subgroup of F', then G is locally
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indicable. The proof uses a deep result of Howie which he proved by topological methods;
we present a shorter proof, based on Bass-Serre Theory, in Appendix A. Let m denote the
index of (r) in a maximal cyclic subgroup of F'; we show that

G is (((free) x (cyclic of order m)) by (locally indicable)).

In Section 7, for » a Hempel relator, we verify the exactness of a sequence suitable for
building an E G, a classifying space for proper G-actions.

In Section 8, we recall the concept of VFL and show that GG enjoys this property, and we
calculate Euler characteristics.

In Section 9, we apply all the foregoing Hempel-Howie-type results to calculate the
L?-Betti numbers of the surface-plus-one-relation groups; for the orientable case this was
done in [12, Theorem 5.1], in essentially the same way, using the original Hempel-Howie
results.

In Appendix A, as mentioned, we use Bass-Serre Theory to simplify proofs of some
important results of Howie on local indicability.

3 Rewriting in S = ((z,y) V 2119 | (2, y]u)
We shall use the following at various points in the article.

3.1 Notation. Let d € [0Too[, let #, y and z be symbols, let F':= ((z,y) V z2p1q | ), and
let u and r be elements of F'. Suppose that u € (zpuyq ). Let S = ((z,y) V 2n1q | (7, ylu),
and let G = ((2,y)V 2p1q | [@,y]u, r). We shall denote the natural map I — S by
w +— wmod[z, y|u.

The two-relator group G is a one-relator quotient of S, with relator r mod[z, y]u.

The remaining notations do not concern r or G.

Let N(F) = (Z x ((x) V zp1q) | ). For each i € Z, we shall denote the natural map

(@ Venmal ) =~ {ix(@)Vang) | ) < (Zx(@)Vema)] )
by w — ‘“w. Let y denote the automorphism of N(F') determined by the shifting bijection
(e) V g — (M) Vg

for all @ € Z. Hence C, = (y | ) acts on N(F). If we form the semidirect product
N(F) x Cy, we get the group ((z,y) V 2u1q | ). Thus we may identify N(F) x C with
F, and N(F') then becomes the normal subgroup of F' generated by () V 2p114), that is, the
set of elements whose y-exponent sum, with respect to (x,y) V zu1q), is zero. Notice that, for
each (i,w) € Zx ((z) V zurg| ), we have identified ‘w = Y. Bearing in mind that Z is

an abbreviation for y”* = C, we shall write (%z) for Z x (), and %z[114) for Z X 2174
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Let N(S) = ((%x) V Zzppq | (""'Z-"u-"z | i € Z)). The shifting action of Coo = (y | )
on N(F') induces a Cw-action on N(S), and we find that we can identify N(S5) x Cy with S.
Thus N(S) is the image of N(F') in S.

Foreach j € Z, let y act on ((‘z) V Zzppq | ) by 2 — Ju-z, and, for each z, € Zzpq),
2. — Tz We find that we can make the identification

S = <(]l’> V ZZ[le] | > X Coo

Thus ((9z) V Zzupq | ) canbe viewed as a free factor of N(F') < F which maps bijectively
N(S) in S. By varying j, we get a family of embeddings of N(S) in N(F) < F. O

4 Potency of S = ((z,y)V 2114 | (2, yJu)
In this section, we prove a useful fact about S and recall some related history.

4.1 Definition. A group S is said to be potent if, for each s € S—{1} and each m € [2]o0],
there exists a homomorphism from S to some finite group which sends s to some element of
order exactly m; in this event, we also say that S is a potent group. O]

The following fact, whose proof invokes two results of Allenby [1], will be applied in
Section 6 to show that certain two-relator groups are virtually torsion free.

4.2 Lemma. Foru € (znq | ), the group S = ((x,y) V zjn1q | [2,ylu) is potent.

Proof. In the case whereu # 1, S = (z,y | ) [ >|]< (2zn1q) | ), and then S is potent because
Y,r|=u
the free product of two free groups amalgamating a non-trivial cyclic group is potent [1,

Section 4]. (We can also use the latter result as a perverse reference for the fact that free
groups are potent.) Now we may assume that « = 1, and, hence, S is the free product of a
rank-two, free-abelian group and a free group. Observe that free-abelian groups are potent.
Recall that the free product of two potent groups is potent [1, Theorem 2.4]. (We can also
use the latter result as a less perverse reference for the fact that free groups are potent.) The
result now follows. O

We dedicate the remainder of this section to setting the foregoing results of Allenby into
a historical context, with particular emphasis on connections with the early research of Karl
Gruenberg. This digression will allow us to explain how some of the techniques involved can
be used to prove the potency of S directly.

4.3 Definition. Let us say that a group S is RFpVp if, for each prime p, S is residually a
finite p-group, that is, S embeds in a direct product of finite p-groups; in this event, we also
say that S is an RFpVp-group. O]
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The history begins with free groups.

In 1935, Magnus obtained the following important result.

(H1) Every free group is residually torsion-free nilpotent.

Let us recall the method that Magnus used.

Let R be an associative ring, let X be a set and let R((X)) denote the ring of formal power
series in the set X of non-commuting variables. Each f € R((X)) has a unique expression
as a formal sum ) fiojeo| Where, for each m € [0Too[, f, is homogeneous of degree m. For
cach n € [0Too], let I, denote

I,(R,X)={f € RUX)) | fru=0forall m € [0T(n—1)] },

an ideal in R{(X)). The natural map R({X)) — lim R{(X))//jpjcc[ is an isomorphism and
endows R((X)) with the inverse-limit topology, in which I}y is a basis for the neighbour-
hoods of 0. For each n € [17o0], let U,, denote U, (R, X) =1+ I,,, a subgroup of the group
of units of R((X)). If m € [1Tn], then the natural map from U, to the group of units of
R((X)) /I, has kernel U, 1 and image which can be denoted 1+ (1,,/I,,+1). It follows that
Un+1 is a normal subgroup of U; and that U, /U, is a free R-module which is central in
Ur /Uy
Consider now the case where R = Z. Here, U,,/U, 1 is a free-abelian group, and, hence,
Uy(Z, X) is residually torsion-free nilpotent; see [24, IVal. Also, by considering leading
coefficients in I; for reduced expressions, Magnus showed that 1 + X freely generates a free
subgroup of Uy (Z, X); see [24, I]. This completes the outline of Magnus’ proof of (H1).
Gruenberg [14, p. 29] remarks that A. Mal’cev in 1949, M. Hall in 1950, and Takehasi in
1951, independently found the following result.
(H2) Every free group is RFpVp.
Let us recall how (H2) is related to power series. Let p be a prime number and let R = Z,,
the integers modulo p. In the case where X is finite, U;(Z,, X) is residually a finite p-group,
since the Uy /U, 41 are finite p-groups. In the case where X is infinite, we can retract R((X))
onto R((Y)) for any subset Y of X, and it follows that U;(Z,, X) is again residually a finite
p-group. Now, as Luis Paris pointed out to us, a leading-coefficient argument again shows
that 1 + X freely generates a free subgroup of U;(Z,, X), and this proves (H2).
Since every non-trivial finite p-group has a central, hence normal, subgroup of order p, it
is not difficult to see the following result.
(H3) Every rRFpVp-group is potent.
The result (H3) was presented implicitly by Fischer, Karrass, and Solitar in 1972; see [13,
Proof of Theorem 2]. It was presented explicitly by Kim and McCarron in 1993; see [20,
Lemma 2.2]. The facts (H2) and (H3) together prove the following result.
(H4) Every free group is potent.
The result (H4) was presented explicitly by Stebe in 1971 with a proof, attributed to Pass-
man, based on (H1); see [26, Lemma 1]. Independently, it was presented implicitly by
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Fischer, Karrass, and Solitar in 1972, with a proof based on (H2) and (H3); see [13, Proof
of Theorem 2].

4.4 Remark. Let d € [1Too[, let w € (zp1q | ), and let S = ((z,y) V 2p1q | [7, y]u).

We sketch an argument that shows how power series can be used to prove that S is
RIPVp.

Let p be a prime number.

As in Notation 3.1, S = N(S) X C where Coo = (y | ) and N(S) = ((z) V Zzpja | ).
Here y acts on N(S) by # — %u-x, ‘z, — “"1z,. Let b be a symbol and choose an identification
of the countably infinite set (z) V “z[114 with the subset 1 + bjgjoo; Of Zy((bjoroof)). Hence,
by the p-analogue of Magnus’ result, we get an embedding of N(S) in the group of units of
Zp((botoo[))- Invoking the topology, we see that the action of y on N(S) extends uniquely
to a continuous automorphism of the topological ring Z,((bjo1oc[)). Hence, we can form the
skew-group-ring, or skew Laurent-polynomial ring, (Z,((bpjoe[)))[Coo]. It is then clear that
S embeds in the group of units of (Z,((bjee[)))[Cool-

Consider any n € [17To0].

Let ¢ :==p" and let Cp2 == (y | yq2>.

We have the closed, y-invariant ideal I,41 = Iny1(Zp, bjojoc]) Of Zy({botoof)), and we can
form the skew-group-ring (Z,((bjoroc[))/In+1)[Csc]- It is not difficult to check that the image
of (N(S5))? is trivial, where (N(S))? denotes the subgroup of N(S) generated by the gth
powers of elements of N(S).

Let J,41 denote the (closed, y-invariant) ideal of Z,((bjoo[)) generated by

Lig1 U {2 — %, | 2, € P2pa )

Again, we can form the skew-group-ring (Z,((bjo1cc[))/Jn+1)[Cs]. The y?-action fixes the
image Zzp114 of “z(114 and carries the image of  to the image of (I a=110%) 2, and, hence,
the y¢°-action carries the image of z to the image of (JT@~ %)%z € (N(S))%, which equals
the image of . Thus we can form the skew-group-ring (Z,((bjotoc[))/Jn+1)[Cq2] and find that
the image of S is a finite p-group. By varying n, we see that S is residually a finite p-group.
By varying p, we see that S is RFpVp. By (H3), S is potent. O]

In 1957, Gruenberg proved the following two results; see [14, Theorem 2.1(i) and Part
(iii) of the Corollary on p.44].
(H5) Every residually torsion-free nilpotent group is RFpVp.
(H6) The free product of any family of RFpVp-groups is RFpVp.
Each of these sheds important light on (H2).
In 1981, Allenby obtained the following result; see [1, Theorem 2.4].
(H7) The free product of any family of potent groups is potent.
This sheds light on (H4).
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We next consider a class of groups which contains S when u # 1.
Let A and B be free groups, let a € A — {1}, and let b € B — {1}. The amalgamated
free product A * B is called a cyclically-pinched one-relator group.

a=b
In 1968, G. Baumslag used power series to obtain the following result; see [3, Theorem 1].
(H8) If a is not a proper power, and B is cyclic, then A be is residually

torsion-free nilpotent.
In particular, by (H5), A * B is then RFpVp. In 1998, Kim and Tang used this to obtain

the following result; see [21 Corollary 3.6].
(H9) A el B is rRFpVp if and only if a or b is not a proper power.

This gives the earhest proof we know of that S is RFpVp, since the case where u # 1 follows
from (H9) with A= (z,y | ), B=(zn1q| ),a=[y,x], b=u,since [y, ] is not a proper
power, while the case where u = 1 follows from (H6) and the fact that free-abelian groups
are RIpVp.
In 1981, Allenby obtained the following result; see [1, Section 4].
(H10) Aa*bB is potent.

We have seen that (H10) and (H7) together imply that S is potent.

Finally, let us mention fundamental groups of closed surfaces.
In 1968, Chandler [8] obtained the following result.

(H11) For every closed surface except the projective plane and the Klein bottle,
the fundamental group is residually torsion-free nilpotent and, hence,
by (H5), is RFpVp.

The following is a consequence of (H10).

(H12) For every closed surface except the projective plane, the fundamental group

is potent.

5 Hempel relators

In this section, we introduce Hempel relators and show how to find them.

5.1 Definitions. Let F' be a group, let  be an element of F', and let R be a subset of F'.

We say that r has a unique root in F' if and only if either r = 1 or r lies in a unique
maximal infinite cyclic subgroup of F'.

If r # 1 and r lies in a unique maximal infinite cyclic subgroup C' of F', we define the
unique root of r in F, denoted {/r, to be the unique generator of C' of which r is a positive
power, and we define logpr = [C:(r)]. Here, if s = {/r and m = logp r, then s™ = r.

We say that 1 is the unique root of 1 in F, and we define {/1 := 1 and log, 1 == oc.

We say that F' has unique roots if each element of F' has a unique root in F'. For example,
a free group has unique roots.
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We say that R has unique roots in F' if each element of R has a unique root in F'; in this
event, we let /R denote the set of unique roots of elements of R in F. n

5.2 Lemma. With Notation 3.1, there is a free-generating sequence (z',y') of (x,y | )
such that [2',y'] = [x,y], and the y'-exponent sum of r with respect to (¢',y') V zn1q) 15 zero,
and the '-exponent sum of r with respect to (¢',y') V 214 s non-negative.

Moreover, S has unique roots and any element of the free subgroup N(S) has the same
unique root with respect to both S and N(S).

Proof. Let a and b respectively denote the x- and y-exponent sums of r with respect to
(x,y) V 219 We want @ > 0 and b = 0.

Replacing x with xy™! fixes [x,y] and changes (a,b) to (a,b =+ a). Replacing y with ya®!
fixes [z, y] and changes (a,b) to (a£b,b). If ab # 0, then one or more of these four operations
reduces |a| + |b|. By repeating such operations, we can arrange that ab = 0. If a = 0, then
we can alter (0,b) to (b,b) and then to (b,0); thus we may assume that b = 0. Finally, if
a < 0, we can successively alter (a,0) to (a,a), (0,a), (—a,a), and (—a,0). Thus we may
also assume that a > 0.

We next show that r mod[z, y|u has a unique root in S. We may assume that r mod|z, y]u
liesin S—{1}. Let (2/,3') be a free-generating sequence of (z,y | ) such that [z, ] = [z, y],
and the y/'-exponent sum of r with respect to (2',y’) V 21114 is zero. To simplify notation, we
forget the original (x,y), use (z/, ) as the new generating sequence, and name it (z,y). Thus
we may assume that 7 mod|x, y]u lies in N(5), a free subgroup of S. Hence r mod|[z, y]Ju has
a unique root in N(S). Any cyclic subgroup of S containing r mod[z, yJu maps to a finite,
hence trivial, subgroup in S/N(S) = Cx = (y | ). Hence, any cyclic subgroup of S
containing r mod|x, y]u lies in N(.S). Thus the unique root of r mod[z, y|u in the free group
N(S) is the unique root in S.

Since r mod[z, y|u is an arbitrary element of S, this completes the proof. ]

5.3 Definition. With Notation 3.1, let X; :== (lz) v 01°°lz;,. We say that r is a Hempel
relator for the presentation ((z,y)V zuq || [#,y]u) and that ((z,y) V zp1a || [@, ylu,7) is a
Hempel presentation if the following hold.

(R1) re(Xy| )SNF)SF,
n (X;| ), risnot conjugate to any element of { %u-1z) .

(R2) I
(R3) With respect to X7, r is cyclically reduced.
(R4)

R4) With respect to X, r involves some element of ° 2[114), that is, r does not lie in the free
factor (('z) v B1*lzq] ). O

We now want to show that for our purposes we can assume that r is a Hempel relator.
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5.4 Lemma. With Notation 3.1, there exist an element w of F, an element v of (¥'([z, ylu)),
and an automorphism a of (x,y | ) which fizes [x,y|, such that the element v’ formed from
r by first applying o and then left multiplying by v and then left conjugating by w is either
a non-negative power of v or a Hempel relator for ((z,y) V zp1q || [z, ylu).

Here, G ~ ((x,y) V zp1a) | [z, ylu, ') and logp r" = logg(r mod[z, yu).

Proof. We shall successively alter r, and to avoid extra notation we shall use the same symbol
r to denote the altered element of F' at each stage.

We first alter r by automorphisms of (x,y | ) which fix [z,y]. By Lemma 5.2, we may
assume that the y-exponent sum of r with respect to (z,y)V 21114 is zero, and the z-exponent
sum of r with respect to (x,y) V 214 is non-negative. Hence r mod[z,y|u lies in the free
subgroup N(.5).

For each j € Z, we can view (7z) V %zpq4 as a free-generating sequence of N(S) and
express r mod[z, y|u as a word therein and lift the word back to a new element of N (F); this
multiplies r by an element of (¥ ([z,y]u)). We then reduce the expression cyclically, which
corresponds to conjugating r in F. ,

If 7 = J2™ for some m € Z, then m > 0. By replacing r with Y”'r, we may assume that
r = 2", and the desired conclusions hold.

Thus, we may assume that, for each j € Z, the cyclically reduced expression for r
in (Jx) Vv szd] involves some element of Zz[m], and, hence, there is a unique smallest
non-empty interval [p1;Tv;] in Z such that the cyclically reduced expression for r in (7z)VZzp14
is a word in (Jz) v lvlz .

We claim that for some k € Z, puri1 = k.

To pass from (72) V Zzppq to (9z) V Zzp1g, we replace 7tz with Ju -z and reduce
cyclically. In passing from [p;11Tv41] to [p;Tv;], we may add j, we may delete some values,
and we then take the convex hull in Z. By repeating this change sufficiently often, we find
that, for j << 0, j < p;. Among all j € Z such that j < p;, let us choose one that minimizes
vj — p; € [0700].

To pass from (7z) V Zzppg to (711z) V Zzppg, we replace 7z with 7z - 7'z and reduce
cyclically. In passing from [p;Tv;] C [jToo] to [pj+1Tvj+1], we may add j, we may delete
some values, and we then take the convex hull in Z. Hence, [pj+1Tvj11] C [j1v;]; that is,
fjv1 = J and v < v

If pjp1 = j, we take k = j.

To prove the claim, it remains to consider the case where p;1; > j+1. By the minimality
assumption, p;1 < p;. Hence, j+1 < 1 < py. Since j+1 < p;, when we replace /2 with
Ju -7z the occurrences of /u survive unaffected by (cyclic) reduction. Since j + 1 < pjy1,
we see that /u = 1. Hence u = 1 and, hence, p1; does not depend on j. We take k = 19, and
then py1 = po = k.

In all cases, then, we have some k € Z such that u,, = k. By replacing r with yfkr, we
may arrange that £ = 0. Now r has become a Hempel relator. Notice that r is not conjugate



Y. Antolin, W. Dicks and P. A. Linnell 11

to a power of % - 'z in ((lz) v 01z, | ) because r mod[z, yJu is not conjugate to a
power of %z in (('2) V Zzupq | ) = N(S). O

In Examples 8.3, we shall see that, in the case where r € (z), G is virtually one-relator;
we consider such groups to be well understood.

6 HNN decomposition, local indicability and torsion

In this section, we shall extend three types of results of Hempel and Howie, namely the HNN
decomposition, the local indicability, and the analysis of torsion.

6.1 Notation. We shall use a left-right twisting of the notation in [10, Examples 1.3.5(v)],
and write G, X t. to denote an HNN extension, where it is understood that G, is a group,

G. is a subgroup of Gy, there is specified some injective homomorphism Z,: G, — Gy, g — ‘eg,
and the associated HNN extension is

Gv é"e te = (Gv * <te | >)/4 {Ee'g'te'ieg | g € Ge} D

If G = GUG* te, then the Bass-Serre G-tree has vertex set G/G, and edge set G/G,, with
gG. joining Z]Gv to gt.G,, for each g € G. O

In the case where r is a Hempel relator we shall now see that we get an HNN extension
of a one-relator group over a free group.

6.2 Notation. With Notation 3.1, suppose that r is a Hempel relator for the presentation
((z,y) V 2qra || [, yJu); thus, for X = (z) Vv 0Tz, the following hold.
RL) re(Xi| )<SN(F)SF.

0_

(R2) In (X; | ), ris not conjugate to any element of (x ), where z := “u-'z. In particular,
r # 1 and, hence, d # 0.

(R3) With respect to X7, r is cyclically reduced.
(R4) With respect to Xi, r involves some element of %2114

(R5) With respect to X, r involves some element of “z}114, where v = v(r) denotes the least
element of [0Too[ such that r € ((12) Vv Oz, ).

Since 'z = % - 2, we can identify ((z) V OMzq | ) = ((*2) vV Oz | ), and

thus view r as an element of a free group with two specified free-generating sequences. With
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respect to (z) V 0™z ,p, r involves some element of “zpi14, even if v = 0, by (R5) and (R2).
With respect to (1z) V ©1zy,4, r involves some element of 2114, by (R4). We define

Gop = ((x) V "z | r) = (") v g | 1),
Gotp-ny = {((x) v 10 ),
Gup = (("z) v Mg | ).

By Magnus’ Freiheitssatz, which appears as Corollary A.3.2 in Appendix A, the natural
maps from Goy,—1y) and Gy, to Gopy) are injective.
We have an isomorphism y: Gor—1)) — Gty given by the natural bijection on the

specified free-generating sequences. We can then form the HNN extension G[OM x 1. On
[1Tl/
simplifying the presentation we recover the presentation of G and thus obtain the HNN

decomposition G' = G[mu] x Y. O
[lTu

In the case where (G is a hyperbolic orientable surface-plus-one-relation group, this HNN
decomposition was obtained topologically by Howie [19, Proposition 2.1.2(c)| who attributed
it to an argument implicit in [15, Proof of Theorem 2.2] which in turn is attributed to Howie.

6.3 Definition. A group is said to be indicable if either it is trivial or it has some infinite,
cyclic quotient. A group is said to be locally indicable if each finitely generated subgroup is
indicable. O

6.4 Theorem. Let d € [0Too[, let F' = ((x,y)V 2p1q | ), and let w and r be elements

of F. Suppose that u € ( zj11q ), and that r is a Hempel relator for ((z,y) V znrq || [z, ylu ).
Let G = ((z,y) V zpyq | [z, ylu,r). If {/r =r, then G is locally indicable.

Proof. We use Notation 6.2.
In G, define, for each i € 7Z,
Glit(isv—1)) = Y(Gop-y) = (('z) v FE 0],
Glit(irm) = (Grow) = ((‘z) v FEDzpg | i),

We can then write
(1) Gt = (Gprisv—1y * T zma | )/ ).

Since {/r =r, 'r is not a proper power in Gppgrv—1) * ("apa | ).

By (R2), (R3) and (R5), O € Gop- o) % (Yzj11q | ) s not conjugate to any element
of Gioj(v—1). Hence * r € Glit(itv—1)] * (v 2[11d) | ) is not conjugate to any element of
Glit(i4v—1)-
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By using 7 + v + 1, we can form the free product with amalgamation

Gliti+v+1) = Gty * Gli+1)1(i+v+1)]
< (1u Vg — H—lx) v [(z—&-l)T(H-V)}Z[le} |

= G[iT(iJrv)] * G[(i+1)T(i+u+1)}-
Gl(i+1)1(i+v)]

By varying i, we get a bi-infinite chain of free products with amalgamation

N(G) = Gla-iitv-1) *  Glit(itw)) * Gl @v+1)] -
(i1 (i+v—1)] Gl(i+1)1(i+)]

Here C, = (y | ) acts by shifting and we find that N(G) x Cs = G. For any finite,
non-empty interval [j74] in Z let us define

Gt = Gt * * Glit(i4v))»
G016+ Glititv—1)]

a subgroup of G. By using (1), we see that

Giittirr)] = (Gitrv—1y * (P 2ma | N/ {r).

Now r € Gursv—1) * ("2pra | ) € Gljtisv—1) * (" 2p1q | ), and r has the same
cyclically reduced expression in both free products. In particular,  is not a proper power and
is not conjugate to any element of G|j1(i+,—1). By a result of Howie given as Corollary A.3.6

in Appendix A, the subgroup Gpjiee; = U G4y is then locally indicable. It follows
i€[jToo]
that  |J  Gpjjoof is locally indicable, that is, N(G) is locally indicable. Hence, N(G)xCy
JE[0L(—00)
is locally indicable, that is, G is locally indicable. This completes the proof. Il

In the case where G is a hyperbolic orientable surface-plus-one-relation group, the above
result was given by Hempel [15, Theorem 2.2] with its proof attributed to Howie.
We now discuss torsion.

6.5 Theorem. Let d € [0Too[, let F = ((x,y)V zn1q | ), and let u and r be elements
of F. Suppose that u € ( znyq)) and that r is a Hempel relator for { (x,y) V zpia || [, ylu ).
Let G = ((z,y) V 2pn1q | [z, ylu,r).
Let m =logpr and let Cy, .= ( {/r Y/{r]). Then the following hold.
(). Cy, can be identified with the subgroup of G generated by the image of {/r.
(ii). G/(“Crn) = ((x,y) V 214 | [z, ylu, ) which is locally indicable.
(iii). There exists a subset X of G such that {¢C,,) = *(XC,,) == g;kX(gC’m). Let K denote

the kernel of the homomorphism *(XC,,) — C,, which acts as conjugation by g on
9C,,, for each g € X. Then K is a free group, and (€C,,) = K x C,,.
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(iv). Each torsion subgroup of G lies in some conjugate of C,,.
(v). Ewery torsion-free subgroup of G is locally indicable.
(vi). G has some torsion-free finite-indezx subgroup.

Proof. We again use Notation 6.2.

Notice that d # 0 and r # 1, by (R2).

Notice that {/r too is a Hempel relator for ( (x,y)V zu1q || [z, y]u), and that v({/r)=v(r)
by Lemma 5.2.

(i). By results of Magnus, we can view C,, as a subgroup of the one-relator group Gy

By results of Higman, Neumann, and Neumann, we can view G|oy,] as a subgroup of G. Thus
(i) holds.

(ii) follows easily from Theorem 6.4.

(iii). It is straightforward to see the following.

G/(“Cn) = ((2,9) V 21 | [z, y]u, Ir)

= ((z)Vv O r *
(@) 10 | V7)ot )
= (Gprn/(C0MCn)) _* y.
Gt

If we consider { “C,, ) acting on the Bass-Serre tree for the HNN decomposition of G, we now
see that (“C,, ) acts freely on the edge set, and that the quotient graph is the Bass-Serre
tree for the above HNN decomposition of G/{¢C,,). Hence (“C,,) is a free product of
conjugates of (“0IC,, ), with one conjugate for each vertex of the latter tree. By [13,

Theorem 1], {“0C,, ) in turn is a free product of conjugates of C,,. Hence, (“C,,) is a
free product of conjugates of C,,. Hence we have the desired homomorphism (“C,, ) — C,,,
and its kernel K. Clearly (9C,,) = K x C,,. If we consider K acting on the Bass-Serre
tree associated with the graph-of-groups decomposition of { “C,, ) as a free product of copies
of C,,, we see that K acts freely on the vertex set, and, hence, K is a free group.

(iv). Suppose that H is some torsion subgroup of G. The image of H in the torsion-free
quotient G /(¢C,, ) is then trivial, that is, H < (9C,,) = K xC,,. Since HN K is necessarily
trivial, H embeds in C,, and, in particular, H is finite. Also, H lies in {“C,, ) = *(XC,,).
By Bass-Serre Theory, or the Kurosh Subgroup Theorem, H lies in a conjugate of C,,.

(v). Suppose that H is some torsion-free subgroup of G. Then, by Bass-Serre Theory,
or the Kurosh Subgroup Theorem, H N (*(*C,,)) = H N (YC,,) is free, and, hence, locally
indicable. Now H/(H N{“C,,)) embeds in the locally indicable group G/{“C,, ), and hence
is locally indicable. It follows that H is locally indicable.

(vi). We imitate the proof of [13, Theorem 2|. By Lemma 4.2, or Remark 4.4, there
exists some finite group ® and some homomorphism a: ((z,y) V zu1q | [z, y]u) — @ such
that a({/r) has order exactly m. This induces a homomorphism

B ((2,y) V 2[114) | [z, ylu,r) — @
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0 0
0 D A® D
f (o' 7)
A—S5 B B FE
@ g (5)
B %, F F
b h hi
0 cC ‘.6 -5 H 0 H
0 0 0

Figure 7.1.1: A double complex and its total complex

which is injective on C,,. Let N denote the kernel of 3: G — ®. If H is some torsion
subgroup of N, then, by (iv), H C 9C,, N N for some g € G. Since f is injective on 9C,,
and vanishes on N, we see that 9C,, N N = {1}. Thus N is torsion free and of finite index
in G. [

In the case where G is a hyperbolic orientable surface-plus-one-relation group, Howie [19]
proved several of these results.

7 Exact sequences

In this section, given a Hempel presentation we verify the exactness of a sequence suitable
for building a classifying space for proper actions.

7.1 Remark. We shall find ourselves considering diagrams of abelian groups of the forms
that appear in Fig 7.1.1, where maps are written on the right of their arguments. If the
left-hand diagram is commutative and its two columns and long row are exact, then the
right-hand diagram is an exact sequence; this implication follows from the theory of total
complexes of double complexes, and is easy to check by chasing diagrams. O]
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7.2 Notation. Let W be a set and let GG be a group.

We identify Z|GxW] = ZG ®7ZW , and, hence, for each (p, w) € ZG x W, we view p@w
as an element of Z|GxW].

We also identify Z[G x W] with the direct sum of a family of copies of ZG indexed by W.

For any subgroup C of G, we consider C' as acting trivially on W and write Z[G xc W] =
17.G Qg ZW.

For any map of sets a: W — G, w — «(w), the map of sets

W @CWDG = (g ¢) o Gewat)= (18, o)

extends uniquely to a group homomorphism (W | ) — (Z[GxW]) x G, denoted

r— (&, a(r). We call 2= the total For derivative of r (with respect to W, relative
to ). If the map « is understood, then, for each w € W, we write g—; ® w for the summand
of ;—V’;/ corresponding to w. O

7.3 Theorem. Let d € [0Toc[, let F' == ((x,y)V zntq | ), and let w and v be elements

of F'. Suppose that u € (zp1q ) and that r is a Hempel relator for ((x,y) V zurq || [z, ylu).
Let m == logpr and G = ((z,y) V zm1a | [z, ylu, 7).

Let C denote the subgroup of G generated by the image c of {/r. Let (x,y,2n1q) denote
(,y)V2p1a), and let G < ([z,ylu, or) denote (G x {[z,ylu}) U(G xc{r}). Then the sequence

of left ZG-modules given by

1®z,y]u
. Ozyu
(z,y,2[114])
1®cr 1w
e Oor
3(@.9.2[11q)) = (w=1)1 (1—~G)

0-Z[Gx ([, ylu, o) 2(Gx (2,y., )| 2(C 11D 26 G) -0

15 exact.

Before we give a proof, let us digress to emphasize the classical topological significance
of having an exact sequence of left ZG-modules as in Theorem 7.3.

7.4 Review. (i). Let G be an arbitrary discrete group.

By the Hurewicz-Whitehead Theorem, a CW-complex is contractible if and only if it
is acyclic and simply connected; for our purposes we could take this as the definition of
contractible.

A G-CW-complex is a CW-complex on which each element of G' acts continuously, per-
muting the open cells of each dimension fixing only those cells which it fixes pointwise.
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Within the context of G-CW-complexes, an EG (pronounced e.g.) is a contractible
G-CW-complex on which G acts freely. An EG is also called a classifying space for free
G-actions.

The CW-complex quotient of an EG by the G-action is called a BG, and is also called a
K (G, 1), and is also called a classifying space for G, and is also called an Eilenberg-Mac Lane
space for G. The fundamental group of a BG is isomorphic to G, and the higher homotopy
groups of a BG are trivial.

In the context of G-CW-complexes, an E G (pronounced E-underbar G) is a G-CW-com-
plex with the property that, for each subgroup H of GG, the subcomplex fixed pointwise by
H is contractible if H is finite, and is empty if H is infinite. The latter condition means
precisely that all cell-stabilizers are finite, and, in this event, we say that the G-action is
proper. An E G is also called a classifying space for proper G-actions.

The CW-orbifold quotient of an E G by the G-action is sometimes called a BG. In the
sense of K. S. Brown’s two-dimensional extension of Bass-Serre Theory, the fundamental
orbifold group of a BG is isomorphic to G; see [6].

(ii). Let (X || R) be a finite presentation, and let G = (X | R). We use g, x, and r to
denote variables ranging over GG, X, and R, respectively, and we use the same symbol = to
denote the image of z in (X | ), and, also, to denote the image of z in G.

Recall that the Cayley complex of { X || R), denoted € = C( X || R), is a two-dimensional
CW-complex with exactly one 0-cell, denoted [1], and with set of 1-cells, denoted [X], in
bijective correspondence with X by a map denoted X — [X], z — [z], and with set of 2-cells,
denoted [R], in bijective correspondence with R by a map denoted R — [R], r — [r]. The
attaching maps are forced for the 1-cells. Each r is a word in X VX!, and we take the closure
of the 2-cell [r] to be a polygon whose (counter-clockwise) boundary has the corresponding
labelling in the 1-cells and their inverses, and this labelling gives the attaching map for [r];
the inverse of a 1-cell is the same 1-cell with the opposite orientation. The fundamental
group of €, with base-point the unique O-cell, has a natural identification with G = ( X | R).

We define € = C(X || R) to be the following G-CW-complex. The G-sets of 0-, 1-, and
2-cells are G x {[1]}, G x [X], and G x [R], respectively. The initial O-cell of (g, [z]) is (g, [1]).
The terminal O-cell of (g, [z]) is (g, [1]). We introduce the notation (g, [z]) = (g7, [z])~*.
The boundary label of the 2-cell (g, [r]) is the sequence

((gITzpra-y [=:]) [ @ € 1TN]),

where x(11y) is the sequence in X vV X ~1 which gives the reduced expression r = me N]-
The boundary label of (g, [r]) is a closed path at (g, [1]) that reads the element r of (X | ).
If we choose a path from the base-point (1, [1]) to (g,[1]) in the one-skeleton of €, then we
can form a closed path in € at (1,[1]) that reads 9 and is made null-homotopic by (g, [r]).

It is not difficult to show that € is simply connected, as follows. Each closed path at
(1,[1]) in € can be homotoped to a closed path at (1,[1]) that lies in the one-skeleton of C.
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Each closed path at (1,[1]) in the one-skeleton of C reads an element of (R) in (X | ) and,
hence, can be homotoped to a concatenation of closed paths at (1,[1]) in the one-skeleton of
C each of which reads a conjugate of an element of R or its inverse and is null-homotopic.
This implies that € is simply connected.

It is clear that G\@ = C. It can be checked that € is a universal cover of €, and that the
augmented cellular chain complex of € is the ZG-complex

1®[r]— 2% 1®[1]—1
-t - =

0 — Z[G x [R]] Z|G x [X]) 2D, 716 x {[1])] Z— 0.

(iii). We now use the notation of Theorem 7.3; in particular, z, r, and g do not represent
variables.

Let X = (2,y) V 2u1a, let R = {[z,y]u,r}, let C:= C(X || R), and let € == (X | R).

Let €" denote the CW-complex that is obtained from € by identifying the 2-cells (g, [r])
and (gc, [r]), for each g € G. The boundary of (gc, [r]) is a cyclic shift of the boundary of
(g,[r]), and together (g, [r]) and (gc, [r]) form a 2-sphere in € (with identifications of at most
finitely many O-cells on the equator); we are collapsing this 2-sphere by identifying the two
2-cells without altering their common boundaries.

Consider the augmented cellular chain complex of C; identifying gc ® [r] with g ® [r], for
each g € G, yields the augmented cellular chain complex of €', and this is the exact sequence
of Theorem 7.3; hence € is acyclic. The collapsing of 2-spheres by identifying opposite
faces affects neither the one-skeleton nor the fundamental group, and, hence, € is simply
connected. By the above-mentioned Hurewicz-Whitehead Theorem, €' is contractible.

If m=1, then =€, Cisan FG, and C is a BG.

If m > 2, although G does permute the open cells of €', € is not a G-CW-complex since ¢
fixes the 2-cell that is the equivalence class of (1, [r]) but does not fix it pointwise; to remedy
this, we subdivide the new 2-cells.

Let €” denote the CW-complex obtained from € by deleting the orbit of 2-cells G x {[r]},
and adding one orbit of 0-cells (G/C') x {[C]}, and one orbit of 1-cells G x {e}, and one orbit
of 2-cells G x {[{/r¢]}. Let g € G. The initial O-cell of (g,e) is (g, [1]). The terminal 0-cell
of (g,e) is (¢gC, [C]). The boundary of (g, [ {/r¢]) is the concatenation of, first, the path from
(g, [1]) to (gc, [1]) that reads {/r in the one-skeleton of €, which lies in the one-skeleton of €”,
and, then, the path from (gc,[1]) to (g,[1]) given by (gc,e), (g,e)~!, which can be thought
of as reading the element ¢ of C.

It can be seen that €” is a G-CW-complex. It can also be seen that C” is obtained from
€’ by subdivision, and is therefore contractible.

The one-skeleton of €” is a quotient of the Bass-Serre tree that arises from the graph
of groups which has {1,C = (¢ | ¢™)} as its set of vertices and its set of vertex-groups,
and X U {e} as its set of edges, with each element of X joining 1 to 1, and e joining
1 to C; the fundamental group of this graph of groups is F' x C', and G is the quotient

(F+ C) /{2, ylu, ¥/re).
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In C”, the cell-stabilizers are finite. For each subgroup of G of order a prime number,
its fixed subcomplex in €” has no 1-cells, and it cannot have more than one 0-cell, by a
diagram-chasing argument from P. A. Smith Theory. For each non-trivial finite subgroup
of G, its fixed subcomplex in €” then consists of a single 0-cell, since it is non-empty by
Theorem 6.5(iv). Thus €” is an EG. With respect to Theorem 6.5(iv), we now see that, if
H is a non-trivial torsion subgroup of G, then there exists a unique element gC' € G/C such
that H < 9C.

In G\C”, which is a BG, the 0-cell G(C,[C]) is a cone-point of angle 2% and the 2-cell
G(1,[{/rc]) forms a cone. A closed path travelling m times in a row around the 0-cell
G(C,[C]) in a small neighbourhood is null-homotopic. It is particularly easy to view G as
the fundamental orbifold group of G\C” where the base-point is the 0-cell G(1,[1]).

Let C"” denote the contractible G-CW-complex obtained from by €” collapsing the 1-cell
(g,[e]) and identifying the two 0-cells (g, [1]) and (¢gC, [C]), for each g € G. The paths in
the one-skeleton of €"” read words in X V X'V (C' — {1}). Again, €” is an EG and G\¢€"”
is a BG.

The augmented cellular chain complex of € has underlying ZG-structure

0 — 7.G? — ZG*r - 7.G — Z — 0,

and the (exact) augmented cellular chain complexes of €', €, €” have underlying ZG-struc-
tures

0 - ZGaZ|G/C] — ZG™? — 7G — Z — 0,
0 — ZG? — ZG™ — ZGoZ|G/C] - Z — 0,
0 — 7.G? — ZGT*? — Z|G/C] — Z — 0,

respectively. O]

Proof of Theorem 7.3. In Notation 6.2, let (z, [OTV}Z[le]) denote (x) V [OTV}Z[le}, let
(T2, 121114 denote ('z) vV 01244, and let

(2, Mapta) = Gppg = ((2) V Mg [ 1),
(12,MMan1q) = Gy = ((2) v Mg | ).

Recall that y: (z, 01Dz — (1o, B0 acts by @ — 12, "z, — "z, and that
G = (=, [OMz[leﬂ * y. All the notation involved in Fig. 7.4.1 has now been ex-

x»m"]z[md] )
plained.
We now make five observations about Fig. 7.4.1.
(). The long row is the exact augmented cellular chain complex of the Bass-Serre tree
corresponding to the HNN graph-of-groups decomposition of G' with one vertex and one
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0
1@tz — l
(y—"u)®z
0 L Z1G/C]
[17d]

) C+—
J/ 1® "z4 — l 8T<I’[OTV]Z[1Td])

y® =1z, a(x,[OTV]Z[le])
—-1® iz*
ZIG x (Yz, MM z1q))] ZIG x (x, 07 z34q)]
J/ 1w +— l 1ow —
(w-1)®y 18y (w—1)1
( (y—11 )
Z[G % (y)] Z|G/1]

l 1Qy +— l 1~
(2,02 0q) (2,01211147)
( ( 195»[1“']2[1@1] )=
(y71)<w,[0“]zmd] )
0 — ZIG/{ ‘o,z Z

l l

0 0

G/(x, [OT”}Z[W] )| —— Z|G/G] — 0

Figure 7.4.1: A commuting diagram.

edge. See, for example, [10, Examples 1.3.5(v) and Theorem 1.6.6].
(ii). The left column is the exact sequence obtained by applying the exact functor
LG ®gj( 12,1112, 4)] () to the exact augmented cellular chain complex of the Cayley tree

of the free group ( 'z, [””]zmd] ), or, equivalently, the Bass-Serre tree corresponding to the
graph-of-groups decomposition with one vertex and 1 4 vd edges. See, for example, [10,

Examples 1.3.5(i) and Theorem 1.6.6].
(iii). The right column is the exact sequence obtained by applying the exact functor
7.G ®z1(2,0M2114)] () to Lyndon’s exact sequence for the one-relator group ( z, [OTV}Z[le} | 7);
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see, for example, [9, (x) on p. 167].

(iv). It is clear that the lower square commutes.

(v). To see that the upper square commutes, we note that along the upper route in the
upper square,

ez — W-"wyor — %—Z}‘@w
we %2pi1a)
= (=" 1)~ ("u—1)=yr —"ur —y +1
=lzy—lr—y+1=_r-1y-1),

and

1® %2, +— y®i_1z*—1®iz*
y(iilz*_l)_(iz*_l):y'iilz*_y_iz*‘i‘l
=2y —y—"z+1=zn-1)(-1.

1

It is now clear that the upper square commutes.

With these five observations in mind, we can apply Remark 7.1 to Fig. 7.4.1, and what
we get is the exact sequence which appears as the left column of Fig. 7.4.2. After some ad-
justments, it becomes the right column of Fig. 7.4.2, which can be viewed as the augmented
cellular chain complex of the complex obtained from the universal cover of the Cayley com-
plex of the presentation
i1

((z,y) vV "epia | [mylu, (vl 72 | 2 € B00g), r(2, D2004))

by collapsing 2-spheres.
If v = 0, we have the desired exact sequence.
If v > 1, then we shall delete [IMZ[nd] from the set of generators and delete
(y . iflz* TR iE* ‘ iz* c [lTu}Z[le})
from the set of relators, and understand, henceforth, that “z, denotes ¥z, in the new genera-
tors. We consider GG as being unaltered, but we alter the exact sequence by dividing out by

the exact subcomplex
1® Pzur—
a(y'ii[lz*]@‘if*)
Ay, 10TV [114))
Z

Thus, for each i € [11d], in the quotient of Z[G x ('x, M¥zy14, 7)), we are identifying
1® 2z, with 0, while, in the quotient of Z[G x (z,y, 1z114)], we are identifying 1 ® ‘z, with

0 — Z[G x ([W]Z[”d])] (G x (2w leed) | iy ¢ mulz[”d])] —0—0—0.

a(z,y, [OTV]Z[le])
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0 0

! !

(1®w — 1w )
C — 1®cr

Z|G x (Yo, Mz14)] @ Z[G/C) ZIG x (Ya, Mz, or))

@z —  (1-lz)®y . N EERTAD)
+(y—Ou)®z [ ,y]®1 oz, [OTyI/]Z[le])
_ 99y
2114
1% = (1="2)® — iy O agiE)
l +y®i’1z:tj - tee 8(zy7y,[m”]z[1m]) l
—1® 2.
B(T(z’[OTU]Z[le])) B(T(z,[OTV]z[le]))
C ‘8($7[ow]zmd]r 1®cr +— 48(967117[0Tu]2[1Td])

Z|G x ()] ® Z[G x (2,10 z114)] — ZIG x (z,y, Ozp14)]
l(l@w — (w—1)1) = (1ew H(w—l)l)l
Z[G/1] — Z|G/1]
J/(l — Q) 1~ G)l
Z|G/G — Z|G/G
0 0

Figure 7.4.2: An exact sequence rewritten.

(1—"2,)®@y+y® "'z, which, by induction, is identified with W' =) Tt follows that, in the

a(yvz*)
3(T(17[0T"]Z[1Td])

)) becomes identified with 20&%:2n1a)) o4

i [0Tv]
quotient of Z[G X ($,y7 Z[le]>]7 3(x,y:[OTV]Z[1Td] @y.znra)
the exact quotient sequence is the augmented cellular chain complex of the complex obtained
from the universal cover of our original Cayley complex by collapsing 2-spheres. Il

In the case where G is a hyperbolic orientable surface-plus-one-relation group, this result
was obtained by Howie [19, Corollary 3.6].
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8 VFL and Euler characteristics

In this section, we calculate the Euler characteristics of the surface-plus-one-relation groups.

8.1 Definitions. Consider any resolution of Z by projective, left ZG-modules
(2) i — P — P — Py — 7 — 0.

The length of the projective ZG-resolution (2) is the supremum, in [0Too], of the
non-empty set {n € [07oc0] | P, # 0}.

Let P denote the unaugmented complex -+ — P, — P| — Py — 0, and view Q as
a Q-ZG-bimodule. For each n € [070o], H,(G; Q) = Tor’“(Q, Z) := H,(Q ®z¢ P); for the
purposes of this article, it will be convenient to understand that H, (G; —) applies to right
ZG-modules. The nth Betti number of G is b,(G) = dimg H,,(G; Q) € [0Toc]. The value of
the Betti numbers does not depend on the choice of projective ZG-resolution (2).

The cohomological dimension of G, denoted cd GG, is the smallest element of the subset of
[0Too] which consists of lengths of projective ZG-resolutions of Z. The virtual cohomological
dimension of G, denoted ved G, is the smallest element of the subset of [0Too] which consists
of cohomological dimensions of finite-index subgroups of G. The cohomological dimension of
G with respect to an associative ring (), denoted cd,, G, is the smallest element of the subset
of [0Too] which consists of lengths of projective QQG-resolutions of Q.

If there exists a resolution (2) of finite length such that all the P, are finitely generated,
free left ZG-modules, then we say that G is of type FL and we define the Fuler characteristic

of G to be
X(G) = > (=1)"bu(G).

ne[0Too[

If G has some finite-index subgroup H of type FL, then we say that G is of type VFL and,
if G is not of type FL, we define the Fuler characteristic of G to be

X(G) = gmx(H);

this value, which is sometimes called the ‘virtual Euler characteristic’, does not depend on
the choice of H. m

8.2 Remark. If G has some finitely generated, one-relator, finite-index subgroup H, say
H = (X |r), then G is of type VFL and

—X(G) = [ﬁ}{]X(H) = [G:lH](l‘X’ —1- log<xl| >(T))'

See, for example, [9, (x) on p. 167]. [
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We now discuss the case where r = ™.

8.3 Examples. Let d, m € [0Too[, let F:= ((z,y) V 2119 | ), and let uw and r be elements
of F'. Suppose that u € (zn1q) — {1} and that r = 2™. Let G = ((z,y) V 2n1q | [z, ylu, ).
In [17o0], let mp == logp 2™ € {m, oo}, let m’ denote the supremum of the orders of the
finite subgroups of G, and let m” := max(mg, m’).
It is straightforward to verify the following assertions. It then follows that G is virtually
one-relator, and hence of type VFL.

(i). If m =0, then G = ((z,y) V 2n1q | [7,y]u).
Here, mp = 0o, m' =1, m" = oo, and —x(G) :d:d—# > 0.
(ii). fm=1,then G = ((y) V 2j1q | ©).
Here, mp = 1, m’ = logpu, m" =logpu, and —x(G) =d — loglpu =d— 2 >0.
(iti). If m > 2, then G = ((y) VZmzppq | [TO™ V) x (2 | 2™), with the z-action
defined by “y = % - y and *('z,) = z,.

Here, mp =m' =m” =m, and —x(G) =d —

=d— -1 >0. O

1
It is now convenient to go back to writing (x,y) V 2114 in the form zpqy with k = d + 2.

8.4 Corollary. Let k € [3Too[, let F' = (wpw | ), and let w and r be elements of F.
Suppose that w € [x1,xo]( Tk ) and that r is a Hempel relator for (xpmuy || w). Let
G = (wpw | w,r).

Let m = logpr. Then ved G < 2, G is of type VFL and —x(G) =k —2 — % > 0.

Let C' denote the subgroup of G generated by the image of {/r, let Q be any associative
ring such that m@Q = @, let R = QG, and let e = # Y. c € R. Then the sequence of left

R-modules et
x1—1
Ow . Ow
oz oxy,
(&_m.@) g
x x Tp— —
0 — R® Re ~2 O/, Rk R 0o

is ezact, and cdg G < 2.

Proof. By Theorem 6.5(vi), there exists some torsion-free finite-index subgroup H of G.
Clearly, H acts freely on G on the left and the number of orbits is [G: H| = |H\G|. Since
H meets each conjugate of C' trivially, C' acts freely on H\G on the right, H acts freely on

G/C on the left, and the number of orbits in each case is |H\G/C| = % = [Gm—H]
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By Theorem 7.3, with d = k — 2, we see that cd H < 2, H is of type FL, and x(H) =
(G:H| — (d+2)[G:H] + (|G:H] + %) Hence ved G < 2, G is of type VFL, and x(G) =
1—(d+2)+ (14 ). Since (QC)e ~ Q as left QC-modules, we see that

QIG/Cl = QG ®@gc Q ~ QG ®¢c (QC)e =~ Re.
It is now clear that the results hold. O

We can now describe the Euler characteristics of the surface-plus-one-relation groups.

8.5 Remarks. Let k € [0Too[, let F' = (xpy | ), and let w and r be elements of F.
Suppose either that & is even and w = Hiemﬁ}[@i_l, Tg;], or that k > 1 and w = HSB[lek].
2

Let S == (wpw | w) and let G == (g | w, ).
In [1700], let m = logg r mod w, let m’ denote the supremum of the orders of the finite
subgroups of G, and let m” := max(m, m').

Case 1. k£ < 2.
Here, G is virtually abelian of rank at most two. In particular, G is virtually one-relator,
and it follows from Remark 8.2 that G is of type VFL and x(G) = ﬁ > 0.

Case 2. k>3, and w = Hx[zlm.

Case 2.1. For some m € [0Too[, r mod w is conjugate in S to the mth power of some term
of some free-generating sequence of the subgroup (zz9, zox3 | ) of S.

Here, by using Lemma 2.1 and Examples 8.3, we find that G is virtually one-relator, that
G is of type VFL, and that —x(G) =k —2— -5 > 0.

Let us list the cases that arise in Examples 8.3.

Case 2.1.1. (k,m) = (3,1).
Here, m =1, and m’ = m” = 2, and G ~ C,o*Cs, and —x(G) = 5 > 0.

Case 2.1.2. (k,m) # (3,1) and r modw = 1.
Here, m’ =1, and m = m” = .

Case 2.1.3. (k,m) # (3,1) and r mod w # 1.

Here, m' = m = m" < cc.

Case 2.2. r mod w is not conjugate in S to any power of any term of any free-generating
sequence of the subgroup (x;xe, xaxg | ) of S.

Here, by using Lemmas 2.1 and 5.4, we find that there exists some presentation for G as
in Corollary 8.4.

Hence, G is of type VFL, —x(G) =k —2— = >0, and m' = m =m" < 0.

1
m
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Case 3. k >4, and k is even, and w = Hiemg}[w?i—l’ To;).

Case 3.1. r modw = 1.
Here, G is of type VFL, —x(G) =k —2 —

Case 3.2. r modw # 1.

Here, there exists some i € [112] such that the conjugacy class of r mod w in S is disjoint
from the subgroup (zja2i—1)72i) | ) of S.

By using Lemmas 2.1 and 5.4, we find that there exists some presentation for G as in
Corollary 8.4.

Hence, G is of type VFL, —x(G) =k — 2 —

%>O,m’:1,andm:m”:oo.

L>0, and m' =m=m" < . O
m

We summarize the preceding, in which one can use m” = m except for Case 2.1.1, and
one can use m” = m’ if m # oo, that is, if » modw # 1.

8.6 Corollary. Let k € [0Too[, let F' == (xpw | ), and let w and r be elements of F.
Suppose either that k is even and w = Hiemg][x%_l,x%], or that k > 1 and w = Hx%”k].
Let S == (xpw | w) and let G = (xpp | w,r). In [1T00], let m = loggrmodw, let m’

denote the supremum of the orders of the finite subgroups of G, and let m” = max(m,m’).
Then
ﬁ >0 if k<2,
X(G) =
—k+2+ -5 <0 ifk>3. —

9 L2-Betti numbers of surface-plus-one-relation groups

Let us begin with a brief algebraic review of Atiyah’s theory of L?-Betti numbers of groups.

9.1 Review. Let C[[G]] denote the set of all functions from G to C expressed as formal

sums, that is, a function z: G — C, g — x,, will be written as ) z,9. Then C[[G]] has a
geG
natural CG-bimodule structure, and contains a copy of CG as CG-sub-bimodule. For each

x € Cl|G]], let ||z|| == z,|* €10, 0], and let tr(z) =z, € C.

[G]], let ] \/g;;| ol €0, 00] (2) = 21,

Let (?(G) = {z € C[[G]] : ||z|]] < occ}. For x, y € (*(G), g € G, and S a finite subset

of G, it follows from the Cauchy-Schwarz inequality that ) ‘xhyﬁg| < lz|| - [|ly|l; hence,
hes

there exists a well-defined limit } (zpy7,) € C; hence, there exists a well-defined element
heG
zy = > ((3 znys,)g) € C[[G]], called the external product of x and y.
geG  heqG
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The group von Neumann algebra of G is defined as the additive abelian group
N(G) = {p € (G) | p£*(G) C E(G)}

endowed with the ring structure induced by the external product; it can be shown that
this agrees with the definition of the group von Neumann algebra given in [23, Section 1.1],
and that N(G) = {p € (*(Q) | (G)-p C ¢*(G)}. We then have a chain of CG-bimodules
CG CN(G) C *(G) C C[[@]], and CG is a subring of N(G), and ¢*(G) is an N(G)-bimodule
containing N(G) as N(G)-sub-bimodule.

It can be shown that the elements of N(G) which act faithfully on the left N(G)-mod-
ule (*(G) are precisely the two-sided non-zerodivisors in N(G), and that these form a left
and right Ore subset of N(G); see [23, Theorem 8.22(1)]. The ring of unbounded operators
affiliated to N(G), denoted U(G), is defined as the left, and the right, Ore localization of
N(G) at the set of its two-sided non-zerodivisors; see [23, Section 8.1]. For example, it is
then clear that

(3) if ¢ is an element of G of infinite order, then g — 1 is invertible in U(G).

It can be shown that U(G) is a von Neumann regular ring in which one-sided inverses
are two-sided inverses, and, hence, one-sided zerodivisors are two-sided zerodivisors; see [23,
Section 8.2].

It can be shown that there exists a continuous, additive von Neumann dimension that
assigns to every left U(G)-module M a value dimy M € [0,00]; see Definition 8.28
and Theorem 8.29 of [23]. For example, if e is an idempotent element of N(G), then
dimyq) U(G)e = tr(e); see Theorem 8.29 and Sections 6.1-2 of [23].

For each n € [0Too[, the nth L*-Betti number of G is defined as
b(G) = dimy) Ha(G;U(G)) € [0,00],

n

where U(G) is to be viewed as a U(G)-ZG-bimodule; see Definition 6.50, Lemma 6.51 and
Theorem 8.29 of [23].
It is easy to show that if G is finite, then, for each n € [0Too[,

By [23, Theorem 6.54(8b)],
(4) by (G) = &
By [23, Theorem 1.9(8)], if H is a finite-index subgroup of G, then
() b (H) =[G : HIbP(G).
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In general, there is little relation between the nth L2-Betti number and the nth (ordinary)
Betti number, b,(G) = dimg H,(G; Q) € [0Too]. However, by [23, Remark 6.81], if G is of
type VFL, we can define and calculate the L?-Euler characteristic

(6) 2@ = 2 ()G = X (—1)"(G) = x(G). 0

ne[0Too[ ne[0Too|

Recall that, for any finitely generated, virtually one-relator group G, a formula for x(G)
was given in Remark 8.2.

9.2 Lemma. If G is a finitely generated, virtually one-relator group, then G is of type VFL
and, for each n € [0Too],

max{x(G),0} = ﬁ if n=0,
b2 (@) = { max{—x(G),0} ifn=1,
0 if n € [2700].

Proof. If G is itself a finitely generated, one-relator group, the conclusions hold, by [12,
Theorem 4.2]. By equation (5) in Review 9.1, this then extends to overgroups of finite index
on dividing by the index. O

Recall that a right ZG-module is G-projective if it is a ZG-summand of A ®7ZG for some
Z-module A. This includes all right QQG-projective QG-modules for all associative rings ().
We shall use the following, which is the left-right dual of [11, Corollary 5.6].

9.3 Theorem ([11]). If G is any group, and M is any right ZG-module, and P is any
G-projective ZG-submodule of M, and v is any element of M such that the subset v+ P of
M is a G-subset of M, then there exists a right G-tree whose edge stabilizers are finite and
whose vertex set is the right G-set v + P. ]

For Hempel presentations we have the following information.

9.4 Lemma. Let k € [3Too[, let F' = (x| ), and let w and v be elements of F.
Suppose that w € [v1,22](T@x) and that v is a Hempel relator for (xpwy || w). Let
G = (wpw | w,r). Let m = logpr, let Cy, denote the subgroup of G generated by the
image of {/r, and let e = L > ce CG.

CEC’m

(). For all g € UW(G) and all a € CG, if gea = 0 then either ge = 0 or ea = 0.
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Sw . Ow
8121 sz
&
oxy oxy,
is Ho(G; U(G)), and, for each n € (0) V [3Too], b2 (G) = 0.

Proof. (i). Recall that [12, Theorem 3.1(iii)], which depends on results in [7] and [22], asserts
that if G is (( free x C,,) by (locally indicable)), then (i) holds. By Theorem 6.5(ii),(iii), we
now see that (i) holds.

(ii). By using Corollary 8.4 and equation (4) of Review 9.1, it is not difficult to see that
(ii) holds. O

(ii). The homology of

xrp—1

UG ——= U(G) — 0,

0—UG)dUG)e

Let us now consider the special case of hyperbolic surface-plus-one-relation groups.

9.5 Lemma. Letk € [3Too], let F = (xp | ), and letw andr be elements of F'. Suppose
either that w = [xq, x2] H:E[ka] or that k is even and w = Hje[ng][xzj_]_, Ta;]. Suppose that

r is a Hempel relator for (xpy || w). Let G := (x| w,r). Then b (G) = 0.

Proof. Let m = logpr, let C' denote the subgroup of G generated by the image of {/r, and
let e := = > ¢ € CG. If the map
ow . Ow
ox1 oxy,
o
ox1 oxy,

ceC
is injective, then 6 (G) = 0, by Lemma 9.4(ii). It remains to consider the case where there
exists some (p, ge) # (0,0) in the kernel of this map, that is, p,q € U(G) and

U(G) B UG) e ek

(7) for each j € [17k], pgT“; + qe% =0 in U(G).

Let G act by right multiplication on the set of all subsets of U(G), let V' = p 4 qeCG,
a subset of U(G), and let Gy = {g € G| Vg =V} ={g9g € G| plg—1) € ¢¢CG}, a
subgroup of G. The subset V' of U(G) is then closed under the right Gy-action on U(G). By
Lemma 9.4(i), the surjective map eCG — ¢qeCG, ea — gea, is either injective or zero. In ei-
ther event, geCG is a projective right CG-module, and hence a projective right CGy-module.
By Theorem 9.3, there exists a right Gy -tree T" with finite edge stabilizers and vertex set
the right Gy-set p + qeCG.

We claim that 0 ¢ p + geCG. Since (p, ge) # (0,0), we may assume that ge # 0 for this
argument. Consider any a € CG. By Corollary 8.4, with ) = C, the map
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ow .. ow
(9171 8:Ek
& 8
CG @ CGe —2 Ol CG

is injective, and, in particular, (—ea,e) does not lie in the kernel, since e # 0. Hence there
exists some j € [17k], such that 0 # —ea 2% + 2 = e(—ag% + 2=). By Lemma 9.4(i),
J J J J

0# ge(—ag + 5) = (—qea) 5> + qezr.

It is now clear from (7) that p # —gea. This proves that 0 € p + geCG, as claimed.

By using equation (3) of Review 9.1, we now find that each vertex stabilizer for 7" is
torsion. Hence, by Theorem 6.5(iv), each vertex stabilizer for 7" has order at most m. It
follows that Gy is virtually free; see, for example, [10, Theorem IV.1.6,(b)=(c)].

Let

Giy ={g€ G| either p(¢ —1) € ¢CG or p(¢+1) € q¢CG} ={g € G | Vg = £V},

a subgroup of GG. We shall see that G4y = G.

By (7), we see that, for each j € [1Tk], p% € ¢qeCG, and, hence,
(8) p(l —z1297) = p g—;‘i € qeCG,
(9) p(z1 = [21,29]) = p%‘; € qeCG,
(10) for all j € [37k], pgT“; € qeCGqG.

By (8), ®'zy € Gy. Right multiplying (9) by 71, we see that p (1 — “*2%;) € qeCG. Thus
P25 and “1*2xq lie in Gy. Hence, their product x1x5 lies in Gy, and then x; and x5 lie
in Gy. In particular, Vizy, zo] = V.

We claim that zppy € Giy. Arguing inductively, we suppose that j € [3Tk] and
Znt-1) € Giy. For this step, we shall consider only the non-orientable case, w =

[xl,xg]Hx[Q3Tk]; the orientable case is similar, and was done in [12, Lemma 5.15]. Let

u = [$1,£B2]H$[23T(j71)]. Then v € Gy, that is, p — pu € ¢eCG. Now 867“; = u(l + z;),
and, by (10), pu(l + z;) € ¢eCG. Summing these two elements of geCG, we see that
p + puz; € qeCG. Thus uzr; € Giy, and, hence, z; € G4y

By induction, the claim is proved.

Hence Gy = G, and, hence [G:Gy| < 2, and, hence, G is virtually free. Thus ved G < 1,
and, hence, ng)(G) = 0. O

Recall that, for any surface-plus-one-relation group G, a formula for x(G) was given in
Corollary 8.6.
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9.6 Theorem. Let G be a surface-plus-one-relation group. Then G is of type VFL and, for
each n € [0Too],

max{x(G),0} = ﬁ if n=20,
b2(@) = max{—x(G),0} ifn=1,
0 if n € [2700].

Proof. 1f G is virtually one-relator, then, by Lemma 9.2, the desired conclusions hold. Thus,
we may assume that GG is not virtually one-relator. It then follows from Remarks 8.5 that we
may assume that G has a %)resentation as in Lemma 9.5 and that G is of type VFL. Then, by
Lemmas 9.5 and 9.4(ii), bzn)(G) =0 for all n € (0) V [2Too[. By equation (6) of Review 9.1,
X(G) = —652)((?), as desired. O

APPENDIX A
Howie towers via Bass-Serre Theory

In this appendix, we use Bass-Serre Theory to prove some of Howie’s results on local
indicability.

We shall use [10] as our reference for Bass-Serre Theory.

Throughout, let F' be a group.

A.1 Actions on trees

A.1.1 Notation. Let E be a subset of an F-set X.
Two elements of E that lie in the same F-orbit in X are said to be glued together by F,
and we write glue(F, E) ={f € F| fENE # (}. O

A.1.2 Definitions. Let T'= (T, VT, ET, 1, 7) be an F-tree.

(). Let r be an element of F' that fixes no vertex of T
The smallest (r )-subtree of T, denoted axis(r), has the form of the real line, and r acts on
it by shifting it; see, for example, [10, Proposition 1.4.11]. We write Eaxis(r) = F(axis(r)).
The (F, ET)-support of r is defined as

supp(r) = {Fe € F\ET | e € Faxis(r)}.
For all f € F, axis(/r) = f axis(r) and supp(‘r) = supp(r).

For all n € [1Too[, axis(r"™) = axis(r).
If F acts freely on ET, then r has a unique root in F.
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If glue(F, Faxis(r)) = (r), then r has a unique root in F' and {/r = r.

(ii). Let < be a (total) ordering of F\ET.
A subset R of F' is said to be (F,T, <)-staggered if each element of R fixes no vertex
of T, and, for each (ry,r3) € R X R, exactly one of the following three conditions holds:
fry = Try;
min(supp(ry), <) < min(supp(rs), <) and max(supp(ri), <) < max(supp(rs), <);
min(supp(rz), <) < min(supp(ry), <) and max(supp(rz), <) < max(supp(ry), <).

When either of the latter two conditions holds, we say that r; and ro have staggered supports
(with respect to <).

(iii). A subset R of F' is said to be (F,T)-staggerable if there exists an ordering < of F\ ET
such that R is (F, T, <)-staggered. O

A.1.3 Example. For a free product F' = AxB, the Bass-Serre tree is the F-graph T with
vertex set the disjoint union of F/A and F'/B, and edge set F, in which each f € ET = F
has initial vertex fA and terminal vertex fB. It can be shown that T is a tree; see, for
example, [10, Theorem 1.7.6]. Notice that F' acts freely on the edge set of T

Let r € F.

Clearly, r fixes some vertex of T if and only if r lies in some conjugate of A or some
conjugate of B.

If r fixes no vertex of T', then there exists some n € [1Too[, and some sequence afqy,) in
A—{1}, and some sequence byj1,) in B — {1} such that some conjugate of r can be expressed

in the form fr = Hie[nn](aibi>' The entire conjugacy class f'r can be represented by writing

Hie[mn} (a;b;) cyclically.

Here, supp(r) = {F'} = F\ET. If < denotes the unique ordering of F\ ET, then {r} is
(F, T, <)-staggered.

If 7 = [Licpyn(@ibi), then (r)\ Faxis(r) = {(r)w | w is an initial subword of r} and

there is a direct description of {/r and logyr, as follows. We can write log,r = =, where
m is the smallest divisor of n with the property that, for each ¢ € [1T(n — m)], a; = a;4m
and bz = bi+m' Here, 1\?/7_”: H (azbz) ]

ic[17m]

A.2 Staggerability

In this section, we will show that if F' is a locally indicable group, and T is an F-tree with
trivial edge stabilizers, and R is an (F, T)-staggerable subset of F', (and, hence, R has unique
roots in F), and V/R = R, then F/(FR) is locally indicable, and (*R) acts freely on T,
or, equivalently, the natural map F — F/(fR) is injective on the vertex stabilizers. The
following result deals with an extreme case.
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A.2.1 Lemma. Let F be a locally indicable group, let T be an F-tree with trivial edge
stabilizers, and let R be an (F,T)-staggerable subset of F such that VR =R.
Suppose that F is finitely generated and that F\T is finite.

Then F/{'R) is indicable; if F/{*R) is trivial then F acts freely on T and, for each
r € R, glue(F, Faxis(r)) = (r).

Proof. We argue by induction on |F\ET|. Since F is a finitely generated, locally indicable
group, F'is indicable, which means that the implications hold when R is empty. Thus we
may assume that R is non-empty; it is then clear from Definitions A.1.2 that |[F\ET| > 1.
By induction, we may suppose that the implications hold for all smaller values of |F\ ET.

We may assume that R = R, and we may assume that we are given an ordering <
of the finite set F'\ ET such that R is (F,T, <)-staggered. In particular, there exists some
emax € |J Faxis(r) such that

reR
Femax = max({Felec€ U Faxis(r)}, <).
reR
There then exists some ry., € R such that ey., € Faxis(rmax), and, by the definition of
(F, T, <)-staggered, Fey,, does not meet the axis of any element of R — f{(rp.,). Thus there
exists some pair (7, e), for example, (Tmax, €max), Such that the following hold.

(11) r € R, e € Faxis(r), and Fe does not meet the axis of any element of R — .
(12) glue(F, Eaxis(r)) = (r) and/or (7,€) = ("max;, Cmax)-

In the forest T' — Fe, let T, denote the component containing te, and let T) denote the
component containing Te. Let F, denote the F-stabilizer of {T,}, and let F, denote the
F-stabilizer of {T,}. Let R, = RN F, and R, := RN F,. By (11), for each 7' € R — {fr},
axis(r’) lies in T — Fe and hence lies in a component of T'— Fe. It follows that R, U R, U r
is all of R. Notice that if F{T,} = F{T,} then 'R, = 'R..

By applying the Bass-Serre Structure Theorem to the F'-tree whose vertices are the
components of 7' — Fe, and whose edge set is Fe, with fe joining f7T, to fT,, we see that

{FL*FT if F{T,} # F{T,},

(13) F= .
Fx(f| ) if feFand fI,=1T,.

Hence,

(E/RN))*(F-/(R-)) if F{T.} # F{T:},

(14) F/QR_{T}D:{(FL/QRLD)*U” ) if fe Fand fT,="T,.

Consider the case where both F,/(R,) and F./(R.) have infinite, cyclic quotients.
By (14), F/{R — {r}) has a rank-two, free-abelian quotient. On incorporating r, we see
that F'/{R) has an infinite, cyclic quotient, and the desired conclusion holds.
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Thus, it remains to consider the case where one of F,/{R,), F;/{R.) does not have an
infinite, cyclic quotient; by replacing e with e, if necessary, we may assume that F,/{R,)
does not have an infinite, cyclic quotient.

By the induction hypothesis applied to (F,,T,,R,), we see that F,/{R,) is trivial,
that F, acts freely on T,, and, for each r, € R,, glue(F,, Faxis(r,)) = (r,), and, hence,
glue(F, Faxis(r,)) = (r,).

By replacing r with 7 if necessary, we may assume the following.

(15) There exists a segment of axis(r) of the form e, p, re.

If F{T,} # F{T,}, then, by (15), we have a path 7p in axis(r) from 7re € 71, # T,
to te € T,. Now 7p necessarily enters T, through an edge of the form ge where
g € F, and € is the inverse of the edge e. Notice that g € glue(F,, Faxis(r)) — (r). This
proves the following.

(16) If glue(F,, Eaxis(r)) C (r) then F{T,} = F{T,}.

Consider the case where R, is empty. Here, F, = F,/{(R,) = {1}. By (16),
F{T,} = F{T,}, and, then, by (13), there exists some ¢t € F such that FF = (¢t | ). Now
{t,t} = VF — {1} D R = {r}. Hence, F = (r), and, hence, glue(F, Eaxis(r)) = (r) This
proves the following.

(17) If glue(F, Faxis(r)) # (r) then R, is non-empty.

Case 1. glue(F, Faxis(r)) = (r).

Here, by (16), F{T,} = F{T,}. Hence, F(VT,) = VT and R =R, Ufr. Let v € VT.
We wish to show that F, = 1, and, we may assume that v € VT,. Here F, < F,, and, since
F, acts freely on T,, F,, = 1, as desired. Thus F acts freely on T'. In (15), the path p from Te
to ree in axis(r) does not meet Fe since glue(F, Faxis(r)) = (r), and, hence, p stays within
T,, and, hence rie € T.. Thus, T, = T;, and, by (13), ' = Fx(r | ). Since F,/{R,) is
trivial, we see that F'/(R) is trivial, and, hence, F'/{R) is indicable. Here all the required
conclusions hold.

Case 2. glue(F, Eaxis(r)) # (r).

By (17), R, is non-empty, and, hence, there exists some e, € |J Faxis(r,) such that
rER,

Fe, =min({Fe | e € U Faxis(r,)}, <).
r R,
There then exists some r, € R, such that e, € Faxis(r,), and we then know that
glue(F, Eaxis(r,))=(r,). By (12), (7, €) = (rmax, €max). Using the definition of (F, T, <)-stag-
gered, one can show that Fe, does not meet the axis of any element of fr, and, similarly,
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Fe, does not meet the axis of any element of ¥R, — fr,. It is clear that if R, # fR,, then
Fe, does not meet the axis of any element of R,. Hence, Fee, does not meet the axis of
any element of R — fr,. We then replace (r,e) with (r,,e,), and, by Case 1, all the required
conclusions hold.

This completes the proof. n
We next deal with the case where R is finite.

A.2.2 Theorem. Let F' be a locally indicable group, let T be an F'-tree with trivial edge
stabilizers, and let R be an (F,T)-staggerable subset of F such that VR =R.

Suppose that R is finite and that H is a finitely generated subgroup of F' such that H
contains R, and H/{"R) has no infinite, cyclic quotient.

Then there exists some finitely generated subgroup F' of F such that F' contains H,
R is (F',T)-staggerable, F'/(F'R) is trivial, F' acts freely on T and, for each r € R,
glue(F’, Eaxis(r)) = (r). Here, H < F' = ("R) < ('R), and, hence, H acts freely
onT.

Proof. Let v be an arbitrary vertex of 7. Choose a finite generating set S of H such that
S contains RU {1}, and let Y be the smallest subtree of T containing Sv. Then, for each
s € S8, sVY NVY is non-empty since it contains sv; thus

(18) S C glue(F,VY).

If F’ is any subgroup of F' and T" is any F'-subtree of T, for the purposes of this proof let us
say that (F’,T") is an admissible pair if F' O S, and 7" 2 Y, and R is (F',T")-staggerable.
By hypothesis, (F,T) is admissible. Let < be an ordering of F\ET such that R is
(F, T, <)-staggered.

The Type 1 transformation. Suppose that F' # (S U glue(F, EY)) or T'# FY. Define
F' = (SU glue(F,EY)) and T" := F'Y. We shall prove that (F’,7") is an admissible pair
and glue(F, EY') = glue(F', EY).

Clearly
(19) glue(F, EY) = glue(F', EY).
It follows from (18) that
S U glue(F',EY) C glue(FY).

If we consider the set of components of the F’-forest F”Y in T as an F’-set, we see that the
component containing Y is fixed by a generating set of F’, and hence is fixed by F’. This
component must then be all of F'Y. Hence T” is connected, and, hence, 7" is an F'-tree.
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It is straightforward to show that
(20) glue(F, ET") = F".

By (20), the natural map from F'\ET' to F\ET is an embedding; we again denote by < the
ordering of F'\ET" induced from F\ET. We claim that, with the conjugation action by F
on F, glue(F, R) C F'. Suppose that f € F, that r € R, and that /r € R. Then axis(r) and
axis(/r) lie in 7" and are glued together by f since axis(/r) = f axis(r). By (20), f € F’, and
the claim is proved. It follows that R is (F',T", <)-staggered. Hence (F’,T") is admissible.
This completes the verification of the Type 1 transformation.

The Type 2 transformation. Suppose that F' = (S U glue(F, EY)), that T = FY, and
that F'/{fR) has some infinite, cyclic quotient //N; here, N is a normal subgroup of F such
that N > (¥R). We shall prove that (N, T) is admissible and glue(N, EY') C glue(F, EY),
where the notation denotes strict inclusion.

Since H/{"R) has no infinite, cyclic quotient, it follows that H C N.

Since F'/N is cyclic, we can choose x € F such that x N generates F'//N. Then F' = (xz)N.
Since F'/N is infinite, (z) NN = {1}.

We now give N\ ET an ordering. Give (F'\ET) x Z the lexicographic ordering and choose
a left F-transversal Ey in ET. Then (x)Ej is a left N-transversal in ET, and there is a
bijective map

(F\ET)xZ — N\ET, (Fe,n)— Nz"e,(e,n) € EyxZ.

Let <y denote the ordering induced on N\ ET by this bijection.

We claim that R is (N, T, <y)-staggered. To see this, consider any 7, ro € R such
that Yry # Vro. If ry = Ty, then ry and ry will have equal (F, ET)-supports, while
their (N, ET)-supports, viewed in (F\ET) x Z, will differ by a non-zero shift in the sec-
ond coordinate, and hence be staggered. If fr; # Fry, then r; and ry will have staggered
(F, ET)-supports, and, hence, their (N, ET)-supports, viewed in (F\ET) x Z, will also be
staggered.

Hence (N, T) is admissible.

Since N 2 F = (S Uglue(F,EY)), we see that N 2 S U glue(F,EY). Since N D S,
we see that N 2 glue(F, EY), and, hence, glue(N, EY') C glue(F, EY’). This completes the
verification of the Type 2 transformation.

Since EY is finite and edge stabilizers are trivial, glue(F, EY) is finite. Notice that
transformations of Type 2 reduce glue(F, EY), while transformations of Type 1 do not change
glue(F, EY). Notice that we cannot apply two transformations of Type 1 consecutively.
Thus, after applying a finite number of transformations of Types 1 and 2, we arrive at a
pair (F',T") such that I = (S Uglue(F',EY)), T' = F'Y, R is (F',T")-staggerable, and
F'/{*R) has no infinite, cyclic quotient. By Lemma A.2.1, F'/{¥'R) is trivial, F’ acts
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freely on 7", and, for each r € R, glue(F’, Faxis(r)) = (r). Since F’ acts freely on 7", it
follows that F” acts freely on all of 7. Since R is (F”,T")-staggerable, it follows that R is
(F', T)-staggerable, because any ordering on F'\ET’ can be extended to some ordering of
F'\ET, by the axiom of choice. O

The finite descending chain of subgroups implicit in the above argument is the chain of
subgroups considered by Howie in his tower arguments.
We now have a general result.

A.2.3 Corollary. Let F' be a locally indicable group, let T be an F'-tree with trivial edge
stabilizers, and let R be an (F,T)-staggerable subset of F.

Then ('R acts freely on T, that is, each vertex stabilizer embeds in F/(*R) under the
natural map.

If. moreover, /R = R, then F/(FR) is locally indicable.

Proof. Recall from Definitions A.1.2 that R has unique roots in F.

Since (*R) < (H(V/R)), and V/R is again (F,T)-staggerable, we may assume that
VR =R.

We first show that (¥R) acts freely on T. Let R’ be an arbitrary finite subset of *R,
and let H = (R'). On applying Theorem A.2.2, we see that ( R') acts freely on 7. It then
follows that all of (¥R ) acts freely on T

We now show that F'/({fR) is locally indicable. Consider an arbitrary finitely gener-
ated subgroup of F/{'R), and express it in the form ({S)(“R))/(*R) where S is a finite
subset of F. It remains to show that ({S)(*R))/(*R) is indicable. We may assume that
((S)Y(FR))/(*R) has no infinite, cyclic quotient, and it remains to show that (S) < (*R).

For the purposes of this proof, let (S)" denote the derived subgroup of (S), and let
(S)2* denote the abelianization (S)/(S ). Now

() (R)/WASYR)) = ((S)("R))/("R))™

which is a finite abelian group by supposition. Let d denotes its exponent. Then
S? C (S)Y(FR) and, hence, there exists some finite subset Ry of ¥R such that S¢ lies
in the set (S)(Ry). Then, ({(SU Ry)/{Ro))* is an abelian group of exponent at most d,
and, hence, (S U Ry )/{Ro) has no infinite, cyclic quotient, and, hence, by Theorem A.2.2,
(SURy) < ('Ry) < ('R), as desired. O
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A.3 Consequences

The main application is the following.

A.3.1 Theorem (Howie). Let A and B be locally indicable groups and let r be an element
of AxB such that r is not conjugate to any element of (AU B) — {1}. Then the natural
maps from A and B to (AxB)/(r) are injective. If, moreover, **§/r =r, then (AxB)/{r)

15 locally indicable.

Proof. Let T be the Bass-Serre (AxB)-tree as in Example A.1.3; then T is an (A*B)-tree
with trivial edge stabilizers.

If H is some finitely generated subgroup of AxB, then the Bass-Serre Structure Theorem
for the H-action on T, or the Kurosh Subgroup Theorem, shows that H is a free product of
a family of finitely generated groups each of which is free, or isomorphic to a subgroup of A,
or isomorphic to a subgroup of B. Hence all these free factors are indicable, and hence H
is indicable. Thus AxB is locally indicable. Thus we may assume that r ## 1; then r is not
conjugate to any element of AU B and {r} is (AxB, T)-staggerable.

By Corollary A.2.3, the natural maps from A and B to (AxB)/(r) are injective, and, if
48/r = r, then (AxB)/{r) is locally indicable. O

A.3.2 Corollary (Magnus’ Freiheitssatz). Let Fy and Fy be free groups. If r is an
element of Fi*Fy such that r is not conjugate to any element of Fy — {1}, then the natural
map from Fy to (FyxFy)/{r) is injective. O

A.3.3 Corollary (Brodskii). Let F be a free group. If r € F and {/r =r, then F/{r) is
locally indicable. [

A.3.4 Remarks. The injectivity result in Theorem A.3.1 is called the local indicability
Freiheitssatz since it generalizes Magnus’ Freiheitssatz, Corollary A.3.2.

The local indicability Freiheitssatz was proved independently by Brodskii [5, Theorem 1],
Howie [16, Theorem 4.3], and Short [25]. The proof by Brodskii was algebraic, while the
proofs by Howie and Short were topological, with Howie using topological towers and Short
using diagrams. B. Baumslag [2] rediscovered Brodskii’s algebraic proof.

The local indicability conclusion in Theorem A.3.1 was proved by Howie [17, Theo-
rem 4.2(iii)=>(i)], by topological-tower methods. The one-relator case, Corollary A.3.3, had
been proved earlier by Brodskii [5, Theorems 1 and 2]. Howie [18] later gave a direct proof of
Brodskii’s result using elementary groupoid methods, and his groupoid proof of the special
case led us to the Bass-Serre proof of the general case. O

A.3.5 Corollary. Let G be a locally indicable group, let F' be a free group, and let r be
an element of GxF' that is not a proper power and that is not conjugate to any element of

G — {1}. Then (GxF)/{r) is locally indicable.
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Proof. Consider first the case where r is conjugate to an element of F. By conjugating r,
we may assume that » € F. Here, F//{r) is locally indicable by Corollary A.3.3. Now
(GxF)/{r) = Gx(F/{r)) is locally indicable by the degenerate case of Theorem A.3.1. Thus
we may assume that 7 is not conjugate to any element of (G U F') — {1}. Here, (G*F)/{r)
is locally indicable by Theorem A.3.1. O]

It is now straightforward to deduce the following special case of a result of Howie [17,
Corollary 4.5] on ‘reducible presentations’.

A.3.6 Corollary (Howie). Let Gjoio] be a family of groups such that Gy =1 and, for all

n €[0T, Gpi1 = (Go¥(Xps1 | ))/{rns1) where X, 11 is a set, and r, 1 is an element
of Gux(Xny1 | ) that is not a proper power and that is not conjugate to any element
of Gr, = {1}. Then |J Gooc[ 5 locally indicable. O
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