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ABSTRACT. Autostackability for finitely presented groups is a topological property of the
Cayley graph combined with formal language theoretic restrictions, that implies solv-
ability of the word problem. The class of autostackable groups is known to include all
asynchronously automatic groups with respect to a prefix-closed normal form set, and all
groups admitting finite complete rewriting systems. Although groups in the latter two
classes all satisfy the homological finiteness condition F' P, we show that the class of
autostackable groups includes a group that is not of type F'P3. We also show that the
class of autostackable groups is closed under graph products and extensions.

1. INTRODUCTION

Autostackable groups are an extension of the notions of automatic groups and groups with
finite complete rewriting systems, introduced by Holt and the first two authors in [6]. An
autostackable structure for a finitely generated group implies a finite presentation, a solution
to the word problem, a recursive algorithm for building van Kampen diagrams, and tame
combability [5], [4]. Moreover, in contrast to automatic groups, the class of autostackable
groups includes all fundamental groups of 3-manifolds with a uniform geometry [6].

Autostackability is a topological property of the Cayley graph, together with a language
theoretic restriction on this property. More specifically, let G be a group with a finite inverse-
closed generating set A, and let I' = I'(G, A) be the associated Cayley graph. Denote the
set of directed edges in I' by E , and the set of directed edge paths by P. For each g € G and
a € A, let ey, denote the directed edge with initial vertex g, terminal vertex ga, and label
a; we view the two directed edges €4, and ey, ,-1 to have a single underlying undirected
edge in I

A flow function associated to a maximal tree 7 in I' is a function & : E— P satisfying
the properties that:

(F1) For each edge e € E, the path ®(e) has the same initial and terminal vertices as e.
(F2d) If the undirected edge underlying e lies in the tree 7, then ®(e) = e.
(F2r) The transitive closure <g of the relation < on E defined by
¢/ < e whenever €' lies on the path ®(e) and the undirected edges underlying
both e and €’ do not lie in T,
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is a well-founded strict partial ordering.

The flow function is bounded if there is a constant k such that for all e € E, the path ®(e)
has length at most k. That is, the map & fixes the edges lying in the tree T' and describes
a “flow” of the non-tree edges toward the tree (or toward the basepoint); starting from a
non-tree edge and iterating this function finitely many times results in a path in the tree.

In order to place a language theoretic restriction on ®, we use functions that convert
between paths and words. Define label : P — A* to be the function that maps each directed
path to the word labeling that path. For each element g € G, let y, denote the label of the
unique geodesic (i.e., without backtracking) path in the maximal tree 7 from the identity
element 1 of G to g, and let N' = N7 := {y, | g € G} denote the set of these (unique)
normal forms. Define path : N x A* — P by path(yg, w) := the path in I' that starts at g
and is labeled by w.

Definition 1.1. [5, 6] Let G be a group with a finite inverse-closed generating set A.

(1) The group G is stackable over A if there is a bounded flow function on a mazimal
tree in the associated Cayley graph.

(2) The group G is algorithmically stackable over A if G admits a bounded flow function
® for which the graph

graph(¢) := {(yg, a, label(®(path(yy,a)))) | g € G,a € A}

of the stacking map ¢ := label o ® o path is computable.
(3) The group G is autostackable over A if G has a bounded flow function ® for which
the graph of the associated stacking map is synchronously regular.

A stackable group G over a finite generating set A is finitely presented, with finite presen-
tation Rp = (A | {¢(y,a) = a |y € N7,a € A}) associated to the flow function ®. The set
N7 is a prefix-closed set of normal forms for G. A bounded flow function is equivalent to
a bounded complete prefix-rewriting system for G over A, for which the irreducible words
are exactly the elements of the set N7. (See Section 2.2 for definitions of rewriting and
prefix-rewriting systems.) Moreover, a group is autostackable if and only if it admits a
synchronously regular bounded complete prefix-rewriting system. Algorithmic stackability
(and hence also autostackability) implies a solution of the word problem; the set of rules of
the associated prefix-rewriting system are computable, and give an algorithm to rewrite any
word to the normal form representing the same group element. The class of autostackable
groups includes all groups that are asynchronously automatic with respect to a prefix-closed
set of (unique) normal forms, and all groups that admit a finite complete rewriting system.
The class of stackable groups also includes all almost convex groups. For proofs of these
and other results on autostackable groups, see [5] and [6].

Section 2 of this paper contains notation and definitions used throughout the paper,
including background on language theory.

In Section 3, we show that the classes of autostackable, stackable, and algorithmically
stackable groups are all closed under taking graph products (including free and direct prod-
ucts), extensions, and finite index supergroups (i.e., groups containing a finite index sub-
group in the class). For the two properties that motivated autostackability, we note that
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the class of groups admitting a finite complete rewriting system is closed under all three of
these constructions ([16], [17], [15]), but the class of automatic groups is only closed under
graph products and finite index supergroups ([16], [3]); in particular, a nilpotent group
that is not virtually abelian is not automatic [11, Theorem 8.2.8]. The closure results in
Section 3 show that any extension of a automatic group by another automatic group, such
that the normal forms in both cases are prefix-closed (and unique), is autostackable.

The closure results of Section 3 leave open the question of whether the classes of au-
tostackable, stackable, and algorithmically stackable groups are closed under taking finite
index subgroups. Although it is known that finite index subgroups of automatic groups are
automatic [3], it is an open question whether every finite index subgroup of a group with a
finite complete rewriting system also has a finite complete rewriting system [8, p. 41], [15,
Question 2], [23], or an autostackable structure.

In Section 4 we show that the class of autostackable groups includes groups with a wider
range of homological finiteness properties than those of automatic groups or groups with
finite complete rewriting systems. A group G has homological type F'P, if there is a partial
projective resolution of length n, by finitely generated ZG-modules, of the module Z (with
trivial G action). In the case that G has type F'P, for all n € N, then G is said to be of type
FP,. Alonso [1] has shown that all groups that admit a bounded combing, including all
automatic groups, have type F P,,. Groups with finite complete rewriting systems also are
of type F P; this has been shown with a variety of proofs in papers by Anick [2], Brown [7],
Groves [14], Farkas [12], Kobayashi [20], and Lafont [21]; see Cohen’s survey [8] for more
details.

Stallings [25] showed that the group
G :=(a,b,c,d,s | [a,c] = [a,d] = [b,c] = [b,d] =1, [s,ab_l] = [s,ac_l] = [s,ad_l] =1)

does not have the finiteness property F P3;. The results above show that this group cannot
be automatic, nor can it admit a finite complete rewriting system. Moreover, Elder and the
second author have shown that this group does not satisfy the almost convex property [9],
nor the weaker minimally almost convex property [10], on this generating set. However, in
Section 4, we show in Theorem 4.1 that this group is autostackable.

Corollary 4.2. There is an autostackable group that does not satisfy the homological
finiteness condition F'P3.

Stallings’ group also provides an example of a group that cannot have a finite complete
rewriting system, but does admit a bounded complete prefix-rewriting system.

2. NOTATION AND BACKGROUND

Throughout this paper, let G be a group with a finite inverse-closed generating set A.
Also throughout the paper we assume that no element of a generating set represents the
identity element of the group, and no two elements of a generating set represent the same
element of the group.

A set N of normal forms for G over A is a subset of A* such that the restriction of the
canonical surjection p : A* — G to N is a bijection. As in Section 1, the symbol y, denotes
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the normal form for g € G. By slight abuse of notation, we use the symbol y,, to denote
the normal form for p(w) whenever w € A*.

Let 1 denote the identity of G, and let A\ denote the empty word in A*. For a word
w € A*, we write w™! for the formal inverse of w in A*, and let I(w) denote the length of
the word w. For words v, w € A*, we write v = w if v and w are the same word in A*, and
write v =¢ w if v and w represent the same element of G.

Given a word w € A*, let last(w) denote the last letter in A of the word w; in the case
that w = X contains no letters, then we let last(w) := A. For any subset Z C A, we use
suf z(w), to denote the maximal suffix of w that lies in Z*; here suf z(w) := X if w does not
end with a letter in Z.

Let I be the Cayley graph of G with respect to A. If N is a prefix-closed set of normal
forms for G over A, then N determines a maximal tree 7 in I', namely the set of all

(undirected) edges underlying edge paths in I" starting at the vertex 1 and labeled by words
in V.

2.1. Formal language theory. A language over a finite set A is a subset of the set A* of
all finite words over A. The set A* denotes the language A* \ {\} of all nonempty words
over A.

The regular languages over A are the subsets of A* obtained from the finite subsets of A*
using finitely many operations from among union, intersection, complement, concatenation
(S-T :={vw |v e S and w e T}), and Kleene star (S := {\}, S" := §"1. S and
S* = Us2 ;S™). The class of regular languages is closed under both image and preimage
via monoid homomorphisms (see, for example, [18, Theorem 3.5]). The class of regular sets
is also closed under quotients ([18, Theorem 3.6]); we write out a special case of this in the
following lemma for use in later sections of this paper.

Lemma 2.1. [18, Theorem 3.6] If A is a finite set, L C A* is a regular language, and
w € A*, then the quotient language L/w = {x € A* | xw € L} is also a regular language.

Let $ be a symbol not contained in A. The set A, := (AU{$})"\{($,...,$)} is the padded
n-tuple alphabet derived from A. For any n-tuple of words u = (uq,...,u,) € (A*)", write
wj = a;1 -6 witheach a;, € Afor1 <i<nand1l<m <j;. Let M := max{ji, ..., jn},
and define @; := «;$M 7, so that each of @1, ..., @, has length M. That is, @; is a word
over the alphabet (AU {$})*, and we can write @; = ¢; 1 - - ¢; p» with each ¢;,, € AU {$}.
The word p(u) :== (c1,1,---s¢n,1) -+ (€10, -y Cn,m) 1S the padded word over the alphabet A,
induced by the n-tuple (uq,...,u,) in (A*)™.

A subset L C (A*)" is called a synchronously regular language if the padded extension set
(L) :== {p(u) | u € L} of padded words associated to the elements of L is a regular language
over the alphabet A,,. Closure of the class of synchronously regular languages under finite
unions and intersections follows from these closure properties for regular languages. The
following two lemmas on synchronously regular languages will also be used in later sections.

Lemma 2.2. [6, Lemma 2.3] If L1, ..., L,, are regular languages over A, then their Cartesian
product Ly X -+ X L, C (A*)" is synchronously regular.
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Lemma 2.3. [11, Theorem 1.4.6] If L C (A*)" is a synchronously reqular language, then
the projection on the first coordinate given by the set proj; (L) := {u | I(u,us,...,u,) € L}
is a reqular language over A.

See [11] and [18] for more information about regular and synchronously regular languages.

2.2. Rewriting systems. The definitions and results in this section can be found in the
text [24] by Sims.

A complete rewriting system for a group G consists of a set A and a set of “rules”
R C A* x A* (with each (u,v) € R written u — v) such that G is presented as a monoid
by G = Mon(A | uw = v whenever u — v € R), and the rewritings of the form zuy — xvy
for all z,y € A* and u — v in R, with transitive closure —, satisfy:

(1) There is no infinite chain w — x1 — z9 — - of rewritings.

(2) Whenever there is a pair of rules of the form rs — v and st — w [respectively, s — v
and rst — w] in R with r,s,t,v,w € A* and s # A, then there are rewritings vtz
and rw—z [respectively, rvt—sz and w—>z] for some z € A*.

The rewriting system is finite if the sets A and R are both finite.

The pairs of rules in item (2) are called critical pairs, and when property (2) holds, the
critical pairs are said to be resolved. The set Irr(R) of irreducible words (that is, words that
cannot be rewritten) is a set of normal forms for the group G presented by the complete
rewriting system.

A complete prefiz-rewriting system for a group G consists of a set A and a set of rules
R C A* x A* (with each (u,v) € R written v — v) such that G is presented (as a monoid)
by G = Mon(A | u = v whenever u — v € R), and the rewritings uy — vy for all y € A*
and u — v in R satisfy: (1) There is no infinite chain w — 1 — z9 — --- of rewritings,
and (2) each g € G is represented by exactly one irreducible word over A. (The difference
between a prefix-rewriting system and a rewriting system is that rewritings of the form
zuy — zvy with z € A*\ {A\} and v — v € R are allowed in a rewriting system, but only
rewritings uy — vy are allowed in a prefix-rewriting system.) The prefix-rewriting system
is bounded if A is finite and there is a constant k such that for each pair (u,v) in R there
are words s,t,w € A* such that u = ws, v = wt, and I(s) + I(t) < k.

3. CLOSURE PROPERTIES OF AUTOSTACKABLE GROUPS
3.1. Graph products.

In this section we prove the first of the closure properties, that each of the stackability
properties is preserved by the graph product construction.

Given a finite simplicial graph A (with no loops or multiple edges) with vertices vy, ..., vy,
such that each vertex v; is labeled by a group G, the associated graph product is the quotient
GA of the free product of the groups G; by the relations that elements of vertex groups
corresponding to adjacent vertices in A commute. Special cases include the free product (if
A is totally disconnected) and direct product (if A is complete) of the groups G;.
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For each 1 < i < n, let A; be a finite inverse-closed generating set for the vertex group G;.
In this section we use the generating set A := U}'_; A; of GA for our constructions. For each
i, we let I; C {1,...,n} denote the set of indices k such that vy and v; are adjacent in A. This
set I; can be partitioned into the subsets I” := I;N{i+1,...,n} and I~ := I;N{1,...,i—1}.
Let C; := A; U{I, >}, where I and > denote distinct letters not in A, and define a monoid
homomorphism 7; : A* — C by defining

a ifaecA;

= if a € Ay, for some k € I

A if a € A, for some k € IS

I ifae Ay for some k €I\ (I;U{i}).

m(a) =

Lemma 3.1. Let GA be a graph product of the groups G; = (A;), let A :== U | A;, and
suppose that for each index i the set N is a prefiz-closed set of normal forms for G; over
the generators A;. Then the language

Ny = ﬂ?zlwi_l((J\/i = I)*N; =)

is a prefiz-closed set of normal forms for GA.

Proof. Over the larger generating set X := U} ; X; of GA where each X; := G; \ {1¢g,}, we
note that the set of rules R := R'U R”, where R' := {gh — (gh) | g,h € X;, i € {1,...,n}}
and R" := {gwh — hgw | g € X;,h € Xj,j € I;5,w € (Uper; Xi)*}, is a complete rewriting
system for G. Here (gh) denotes the element of X; corresponding to the product gh in
Gi if gh #¢, 1g,, and (gh) denotes the empty word A if gh =¢, lg,. Indeed, if we let
S :={s1,..., sp} have the total ordering defined by s; < s; whenever i < j, and define the
monoid homomorphism a : X* — S* by a(g) := s; for each g € X;, then each rewriting
zuy — xvy with z,y € X* and u — v € R satisfies the property that a(zuy) >g a(zvy),
where > is the (well-founded) shortlex ordering on S*, and so there cannot be an infinite
sequence of rewritings. It is also straightforward to check that the critical pairs are resolved
(see Section 2.2 for this terminology), and so this is a complete rewriting system. Hence
the set Irr(R) of irreducible words for this system is a set of normal forms for GA over X.

Now let 5 : X* — A* be the monoid homomorphism mapping each g € X; to the normal
form B(g) of g in NV;. Then S(Irr(R)) is a set of normal forms for GA over A.

Given a word w € Irr(R), the image m;(8(w)) lies in (N; =* T)*N; =* for all i, by the
choice of the rewriting rules in R; hence, S(Irr(R)) € Nj. In the other direction, for any
word x € Ny, we can consider the word z as an element of X* using the inclusion of A in X.
Since m;(x) lies in (N; =* T)*N; =* for each i, the only rules of the rewriting system R that
can be applied to x are in the set R’. Since each element of G; is represented by only one
word in N;, and the normal form set N; is prefix-closed, it follows that nonempty subwords
of words in N; cannot represent the trivial element of G;. Consequently any sequence of
rewritings of z using the rules in R’ may only replace words in X;r (that is, nonempty
words over X;) with words again in XZ?L . Hence any further rewritings from the system R
again can only apply rules in R/, resulting in an irreducible word z’. Applying 3 returns

the original word 8(2’) = x. Therefore Ny = S(Irr(R)).
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Finally, prefix-closure of the sets N; yields prefix-closure of the languages (N; =* I)*N; =*
for each ¢, which in turn implies prefix-closure of the language Nj. O

We note that the normal forms lrr(R) in Lemma 3.1 are the same as those developed by
Green in [13], and the set N} is also constructed using alternative methods in [16] and [19].
Next we use the normal form set A4 to prove the closure properties for graph products.

Theorem 3.2. For 1 <i < n let G; be an autostackable [respectively, stackable, algorithmi-
cally stackable] group on a finite inverse-closed generating set A;. Then any graph product
GA of these groups with the generating set A := U | A; is also autostackable [respectively,
stackable, algorithmically stackable].

Proof. Let N;, ®;, and ¢; be the normal form set over A;, the bounded flow function, and
the stacking map for the group G;, respectively. To streamline the discussion, for each
1 <4 < n we denote the language (N; =* I)*N; =* by L;. Also let Ny be the normal form
set for GA from Lemma 3.1, and as usual denote the normal form for g € GA by y,. Let
I" be the Cayley graph of GA over A, with sets E of directed edges and P of directed edge
paths, and let 7 be the maximal tree in I' corresponding to this set of normal forms.

Step 1: Stackable.

We begin by defining a function ¢ : Ny x A — A* as follows. Recall from Section 2 that
for any word w € A*, last(w) denotes the last letter of the word w, and suf 4, (w), which we
shorten to suf;(w) throughout this proof, denotes the maximal suffix of w in the letters of
the subset A; of A. Now for each y, € N and a € Ay we define

dr(suf(yg), a) if me(yg) & C, -
last(y,) talast(y,) if m(y,) € Cf = .

¢(y97 a) = {

We also let ® : E — P denote the function P(eg,a) == path(g, ¢(yq,a)).

It follows immediately from the definition of ® that property (F1) of the definition of
flow function holds.

To check property (F2d), consider any directed edge e = e, , whose underlying undirected
edge lies in the tree 7. Then either y,a or ygacf1 is an element of M. Let k be the
index such that a € A;. Now either m(yga) = [mr(yg)la € [Ny = I)*Ni =*la C Ly
or mk(Ygaa ') = m4(yy) € Lra~' N Ly, and so in both cases we have mg(y,) ¢ Cf .
Hence ¢(yq,a) = ¢r(sufx(yy),a). Write mi(y,) = vw where v € (N, =* I)* and w € Nj,.
Since 7(b) = A for all b € Uz‘eI;A% then in the word y,, the letters from w may be
interspersed with, or precede, such a letter b. However, if w # X and b is the first letter in
Use Ig A; occurring after the first letter of w in y,, and we let ' be the letter from w that
immediately precedes b in y,, then for the index ¢ such that b € A;, the word m;(a'b) = = b
is a subword of m;(y,), giving a contradiction. This shows that sufj(yy) = w. Now we have
that either y,a € Ny, in which case sufy(yy)a = wa € Ny, or else y; = yga™ !, in which
case sufg(y,) ends with the letter a=!. Since the flow function @y satisfies property (F2d),
then ¢y (sufi(yy),a) = a. Therefore ®(e) = e, and (F2d) holds for .



8 M. BRITTENHAM, S. HERMILLER, AND A. JOHNSON

Next we turn to property (F2r). We define a function 1 : E — N2 as follows. Let €g,a € E,
and let £ be the index such that a € Ay. Define ¥(eg.q) := (I(yq),0) if m(yq) € (Cr)* >,
and ¥(eg,q) := (0,dcli(sufr(yg), a)) if mx(yy) & (Ck)* >, where the descending chain length
dcli(w, a) denotes the maximum length of a descending chain ey, o >, €1 >o, €2+ >a, €n
of edges for the well-founded ordering obtained from the flow function ®;. Let <2 be the
lexicographic ordering on N?; that is, (a,b) <y (c,d) if either a < c or @ = ¢ and b < d,
where we use the standard ordering on N. Note that <2 is a well-founded strict partial
ordering. In order to show that property (F2r) holds for the function ®, it suffices to show
that whenever €/ <g e, then (/) <y2 ¥ (e). Making use of the fact that the ordering <4 is
a transitive closure of another relation, it then suffices to show that whenever €’ is an edge
of ®(e) and neither €’ nor e is in the tree T, then ¢ (e') <n2 ¥ (e).

Now suppose that e = ¢, , is any element of E and the undirected edge of I' underlying
eg,o does not lie in 7, and let £ be the index such that a € Aj. In this case the words y4a
and ygea~! are not in the normal form set M. Note that for any index i # k, the image
of yga under 7; has the form m;(yga) = m;(yq)mi(a) where m;(yy) € £; and m;(a) € {>, A, I},
and therefore also m;(ysa) € £;. Then since yga ¢ Ny, we must have 7 (yga) = m1(yg)a ¢
L = (N =* I)*Nj, =*. We treat the cases in which m(y,) does or does not end with the
letter >~ separately.

Suppose first that m(y,) does not end with >. Then m(yy) € (N >=* I)*Nj; write
mk(yg) = v for u € (N, =* I)* and v € Nj. Applying the discussion in the proof of (F2d)
above, then v = sufy(y,); hence we can write y, = wv. Now v (e) = (0,dcly(sufr(yy),a)) =
(0,dclg (v, a)) where dclg(v, a) is the maximum length of a descending chain of edges starting
from e, , for the flow function @, and since 7 (ysa) ¢ Ly and 74 (y,) does not end with
a~!, the descending chain length satisfies dcli(v,a) > 0. For any edge ¢’ in the path
®(e), we have ¢/ = ey’ c for some v € Nj, and ¢ € A, such that ey . is an edge of the
path ®(e, ). Note that, as above, sufg(av’) = ¢'. In the case that ¢ does not lie in
the tree T, then ey . <o, €vqe and mp(av') = mp(a)’ € Ly N (CF\ Cf >), and hence
¢(6,) = (Oa dCIk(SUfk(yfw/)a C)) = (Oa dClk(’Ul, C)) <N2 (0, dc'k(va CL)) = 7/)(@)

On the other hand suppose that 7(y,) ends with >. The path ®(e) contains three
directed edges e1 1= ey ,-1, €2 1= €g-1 4, and ez := eg,-1,; Where b := last(y,). Note that
Yg = Ygo—1b, and [(y,) > 1. The undirected edge underlying e; lies in the tree 7. If e does
not lie in the tree 7, then yy,-1a ¢ Ny, and so the argument (two paragraphs) above also
shows that 7y (yg-1a) ¢ Lg. In that case, either m(y,-1) ends with the letter >, in which
case P(e2) = (I(ygp-1),0) = (I(yg) — 1,0) <wz2 (I(yy),0) = 9(e), or else mx(yg-1a) does not
end with >, in which case ¥(e2) = (0, dcly(sufg(yz-1),a)) <n2 (I(yg),0) = ¥(e). So in all
cases, (e2) <y2 ¥(e).

Finally, we show that edge es lies in the tree 7. First note that since m(yy) € (Ng =*
I)*N =T, we can decompose the normal form for g as y, = ujugusb where m(uq) € (Nj =*
I)* and the length of the prefix w; is maximal with respect to this property, us € Nj
(including the possibility that wuo is the empty word ), mx(usb) € =T, and the first letter
c of usb satisfies mp(c) = =. Note that gb~lab =ga ga =ga U1Yu,qusb; we claim that
U1Yuratsb € Np. Indeed, for the index k we have mp(u1Yu,qzvh) = g (U1)Yuya Tk (ush) €
(N =* I)*Ng =TC L. For each index i # k, the word 7;(u1Yu,qu3vb) is obtained from
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mi(yg) by removal of the subword 7;(u2) and insertion of the subword 7;(yu,q); we consider
these steps separately. The word 7;(ujusb) is obtained from ;(y,) by removing a subword
from =* UTIT. Deleting a =* subword preserves membership in the language £;. In the case
that m;(ug) € IT, then the vertices v; and v of A are not adjacent, and mi(d) = T for all
d € A;; hence no letter of ugb lies in A;. Removal of a It subword from a suffix in {~,T}*
also preserves membership in £;. Hence we have m;(ujusb) € L;. Next, m;(u1Yuyausb) is
obtained from 7;(ujugb) by the insertion of a subword from =* U I, and insertion of such a
subword preserves membership in £; unless the inserted word is nonempty and immediately
precedes a letter lying in A;. In the case that m;(yu,a) € =T, we have i < k. Moreover, the
first letter ¢ of usb satisfies mx(c) = >, and so ¢ € A; for an index [ satisfying k& < [. Then
i < I, and so the word 7;(yy,q) is inserted immediately before the letter m;(c) € {~,1}. In
the case that m;(yu,q) € I, again the vertices v; and vy are not adjacent and no letter of
A; appears in usb, so no I is inserted preceding a letter of A;. Thus m;(u1yu,qusb) € L;,
completing the proof of the claim. Since the normal form yg,-14, = u1Yu,qusb ends with
the letter b, then the edge eg lies in T.

Thus we have that for any edge ¢’ in the path ®(e), either €’ lies in the tree 7, or
else ¥(e') <2 ¥(e), as required. This completes the proof of (F2r) and the proof that
® is a flow function associated to the tree 7 in the Cayley graph for GA over A. It
follows from the construction of ® that this flow function is bounded by the constant
max{3,bd(®1),...,bd(®,)}, where for each index i, bd(®;) denotes the bound on the flow
function ®;.

Step 2: Autostackable.

Now suppose further that the set graph(¢y) is synchronously regular for all indices 1 <
k < n. Following the piecewise description of the stacking function ¢ associated to ¢ given
in Step 1 above, its graph can be written in the form

graph(¢) = Up_jUaea, [(Uzeim(g,) 8raph(¢) N (A" x {a} x {z}))
U(Uier, Unea, graph(¢) N (A" x {a} x {b~"ab}))]

= (Uke{l..n}, a€Ay, z€{or(y,a)|[yEN} Liaq X {a} x {z})

U(Uke(rmy, aeay, ien, bea;  Lhap % {a} x {b71ab})

where

Lk,aw = {yg S NA | Wk(yg) ¢ C]: = and qﬁk(sufk(yg),a) = x}’ and
Ly op = 1{yg € Na | mi(yg) € Cf = and last(y,) = b}
Since the class of synchronously regular languages is closed under finite unions, and

all finite sets are regular, then Lemma 2.2 shows that in order to prove that graph(¢) is
synchronously regular, it suffices to show that the languages Ly o, and L}, , are regular.

We begin by considering the language Ay of normal forms. Lemma 2.3 says that the
projection of graph(¢y) on the first coordinate, which is the language Ny of normal forms
for the group Gy, is regular. Since regular languages are closed under concatenation and
Kleene star, then £, = (N =* 1)* N =" is also regular. Finally closure of regular languages
under homomorphic inverse image and finite intersection implies that N} is also regular.
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Now L) ., =NaN 77,;1(6’,’; =) N A*b. Since the class of regular languages is closed under
Kleene star, concatenation, and homomorphic preimage, then each of the three sets in this
intersection is regular, and so L ,, is a regular language.

The proof in Step 1 above shows that for any y, € Lg .. C Na N7y H(Cy\ Cf »), the
word y, can be written in the form y, = y'sufy(y,) where mi(y') € (N >=* I)*. Then
Liaz = Nanm, H(Ng =* 1)*) Ny oz where N o, = proj; (graph(¢x) N (A% x {a} x {z})) is
the set of all words w € N} such that ¢x(w,a) = x. Since graph(¢y) is synchronously regular
and the intersection of two synchronously regular languages is synchronously regular, then
applying Lemma 2.3 shows that the language N, , . is regular. Then using closure properties
of regular languages, we also have that Ly, . is regular.

Therefore the set graph(¢) is synchronously regular, and GA is autostackable over A.

Step 3: Algorithmically stackable.
The proof in this case is similar to the argument in Step 2. O

3.2. Extensions.

We continue the investigation into closure properties with the extension of a group K by
a group Q.

Theorem 3.3. Let 1 - K 5 G 5 Q — 1 be a short exact sequence of groups and
group homomorphisms. If K and Q are autostackable [respectively, stackable, algorithmi-
cally stackable] groups on finite inverse-closed generating sets A and B, respectively, and
B C G is an inverse-closed subset of G that bijects via q to B, then the group G with
the generating set i(A) U B is also autostackable [respectively, stackable, algorithmically
stackable].

Proof. Let Nk, ®k, and ¢ be the normal form set, bounded flow function, and associated
stacking map for K over A, and similarly let N, ®¢g, and ¢¢ be the normal form set,
bounded flow function, and associated stacking map for @ over B. Let K = (A|R) and
Q@ = (B|S) be the finite presentations obtained from these flow functions. By slight abuse
of notation, we will consider the homomorphism ¢ to be an inclusion map, and A, K C G,
so that we may omit writing i(-). Let C':= AU B.

For each b € B, there is a unique element b € B with q(l;) = b. For each word w =
by - b, € B*, we define hat(w) := bAl e bAn. Let ~ be the map from B* to B* that reverses
the map hat : B* — E*; that is, for any letter ¢ € E, ¢ = q(c¢) € B, and for any word
V=2C1ccCp GE*, then v = ¢ ---¢,. Define

NG = NKhat(NQ).

Since Q = G/K and the set hat(Ng) C B* bijects (via ¢) to @Q, the language hat(Np) is a
set of coset representatives for G/K, and every element g of G can be written uniquely in
the form g = kp for some k € K and p € hat(Ng); that is, the set N is a set of normal
forms for G over the finite inverse-closed generating set C.
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Let I" be the Cayley graph of G with respect to C', and let E and P be the sets of directed
edges and directed paths in I'. Since both Nk and N are prefix-closed, the language N
is prefix-closed as well, and so Ng determines a maximal tree 7 in I'.

Step 1: Stackable.

For each g € G, let y, denote the normal form of g in Ng. We also use the notation
yg = ugty where uy € N and t, € hat(Ng). Note that G has the presentation

G =(C | RU {hat(s) = upat(s) | s € S} U {ba = u;,; 10| a € Abe B});
in this step we use the relations from this presentation to construct a flow function for G

over C.
Define a function ¢ : Ng x C — C* by

oK (yg: €) ifce Aand y, € A*
(g, ¢) = { 1a5t(Yg) ™ iase(y,)clast(yy) -1 125 (1) if c € Aand y, ¢ A*
Ue(hat (o (a(9).a(c))) 1 Nat(Pq(q(g), q(c))) if c € B.

Also define @ : E — P by P (eg,c) := path(yg, ¢(yg,c)).

It follows immediately from the definition of ® and the presentation of G' that property
(F1) of the definition of flow function holds. To check property (F2d), suppose that e = ey .
is any edge in the tree T; then either y,c or yg.c™! lies in Ng. If ¢ € A, then the definition of
N implies that y, € A*, and either y,c or yg.c™! lies in Nx. Then ¢¢(yy, ¢) = ¢k (yg,¢) =
¢, and so ®(e) = e. If instead ¢ € E, then either ugt,c or ugctgcc*1 lies in Ng. Now ¢, € N,
¢ € B, and either #,¢ or fy.¢ ! lies in N. Hence property (F2d) for ®¢ implies that
0 (q(g),q(c)) = ¢o(ty,c) = ¢, and so hat(pg(q(g),q(c))) = ¢. Note that u.—1 = u; = A
Then again we have ¢(y4,c) = ¢ and ®(e) = e. Hence property (F2d) holds for ®.

Our procedure to check property (F2r) for ® will again (as in the proof of Theorem 3.2)
make use of a function ¥ : E — N? that captures information from property (F2r) for the
flow functions ®x and ®g. Let E = {ekK@ | k € K,a € A} be the set of directed edges of

the Cayley graph of K over A, and define dclg : Ex =N by
chK(ega) = maximal length of a descending chain ekK@ Sp € So €
Similarly let EQ = {e?b | ¢ € Q,b € B} be the set of directed edges of the Cayley graph of

Q
q,b

for the well-founded strict partial ordering >¢,. Now define ¢ : E — N2 on the directed
edges of the Cayley graph of G over C by

Q over B, and let chQ(egb) be the maximum length of a descending chain starting at e

(1,delk (egye)) if ce A and y, € A*
Y(ege) = (2,£(tg)) if ce 4 and y, ¢ A*
(3, dCIQ(qu(g),q(C))) ifceB

for all g € G and ¢ € C. To prove property (F2r), it now suffices to show that ¢/ <g e
implies ¥ (e’) <n2 ¥(e) (where <p2 is the lexicographic ordering) whenever €', e do not lie
in 7 and €’ is a directed edge on the path ®(e).
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To that end, let e = ¢4 be any directed edge in I' that does not lie in the tree 7.
Case 1: Suppose that c € A and y, € A*.
Each edge €’ in the path ®(e) = path(yg, i (yg, ¢)) has the form €’ = ey » with y, € A*

and ¢ € A. Moreover, the edge e?c, lies in the path @K(egc), and so eg,c/ <ox egc and

chK(egic/)) < chK(eng) — 1. Now ¢(¢') = (1,dc|K(e§7c/)) <2 (1,dc|K(e§c)) = 1(e).
Case 2: Suppose that c € A and y, ¢ A*.

The first edge in the path ®(e) = path(y,, Iast(yg)_lu|ast(y9)c|ast(yg)f1 last(yg)) is €y, last(y) 13
since this is also the last edge of path(1,y,), this first edge lies in the tree 7. Similarly, the

last edge in ®(e) is Cg1ast(yg) ™ gy s (g~ 1135t and the terminal vertex of this edge is

gc =q lugtgct, ')ty = kty where k = ugtyct; ! lies in K. Then the normal form of ge can be
written as uyty, ending in the letter last(y,), and so this last edge also lies in 7.

Now suppose that €’ is any edge in the path ®(e) that does not lie in 7. Then € = ey
satisfies ¢ € A and ¢’ € G has a normal form ugyt, with t; = tylast(yy). In this case either
ty = X and ¢(e) = (l,dclK(eg’c/)), or ty # X and ¥(e') = (2,1(ty)) = (2,1(ty) — 1).

In either subcase, ¥(e') <n2 (2,1(tg)) = ¥(e).

Case 3: Suppose that c € B.

In this last case the path ®(e) = path(yg, Ue(hat(éq (4(9).a())) -+ hat(P@(q(9), q(c)))) is the
concatenation of two paths p1 = path(yg, Uc(hat(so (g(9).9(c))))~1) ad p2 = path(yy, hat(dg(a(9), a(c)))),
where ¢ = JUe(hat(éo(q(te)a(c)))~1 18 the vertex at the terminus of p; and the start of pa,

_ Q
and we have 1(e) = (3,dc|Q(eq(9)7q(C))).
For any edge €’ in the first subpath p;, the label on the edge €’ is an element of A, and
so ¢(e’) = (m,n) with m < 3. Hence ¢(e') <yz ¥ (e).
To analyze the situation for an edge €’ of the path py, we first note that the initial vertex

g of po satisfies q(¢') = q(g). Then € has the form ¢ = €rhat(t),0 for some v € Nk
’q(c)). Then chQ(eS’c,) < chQ(e(?(g)7q(c)), and

B = (B.delg(e o 5)) = (.ddlg(ed ) <ne (3,ddlglegly) o)) = ¥le).

and some edge e?c, of the path @Q(eﬁg)

This completes the proof of property (F2r) for ®, and so ® is a flow function. Let kg
and kg be the bounds on the flow functions ®x and ®g. Let M := max{l(ugeq-1) | d € B

and ¢ € A}, and m := max{l(uc.) | ¢ € B and z is in the (finite) image of ¢o}. Then
max{kg,2+ M, kg + m} is a bound for the flow function ®.

Step 2: Autostackable.

In this step we assume that the groups K and @) are autostackable, and in particular that
the sets graph(¢x ) and graph(¢g) are synchronously regular. We partition the finite image
sets im(¢x) C A* and im(¢g) C B* as follows. For each ¢ € A, let U, := {é(y,¢c) | y € Nk},
and for cach ¢ € B, let V, := {¢(y,¢) | y € Ng}; that is, U, is the finite set of labels on
paths obtained from the flow function ¢x action on edges with label ¢, and similarly for V..
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The stacking function associated to the bounded flow function ® for G from Step 1 of
this proof is the function ¢ defined in Step 1. Using the piecewise definition of ¢, we have

graph((b) = (UceA, zeU. Lc,z X {C} X {Z})
U(UceA, beB L/c,b x {c} x {bflubcbflb})
U(Uceé, 2€V, Lg,z X {C} X {uc(hat(z))*lhat('z)}%

where

Lc,z = {yg € NG ’ Yg € A* and ¢K(yg7c) = Z}7
L, ={ys € Ng | ys ¢ A" and last(y,) = b}, and

Le . ={yy € Na | ¢qlalyy), a(c)) = =}

The first language L. . is the set proj;(graph(¢x) N (A* x {c} x {z})). Synchronous
regularity of both sets in the intersection, along with Lemma 2.3, shows that L. . is regular.
The second language is L, = Ng N C*b. Now Nk = proj(graph(¢k)) and hat(Ng)
is a homomorphic image (via the map hat) of proj;(graph(¢g)), so these languages, as
well as their concatenation N, are regular, and therefore so is L;b. Finally, L’CCZ is the
concatenation L; , = N hat(proj; (graph(éq)N(B* x{q(c)} x{z}))); similar arguments show
that L’C’,Z is also regular. Using the closure of synchronously regular languages under finite
unions and Lemma 2.2 now shows that graph(¢) is also regular. Thus G is autostackable
over C.

Step 3: Algorithmically stackable.
Again the proof in this step is nearly identical to the proof of Step 2. U

3.3. Finite index supergroups.

In this section we show that a group containing a stackable, algorithmically stackable
or autostackable finite index subgroup must also have the same property. While there are
many similarities with the result and proof in Section 3.2, and so we do not include all of the
details of the proof, the argument in the present section requires a different flow function
because we do not require the subgroup to be normal.

Theorem 3.4. Let H be an autostackable [respectively, stackable, algorithmically stackable]
group on a finite inverse-closed generating set A, let G be a group containing H as a subgroup
of finite index, and let S C G be a set of coset representatives for G/H containing 1. Then
the group G with the generating set AU (S \ {1})*! is also autostackable [respectively,
stackable, algorithmically stackable].

Proof. Let Ny, @y, and ¢ be the normal form set, bounded flow function, and associated
stacking map for H over A, and let H = (A|R) be the finite presentation obtained from
this flow function. Let B := (S\ {1})*! and let C := AU B.

Since S is a transversal, the set

Na ::NHU{ut|u€NH,t e S\ {1}}
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is a set of normal forms for G over C. Moreover, prefix-closure of the language Ny implies
that Ng is also prefix-closed.

Let I' be the Cayley graph for G with respect to C, with sets E and P of directed edges
and paths, and let 7 be the maximal tree in I' determined by the set Ng of normal forms.

Step 1: Stackable.

Given any g € G, we write the normal form from Ng for g as y, = uyty where uy € N
and ty € {A\}U(S\{1}). In this step we build a flow function whose associated presentation
is the finite presentation

G=(C|RU{x=uyty |2z € B\ S}U{ay = ugytsy | x € B,y € C})
of the group G.
Define a function ¢ : Ng x C' — C* by

o (Yg, ) if ce A and y, € A*
<Z5(yg, c) = Ye if ce B and y, € A*
Iast(yg)_1y|ast(yg)c if ce C and y, ¢ A*

Also as usual define ® : E — P by P(eg,c) := path(yg, ¢(yg, c)).

It is again immediate from the definition of ® that property (F1) of the definition of
flow function holds. To check property (F2d), suppose that e = e, is any edge in the
tree 7. Then either y4c or ygcc_1 lies in Ng. If ¢ € A, then y, € A* and either y4c or
ygec ! is in M. Then property (F2d) for ¢p implies that ¢c(yg,¢) = ¢u(yy,c) = ¢ If
c € B and y, € A*, then y, # yge.c!, and consequently y,c € Ng. Then ¢ € S\ {1} and
¢c(Yg,¢) = yo = c. Finally, if ¢ € B and y, ¢ A*, then y,c ¢ Ng, and so ygec™t € Ng. In
this case last(y,) =t, = ¢! € S\ {1}, and ¢¢(yy,c) = Iast(yg)*lybst(yg)c = cy; = ¢. Then
in all cases we have ®(e) = e; therefore (F2d) holds for ®.

Next define ¢ : E — N2 by
(0, chH(egc)) if ce A and y, € A*
P(ege) = ¢ (1,0) if c€ B and y, € A*
(1,1) if ce C and y, ¢ A*

where (as in the proof of Theorem 3.3), for an edge egc in the Cayley graph of H over A,

dClH(egc

usual, let <p2 be the lexicographic order on N2,

) € N is the maximal length of a descending chain e/, >4, ¢ >¢, ¢’ --. As

Let e = ey be any directed edge in I' whose underlying undirected edge is not in 7.
Case 1: Suppose that c € A and y, € A*.

The proof in this case is similar to Case 1 of Step 1 in the proof of Theorem 3.3.
Case 2: Suppose that c € B and y, € A*.

In this case ¥(e) = (1,0), and the path ®(e) is labeled by the word y.. Since the edge
e is not in 7T, the word yyc ¢ Ng, and so ¢ € B\ S and y. = ut. for some u. € Ny and
tc € S\ {1}. Each edge € in the subpath path(y,,u.) of ®(e) satisfies ¥(e’) = (0,n) for
some n € N, and so 1(e') <y2 ©¥(e). The final edge ey, ¢, of ®(e) lies in the tree T.
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Case 3: Suppose that ¢ € C and y, ¢ A*.

In this case ¥(e) = (1,1), and the path ®(e) is labeled by the word Iast(yg)_1y|ast(yg)c. The
first edge ey jast(y,)-1 lies in 7. Since last(y,) = t4, the next subpath of ®(e) is path(ug, ut,c)-
Any edge €’ in this subpath satisfies ¥ (e’) = (0,n) for some n € N; hence 1(e’) <y2 ¥(e).
The remainder of the path ®(e) is the edge ey, u,,., which lies in the tree 7.

ttgca
We now have that 1(€’) <y2 ¥(e) whenever ¢/ <4 e, and so property (F2r) holds and &

is a flow function. Finally, since A, B, C, and the image im(¢f) of the stacking map for H

are finite sets, the flow function ® is bounded. Therefore G is stackable over C.

Step 2: Autostackable and algorithmically stackable.

The map ¢ from Step 1 is the stacking map for the flow function ® for G, and the graph
of this function can be decomposed as a finite union of sets

graph(¢) = (Ucea, ze{on(y.o)lyens} Proji(graph(om) N (A% x {c} x {z})) x {c} x {z})
U(UCEB NH X {C} X {yc})
U(UceC, seS\{1} Ngs x {c} x {3_1ysc})-

With the added assumption that graph(¢) is either synchronously regular or computable,
then graph(¢) satisfies the same property. O

4. HOMOLOGICAL FINITENESS

The purpose of this section is to investigate the homological properties of autostackable
groups by studying Stallings’ [25] non-F P3 group
G :=(a,b,c,d,s | [a,c] = [a,d] = [b,c] = [b,d] = 1,[s,ab '] = [s,ac™}] = [s,ad "] = 1)

with respect to the generating set A := {a*!, b1, 1, dt! st}

The group G is an HNN extension, with stable letter s, of the direct product of two free
groups of rank 2,

H =Fy, x F, = (a,b,c,d | [a,c] = [a,d] = [b,c] = [b,d] = 1)

generated by the subset Z := {a®!,b*!, ¢!, d*1}. Since the relations of this presentation
have zero exponent sum as words over Z, given any element h € H, there is a unique number
expsum(h) such that every word over Z representing h has exponent sum expsum(h). Let N
denote the subgroup of H of elements of zero exponent sum. Then N is a normal subgroup
(as conjugation preserves exponent sum) of H, and N is generated by ab™!, ac™!, and ad~*.
In the HNN extension G, conjugation by the stable letter s is the identity map on N. (See
for example [10] for more details.)

The set {a’ | i € Z} is both a left transversal and right transversal of N in H. Let
Ng = {uwv | u € {a®!,0F1}* and v € {1, d*1}* are freely reduced};
this is a set of normal forms for H over Z. Then

Ng = {wslas2qa .- sa’n | w e Ny, n>0, ¢j € {+1} and i; € Z for all j,
and whenever i; =0, then ¢; = €11}
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is a set of normal forms for G over A (using normal forms for HNN extensions; for example,
see [22, Theorem IV.2.1]). In fact, the set N¢ is the set of irreducible words of the (infinite)
complete rewriting system

Rg= {zz7! —AlzeAt U{yr—ay|xe {a*1, 01}, y € {ct, d*}}
U {s‘a’y" — a7 y"sa™ | e,n € {1}, i € Z, y € {c,d}}
U {s€a'd" — a'b"a " ""sa | e,n € {£1}, i € Z}}
for G over A. We also note that the language N is prefix-closed, and so determines a
maximal tree in the Cayley graph for G over A.

Theorem 4.1. Stallings’ non-F Py group G is autostackable.

Proof. Let Ng be the normal form set for G over the generating set A described above, and
denote the normal form for any element g € G by y4. Let I" be the Cayley graph of G' over

A, with sets E and P of directed edges and paths, respectively, and let 7 be the tree in I’
corresponding to the set Ng of normal forms.
Step 1: Stackable.

Define a function ¢ : Ng x A — A* by

x if either y,z € Ng or ygx~! € Ng

last(y,) ‘zlast(y,) if x € {a*!, b*1}, y, € Z*, and last(y,) € {c!,d*!}
P(yg, ) := 1 last(y,) " txlast(y,) if x € {¢t!,d*1}, y, ¢ Z*, and last(y,) € {a*!}

c Mxch if v € (b1}, y, ¢ Z*,n € {£1}, and last(y,) = a”

last(y,) ~tzaMast(yy)a” if z € {b", ", d"} with n € {£1}, and last(y,) € {s*'}

for all y, € Ng and « € A. In all of the cases that do not appear explicitly, namely when
cither [z € {s™1}]; [z € {aF!, bF}, y, € Z*, and last(y,) € {1,aFL,bF}]; [v € {cFL,d*!}
and y, € Z*); or [z € {a*'} and y, & Z*], it follows from the definition of N that either
1YgT OF yggcx*l lies in N¢g. Moreover, one can also check that the five cases in the definition
of ¢ are disjoint; that is, the function ¢ is well-defined.

Let @ : E — P denote the function P (egq) := path(yy, ¢(yg,a)). It follows immediately
from the definition of ® and the presentation of G that properties (F1) and (F2d) of the
definition of flow function hold for &.

In order to prove that property (F2r) holds for ®, we utilize the following function
¢+ E — N3, Define 9(ey,) := (0,0,0) if e, lies in the tree T, and if e, , does not lie in
T, let

(0,0,1(suf o1 g1y (yg)))  fx € {a*tb*1} and y, € Z*
Ulege) =9 (ns(yg)s Usuf (211(yg)), 0) if w € {c*',d™"} and y, ¢ Z*
(ns(yg),l(suf{aﬂ}(yg)), 1) ifz € {b*'} and yg & Z*,

where n4(y,) denotes the number of occurrences of s*1 in the word y,. Let <ys denote the
lexicographical ordering on N2 obtained from the standard ordering on N, a well-founded
strict partial ordering. To prove (F2r), then, it suffices to show that whenever ¢/ <g e, then

P(e) <ne P(e).
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Let e =¢4, € E be any edge whose underlying undirected edge does not lie in 7T .
Case 1: Suppose that x € {a=, b1}, y, € Z*, and last(y,) € {c*!, d*'}.

In this case ¥(e) = (0,0, l(suf (c+1 g+11(yg))). The path ®(e) contains three directed edges:
€1 1= €g last(y,) 1+ €2 = Eglast(yy)—1,e ANA €3 1= €glast(y,)~1zlast(y,)- L€ edge e lies in the
tree T, a8 Yglast(y,)-11a5t(yy) = yg- The edge eq either lies in T, or else its image under ¢ is
Y(ea) = (0,0, 1(suf o1 g+13 (Ygiast(y,)—1))- SINCE Ygiast(y,)-1 18 the prefix of y, consisting of all
but the last letter last(y,) (which lies in {¢*!,d*!}), we have U(suf 1 g1} (Yglast(yg)-1)) =
I(sufgex1 g1y (yg)) — 1 and (e2) <ys (e). To analyze the edge e3, we decompose y, =
uvlast(y,) where u € {a*!,b*1}* and vlast(y,) € {c*!,d*'} are reduced words. Now the
normal forms satisfy Ygast(y,)-12125t(Yg) = Yuzv1ast(Yg) = Yglast(y,)~1alast(y,): a1d s0 the edge
e3 also lies in the tree 7.

Case 2: Suppose that x € {ct1,d*1}, y, ¢ Z*, and last(y,) € {a*'}.

In this case we have 1(e) = (ns(yy), l(suf (41}(yg)),0), and there are three directed edges
in the path ®(e). Similar to case 1, the first of these edges, €y jast(y,)-1, lies in the tree T.
The second edge, €2 1= €gjast(y,) -1, has 1 function value of ¥(e2) = (ns(yy), l(suf (o=1y(yg)) —
1,0) <ys 9(e). The third edge is €3 := €glast(y,)~1a last(y,)- APPlying the rewriting system
R¢ above shows that the normal form of the word yglast(y,) 12 again contains ns(y,) > 0
appearances of sT1, and therefore the edge es also lies in 7.

Case 3: Suppose that x € {b*}, y, ¢ Z*, n € {£1}, and last(y,) = a".

Now t(e) = (ns(yg), l(sufq+11(yg)), 1), and the path ®(e) contains three directed edges:
€1 1= €g cn, €2 := €go—n 5 and e3 := ey, . Unlike the previous cases, none of these edges
lie in 7. The edge e; satisfies 1(e1) = (ns(yy), [(suffo+13(yg)), 0) <ws P (e).

For the analysis of the other two edges, we first use the definition of the set Ng to write
out the normal form y, = ws“a" --- s*a’ where w € Ny, n > 0, ¢; € {1} and i; € Z
for all j, and i, /|iy| = n. Note that with this notation, ¥ (e) = (n, |iy|,1).

The normal form for ge™" is yge—n = Ywe—nagn8a’t - - sna’ =M. Therefore the image of
eo under v satisfies (ea) = (n, |in] — 1,1) <ws ¥(e).

Writing 2 = b° with 8 € {1}, then the value of 1(e3) depends upon the sign of the prod-
uct f-n. If -1 =1, then the normal form of the element gc™"x of G is yps“a™ - - - sa'"
where h =g wa " Finegpq=(1++in) In this subcase, then, 1(e3) = (n, linl,0) <ws ¥(e).
On the other hand if 5 -7 = —1, then the normal form of g™z is yp s“a™ - -- sénqin =21,
where b/ =g wa™ i Npq= (it +in)+21 Since 1) = i, /|i,|, then |i, — 21| < |in|. There-
fore in this subcase we have ¢(e3) = (n, |i, — 2n|,0) <y3 ¥(e).

Case 4: Suppose that x € {b",c",d"} with n € {£1}, and last(y,) € {s'}.

In this case 9(e) = (ns(yq),0,m) (with m € {0,1} depending on z) and ®(e) con-
tains five directed edges: €1 = €gjast(y,)~1> €2 = Cglast(yy)—l.er €3 = CEglast(yy)—lz,a—7
€4 1= €glast(y,)~Lra—1 last(g) AN €5 1= €glast(y,)~Lza—nlast(g),an- Ldges e1 and eq4 both lie in the
tree T, since every edge labeled by s*! lies in this tree. The initial vertex of the edge es is
the element ¢’ =¢ glast(y,) ~*za "ast(g) of G; since g ¢ H and last(y,) 'za "ast(g) € H,
then ¢ ¢ H and y, ¢ Z*. Hence the edge e5 also lies in 7, as any edge labeled by the
letter a*! with initial vertex having a normal form outside of Z* lies in 7.
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If ng(yy) > 1, then ¥(e2) = (ns(yg) — 1,l(suf{aﬂ}(ygbst(yg)ﬂ)),m) and thus ¥(ez) <ps3
1(e). Moreover when ng(y,) > 1, the argument above showing that e lies in 7 applies to
show that e3 lies in 7 as well. On the other hand, if ns(y,) = 1, then the image via v for
both e and e3 has the form (0,0, /(suf (c+1 4+13(y)) for a word y € Ny, or else is (0,0,0). In
this case, we also have both 9 (e2) <n3 ¥(e) and ¥(e3) <y3 ¥(e).

These four cases show that for any directed edge e’ that is in ®(e) but not in T, the
inequality ¥(e’) <ys ¥(e) holds. Hence property (F2r) holds for the function ®, and ® is a
flow function. Moreover, this flow function is bounded, with bounding constant k = 5.

Step 2: Autostackable.

The function ¢ defined in Step 1 of this proof is the stacking function associated to
the bounded flow function ®. It remains for us to show that the language graph(¢) is
synchronously regular. As in our earlier proofs, we proceed by expressing graph(¢) as a
union of other languages, using the piecewise definition of ¢ from Step 1:

graph(¢) = (Usea Lo x {z} x {z})

we{atl b1}, ze{ctl g1} L. x {z} x {z_lxz})
x€{ctl d*l}, z€{a*l} L;:,z X {.%'} X {2_11‘2})
ee{b1}, nefz1) Lony X {z} x {cTxc})

ne{£1}, xc{bn,cn,dn}, ze{st1} Lmr,z X {x} X {Zilxainzan})’

C C CC

(U
(U
(U
(U

where
L, = {y, € Ng | either y,x € Ng or yzez™t € N},
L. ={yg € N | yg € Z* and last(y,) = 2},
Lgn,z ={yys € Ng | yg ¢ Z* and last(y,) = z},
Lon={yy € Na | yy ¢ Z* and last(y,) = a"}, and
Lys.= {yg e Ng | Iast(yg) =z}
Using Lemma 2.2 and closure of synchronously regular languages under finite unions, it

suffices to show that each of the languages L, L, ,, L Ly, and L, . . is regular.

T,z

We start by considering the set Ng. This is the set of irreducible words for the rewriting

system R¢, and so can be written as Ng = A* \ A*M A* where
M = {xx—l | = A} U {Cil,dil}{ail,bil} U S:I:l(a* U (a_l)*){bil,cil,dil}.

Closure of the class of regular languages under finite unions and concatenation shows that
M is regular; closure under concatenation and complement then shows that N is regular.

The language L, can be expressed as L, = (Ng/z)U(NgNA*z~!). Applying Lemma 2.1
and regularity of Ng, then L, is a regular language.

Note that L, . = NgNZ*NA*z, L, , = NgNA*2)\ Z*, Ly = (Ng N A*a") \ Z*, and
Ly .. = NgnNA*z, and so regularity of these languages also follows from regularity of the
normal form set Ng. O

Theorem 4.1 yields following.
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Corollary 4.2. There is an autostackable group that does not satisfy the homological finite-
ness condition F Py.

Remark 4.3. Recall from Section 1 that Stallings’ group G cannot have a finite complete
rewriting system. Earlier in Section 4 (on p. 16), we gave an infinite complete rewriting sys-
tem for this group. A consequence of Theorem 4.1 is that G must also admit a synchronously
regular bounded prefix-rewriting system over the generating set A. For completeness, we
record this system in this remark; the prefix-rewriting system is:

Ro= {zz7lz = z|x€ A, 2z~ € Ng}
U {zyx — zzy |z € {a®™, 0T}, y € {cFL,d*}, 2y € NN 2%}
U {zyx — zay |z € {1, d*'}, y € {a®'}, 2y € NG\ Z*}
U {za"z — za"c zc" | 2 € {bF'}, n € {£1}, za" € Ng \ Z*}
U {zs2" — zz"a "s%a" | x € {b,c,d}, e,n € {1}, zs° € Ng}.
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