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ABSTRACT. We explore relationships between the family of successively weaker almost convexity
conditions, and successively weaker tame combing conditions. We show that both Thompson’s
group F' and the Baumslag-Solitar groups BS(1,p) with p > 3 admit a tame combing with a linear
radial tameness function. By earlier work of Belk and Bux showing that F' is not minimally almost
convex, and of Elder and Hermiller showing that BS(1,p) with p > 7 is not minimally almost
convex, in each case with respect to a standard generating set, this result provides examples of
groups and generating sets satisfying a strong tame combing condition yet not even the weakest
almost convexity condition on the same generating set. We also show that an inclusion on strong
tame combing conditions is strict by showing that although BS(1,p) with the standard generators
and p > 8 does admit a tame combing with a linear radial tameness function, the linear coefficient
of the tameness function must be greater than 1.

1. INTRODUCTION

Several notions of almost convexity for groups have been developed in geometric group theory,
from the most restrictive property defined by Cannon [4] to the weakest notion of minimal almost
convexity introduced by Kapovich [12]. For a group G with generating set A, almost convexity
conditions for different classes of functions measure, in terms of the given function, how close balls in
the Cayley graph for (G, A) are to being convex sets. Results of Thiel [18] and Elder and Hermiller
[6], respectively, show that Cannon’s almost convexity and minimal almost convexity, respectively,
are not quasi-isometry invariants.

Mihalik and Tschantz [13] introduced the notion of a tame l-combing of a 2-complex, and in
particular of the Cayley complex of a group presentation, in the context of studying properties
of 3-manifolds. Hermiller and Meier [9] refined the definition of tame combing to differentiate
between types of tameness functions, analogous to almost convexity conditions. For a group G
with presentation P, intuitively the radial tameness function measures the relationship, for any
loop, between the size of the ball in the Cayley complex containing the loop and the size of the ball
needed to contain a disk filling in that loop. Hermiller and Meier [9] showed that the advantage
of studying balls in a Cayley complex from the viewpoint of tame combings and radial tameness
functions is that the classes of tame combable groups are, up to Lipschitz equivalence of radial
tameness functions (for example, linear functions or exponential functions), invariant under quasi-
isometry. In the same paper they also showed that several classes of almost convex groups are
contained in the quasi-isometry invariant class of groups admitting a 1-combing with a linear radial
tameness function.

In this paper we seek to further understand the correspondence between the hierarchy of almost
convexity conditions present in Cayley graphs and the hierarchy of tame combing functions on the
Cayley complex with the same graph, extending work begun by Hermiller and Meier in [9, 10]. In
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particular, we show that groups which are known to not be minimally almost convex with respect
to their standard generating sets, namely Thompson’s group F' and the Baumslag-Solitar group
BS(1,p) with p > 7, admit tame 1-combings with linear radial tameness functions. Additionally,
we show that, with respect to the standard generating set, the linear combing function for BS(1, p)
with p > 8 requires a linear coefficient which is greater than one. We give further details on
these results and their context within the two hierarchies in Section 1.3, after we give more precise
definitions of the two concepts of almost convexity and tame combings.

1.1. Almost convexity conditions on Cayley graphs. For a group G with a finite inverse-
closed generating set A, let I'(G, A) denote the Cayley graph of G with respect to A, and let d4
denote the word metric with respect to this generating set. The pair (G, A) satisfies the almost
convexity condition ACy for a function f : N — R, if there is an g € N such that for every two
points a, b in the sphere S(r) (centered at the identity) with d4(a,b) < 2 and every natural number
r > 1o, there is a path inside the ball B(r) from a to b of length no more than f(r).

Every group satisfies the almost convexity condition AC} for the function f(r) = 2r, as two points
in the ball of radius r can always be connected by a path of length 2r which remains inside
B(r), simply by going to the identity and returning outward. Thus the weakest nontrivial almost
convexity condition for a pair (G, A) is AC} for the function f(r) = 2r—1. Kapovich [12] and Riley
[17] have shown that this minimal almost convexity condition (MAC) implies finite presentation of
the group and the existence of an algorithm for constructing the Cayley graph.

At the other end of the spectrum, (G, A) is almost convex (AC) in the sense of Cannon [4] if it
satisfies ACy for a constant function f. Between the constant function and f(r) = 2r — 1, there
are a number of other possible functions which give rise to a range of almost convexity conditions.
For example, Poénaru [16], [15] studied the property AC} for sublinear functions f.

1.2. Tame combings of Cayley complexes. Let G = (A | R) be a finitely presented group
(with A inverse-closed). Let X denote the Cayley complex corresponding to this presentation, with
0- and I-skeletons X° = G and X! =TI'(G, A); that is, X! is the Cayley graph with respect to this
presentation.

In order to have a notion of a ball centered at the identity € in the 2-complex X, the notion of
distance on the vertices Cayley graph is extended to a notion of level on the entire complex. The
following definition is equivalent to that in [9].

Definition 1.1. (1) If g is a vertex in XO, the level lev(g) is defined to be the word length
la(g) with respect to the generating set A.
(2) Ifz € X' — X9, then x is in the interior of some edge, with vertices g,h € X°. Then let
_lev(g) +lev(h) N 1
B 2 4

(3) If v € X — X1, then x is in the interior of some 2-cell, with vertices gi,go,. .., gn along the
boundary, and

lev(x) :

lev(gr) +lev(ge) + -+ +lev(g,) 1 1
n 4 ¢
where if R = {ri,ra,...,1%}, and for each 1 < i < k, n; is the number of letters in the

relator r;, then ¢ :== 4ning - - - ng + 1.

lev(x) :

Intuitively, a 0-combing of a group G with generating set A is a choice of path in the Cayley

graph I'(G, A) from the identity to each group element. To obtain a 1-combing for (G,(A | R)),

a 0-combing is extended continuously through the 1-skeleton of the Cayley complex. Viewing the
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ball of radius ¢ in X as the set of points of level at most ¢, a radial tameness function p: Q — R4
for a 1-combing ensures that once a combing path leaves the ball of radius p(q), it never returns to
the ball of radius q.

Definition 1.2. The pair (G,(A | R)) satisfies the tame combing condition TC, for a function
p:Q — Ry if there is a continuous function ¥ : X' x [0,1] — X satisfying:

(1) For all z € X!, U(x,0) = ¢ and ¥(x,1) = x,
(2) U(XYx[0,1]) C X', and
(3) Forallz € X', 0<s<t<1, and q € Q, if lev(¥(x,s)) > p(q), then lev(¥(z,t)) > q.

The function ¥ is a 1-combing of X, and p is a radial tameness function for W.

A continuous function ¥ : X9 x [0,1] — X! with ¥(x,0) = € and ¥(z,1) = z for all z € X is
called a 0-combing for the pair (G, A). The restriction of a 1-combing to the vertices of X is a
0-combing.

In [9], Hermiller and Meier show that the condition T'C,, is independent of the choice of presentation
for the group, up to a Lipschitz equivalence on the radial tameness functions. Hence it makes sense
to define the class of groups admitting a tame 1-combing with a linear radial tameness function,
and also classes with polynomial and exponential radial tameness functions.

1.3. Hierarchies of convexity and combing functions. A pair (G,(A | R)) may satisfy a
variety of almost convexity and tame combing conditions. In Figure 1 below, we illustrate what is
known about the relevant relationships between the different classes of almost convexity functions,
and the different classes of possible radial tameness functions which arise from tame 1-combings.
In particular, all descending vertical arrows in Figure 1 follow immediately from the definitions.

These two chains of conditions are tied together at the base by the results of Hermiller and Meier
[9], which show that a pair (G, A) is almost convex if and only if there is a set of defining relations R
such that the pair (G, (4 | R)) admits a 1-combing satisfying the radial tameness function p(q) = q.

In Theorem D of [9], Hermiller and Meier showed that the property ACy with f sublinear, together
with a linear isodiametric function (a combination of properties motivated by work of Poénaru in
[15]), imply the existence of a 1-combing with a linear radial tameness function. It follows from
Riley’s work [17] that the property AC; with f sublinear implies a linear isodiametric function,
and so this extra assumption was redundant. As a consequence, we also have that AC; with f
sublinear implies the condition T'C', with p linear.

Tantalizing questions to consider, given these results, involve the potential connections between
weaker notions of almost convexity and radial tameness functions. As yet, there are few examples
known, other than for groups satisfying the condition AC; with f sublinear, of 1-combings with
restricted tameness functions for groups.

In this paper we construct 1-combings with linear radial tameness functions for two groups which
appear frequently in geometric group theory. Both of these results also show that the existence
of a tame 1-combing with a linear radial tameness function for a pair (G, A) does not imply that
(G, A) is minimally almost convex.

For the first example, we show in Theorem 4.4 that Thompson’s group F' admits a tame 1-combing

with a linear radial tameness function. Our proof includes a detailed analysis of the Cayley complex

for the presentation (zq, 21 |[zox] ", g w170, [0z ', 25 22122]) of F. The initial O-combing of F is

based in the nested traversal normal forms described by Cleary and Taback in [5], and the 1-combing

is then inductively extended through the Cayley 2-complex. Combining this with the result of Belk
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N
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[1%

Minimally almost convex with f(n) =2n —1 p(q) exponential

)2
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FiGURE 1. The relationships between the hierarchies of convexity conditions and
degrees of radial tameness functions for a pair (G, (A | R)). A slash across an arrow
indicates that it is known that there exists a counterexample to the implication in
that direction. Implications marked by a * are proved in this paper.

and Bux [1] that F' is not minimally almost convex with respect to this finite generating set shows
the non-implication above.

In our second example, we show in Theorem 5.1 that the Baumslag-Solitar group G = BS(1,p) =
{a,t | tat~! = aP) with p > 3 also admits a tame 1-combing with a linear radial tameness function.
As the pair (G,{a™!,t*1}) with p > 7 was shown not to be minimally almost convex by Elder
and Hermiller [6], this also shows that the existence of a tame l-combing with a linear radial
tameness function does not imply minimal almost convexity for a pair (G, A). Miller and Shapiro
[14] have shown that the group BS(1,p) does not satisfy Cannon’s AC = AConstant condition for
any generating set. Together these results show that the property T'C, with p linear (which is
independent of generating set) for a group G does not imply the existence of a generating set for
G with respect to which the pair satisfies Cannon’s almost convexity AC, nor the existence of a
presentation for which the pair has a 1-combing with radial tameness function p(n) = n.

These examples show that the quasi-isometry independent class T'Cj;peqr of groups with a 1-combing

satisfying a linear radial tameness function contains groups which are not even minimally almost

convex for some particular generating set. However, this leaves open the question of whether every
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group in T'Clipeqr, and in particular whether F' and BS(1, p) with p > 3, might have some generating
set with respect to which it is minimally almost convex.

Other intriguing questions involve the possibility of upward implications in either of the two hierar-
chies. For almost convexity, Elder and Hermiller [6] have exhibited a pair (G, A) which is minimally
almost convex but does not satisfy the condition ACy with f sublinear. It is still an open question
whether there can be a pair (G, A) with the Poénaru AC; with f sublinear condition that does not
also satisfy Cannon’s AC property.

Considering the same question in the radial tameness hierarchy, in Theorem 6.1 we show that
although the pair BS(1,p) with the presentation above and p > 8 admits a 1-combing with a linear
radial tameness function, the function must have multiplicative constant greater than 1; that is,
p(q) # q + C for any choice of constant C.

The remainder of the paper is organized as follows. In Section 2, we provide a brief introduction
to Thompson’s group F'. In Section 3, we construct the 1-combing of F', and in Section 4 we show
that this combing satisfies a linear tameness function to prove Theorem 4.4. In Section 5 we show
that G = BS(1,p) with p > 3 has a 1-combing which satisfies a linear tameness function, proving
Theorem 5.1. Finally, Section 6 is devoted to the proof of Theorem 6.1.

2. AN INTRODUCTION TO THOMPSON’S GROUP F

We present a brief introduction to Thompson’s group F' and refer the reader to [3] for a more
detailed discussion. This group has a standard infinite presentation:

(vg, k> Oz ‘oo = 24 if i < j).

The elements zy and z; are sufficient to generate the entire group, since powers of xy conjugate
x1 to x; for ¢ > 2. Only two relators are required for a presentation with the generating set
A := {zg,x1}, resulting in the finite presentation for F:

(0, x1|[T0w] !, Ty L1 20), [0 L, g w1 7).

This is the most commonly used finite generating set and presentation for Thompson’s group F,
and in this paper we will build the 1-combing for F' using the Cayley complex for this presentation.

With respect to the infinite presentation given above, each element w € F' can be written in normal
form as

T1 .72

TR —S — —
w=alz? . xrr ~92 751
1 12

CYiga T2 i

with 75,8, > 0,0 <41 < 19... < i and 0 < j; < jo... < j;. This normal form is unique if we
further require that when both x; and :1:;1 occur, so does T;41 Or T, +11, as discussed by Brown and
Geoghegan [2]. We will use the term infinite normal form to mean this unique normal form, and
write w = wpw, where w, is the maximal subword of this normal form with positive exponents,
and w, is the maximal subword with negative exponents.

Elements of F' can be viewed combinatorially as pairs of finite binary rooted trees, each with the
same number n of carets, called tree pair diagrams. Let T be a finite rooted binary tree. We define
a caret of T to be a vertex of the tree together with two downward oriented edges, which we refer
to as the left and right edges of the caret. The right (respectively left) child of a caret ¢ is defined
to be a caret which is attached to the right (resp. left) edge of c¢. If a caret ¢ does not have a right
(resp. left) child, we call the right (resp. left) leaf of ¢ exposed. The caret itself is ezposed if both
of its leaves are also leaves of the tree; that is, the caret has no children.
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For a given tree T, let N(T') denote the number of carets in 7. We number the carets from 1
through N(7') in infix order. The infix ordering is carried out by numbering the left child of a caret
¢ before numbering ¢, and the right child of ¢ afterward. We use the infix numbers as names for the
carets, and the statement p < ¢ for two carets p and ¢ simply expresses the relationship between
their infix numbers. In a tree pair diagram (7', 5), we refer to the pair of carets with infix number
p, one in each tree, as the caret pair p.

A caret in a tree T is said to be a right (resp. left) caret if one of its sides lies on the right (resp.
left) side of T'. The root caret can be considered either left or right. All other carets are called
interior carets. We also number the leaves of the tree T from left to right, from 0 through N(T').

An element w € F' is represented by an equivalence class of tree pair diagrams, among which there
is a unique reduced tree pair diagram. We say that a pair of trees is unreduced if when the leaves
are numbered from 0 through N(T"), there is a caret in both trees with two exposed leaves bearing
the same leaf numbers. If so, we remove that pair of carets, and renumber the carets in both trees.
Repeating this process until there are no such pairs produces the unique reduced tree pair diagram
representing w.

The equivalence of these two interpretations of Thompson’s group is given using the infinite nor-
mal form for elements with respect to the standard infinite presentation, and the concept of leaf
exponent. In a single tree T' whose leaves are numbered from left to right beginning with 0, the
leaf exponent E(k) of leaf number k is defined to be the integral length of the longest path of left
edges from leaf k which does not reach the right side of the tree.

Given the reduced tree pair diagram (7,.S) representing w € F', compute the leaf exponents F (k)
for all leaves k in 7', numbered 0 through n = N(T'). The negative part of the infinite normal

form for w is then $;E(n)$;an—1) . (1)$8E(0)

xfE . We compute the exponents E(k) for the leaves
of the tree S and thus obtain the positive part of the infinite normal form as ;1:6E (O)xf(l) e xi(m),
where m = N(S). Many of these exponents will be 0, and after deleting these, we can index the
remaining terms to correspond to the infinite normal form given above, following [3]. As a result of
this process, we often denote the unique reduced tree pair diagram for w by w = (T_(w), Ty (w)),
since the first tree in the pair determines the terms in the infinite normal form with negative
exponents, and the second tree determines those terms with positive exponents. We refer to T (w)

as the negative tree in the pair, and T (w) as the positive tree.

AN

FIGURE 2. The reduced tree pair diagrams representing (respectively) x L and :1:1_1.

Group multiplication is defined as follows when multiplying two elements represented by tree pair
diagrams. Let w = (1T_,74) and z = (S_,S51). To form the product wz, we take unreduced
representatives of both elements, (T7,T%) and (5”,5’,), respectively, in which S} = T”. The
product is then represented by the (possibly unreduced) pair of trees (S’ ,T%). If the fewest
possible carets are added to the tree pairs for g and h in order to make S, =T", and yet the pair
(8", 1) is unreduced, we say that a caret must be removed to reduce the tree pair diagram for wz.

Given any w = (T (w),T4(w)) in F, let N(w) := N(T_(w)) = N(T4(w)) denote the number of

carets in either tree of a reduced tree pair diagram representing w. For any natural number k, let

Ry, (respectively L) denote the tree with k right (respectively left) carets, and no other carets; if
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k=0, Ry (or Ly) denotes the empty tree. For w = wpw,,, where as above w,, and w,, are the positive
and negative subwords of the infinite normal form, the tree pair diagram (R (), T (w)) represents
wy(w), and (T (w), Ry(y)) represents wy,. However, one of these tree pair diagrams may not be
reduced. If the last k carets of T_(w) (respectively T (w)) are all right carets, then at least k — 1
of them must be removed in order to produce the reduced tree pair diagram for w,, (respectively
wp). The inverse of w is represented by the reduced tree pair diagram w=! = (T (w), T— (w)).

For an element w € F, let l4(w) be the word length of w with respect to the generating set
A = {xF!, zF'}. Following the notation of Horak, Stein and Taback [11], the length /4 (w) can be
described in terms of the reduced tree pair diagram (7_(w), T4 (w)) for w, with carets numbered
in infix order. First, we say that caret number p in a tree T" has type N if caret p + 1 is an interior
caret which lies in the right subtree of p.

Definition 2.1. Caret pair p in the reduced tree pair diagram (T—(w),Ty(w)) is a penalty caret
pair if either

(1) Caret p has type N in either T_(w) or Ty (w), and is not a left caret in either tree, or
(2) Caret p is a right caret in both T_(w) and Ty (w) and caret p is neither the final caret in
the tree pair diagram, nor a left caret in either tree.

Using this notation, the following lemma is proved in [11].

Lemma 2.2. For w = (T_(w), T4 (w)), the wordlength la(w) = loo(w) + 2p(w), where loo(w) is
total number of carets in both trees of the reduced tree pair diagram which are not right carets, and
p(w) is the number of penalty caret pairs.

It then follows that N(w) is good estimate for the [4(w). Lemma 2.3 makes this relationship
precise, and is used in the proof that the tameness function of the combing we construct below is
linear.

Lemma 2.3. Forw € F, N(w) —2 <ls(w) < 4N(w).

Proof. Lemma 2.2 shows that each caret pair in the reduced tree pair diagram for w contributes
0, 1, 2, 3 or 4 to la(w), and the upper bound on [4(w) follows immediately. The caret pair can
contribute either 0, 1, or 2 to I (w), and can contribute another 2 if it is a penalty pair. In order
for a caret pair to contribute zero to the word length of the element, both carets must be on the
right side of the tree in order to not contribute to I (w), and either one is the root (in which case
the pair is not a penalty pair because the root is also a left caret), or the pair is the last caret pair.
So at most two caret pairs do not contribute anything to l4(w), which yields the lower bound on
la(w). O

Finally, we include here a lemma which will be used in Section 3 and describes a family of words
in F' which are always nontrivial.

Lemma 2.4. Let w € F, and suppose w = ajas - - - ap where for each i, either a; or al-_l € Xoo =
{z0,x1,x2,...}. In addition, suppose that for each i, if a; = m,jfl, then ajy1 = xf_&l or m;t_ll Then
w#1in F.

Proof. We prove the lemma by induction on k. The base case k = 1 is trivial. Suppose w =
aias - - - ag, and the indices of the generators satisfy the hypothesis of the lemma, and let ¢ be the
smallest index appearing in w. We will show that if w = 1, then we can obtain a shorter word
satisfying the conditions on indices which is also 1 in F', contradicting the inductive hypothesis.
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Utilizing the representation of elements of F as piecewise linear homeomorphisms of the unit interval
(see [3] for details), #' has a breakpoint at 1 — (1/2)%, and the right derivative is 27! at that
breakpoint, but l‘;-tl has support in [1 — (1/2)7,1] C [1 — (1/2)%,1] for j > i. It follows that the net
exponent of all generators :L‘Z?tl occurring in w must be zero. We can write w = ;' wy x> - - - wmxjm“,
where for each j, w; is a nontrivial word in generators of the form z; for [ > ¢ and ¢; € {1, -1},
except possibly €; and €41 which may be zero. Note that if either ¢; or ¢,4+; are zero, then
necessarily m > 2, and if both are zero, then m > 3. In any case, m > 1, and for some pair of
indices r and s, €, = 1 and €, = —1.

Case 1: If for some j, ¢; = —1 and €;41 = 1, then let w;- be the word obtained from w; by increasing

. — €5 €4 . ..
the index of each generator by 1. Then w = = Ywjz; = xw;z*" in F. Furthermore, as i is the

minimal index in the word w, we know that w; begins and ends with J:ZEQ, wj—1 ends in :z:i}l (or

does not exist if j = 1), and w;y; begins in xfill (or does not exist if j = m), and so replacing
P wizy™ by w’; produces a word of length k — 2 satisfying the hypotheses of the lemma.

Case 2: If no such index j exists, and neither €; nor €,,,1 is zero, then w begins with x; and ends
with mi_l. Therefore, since w = 1 in F, mi_lw:vi =1 as well, and if w’ is the word of length k — 2
obtained from w by deleting the first and last letters, then w’ = :1:;1
the hypotheses of the lemma.

wx; = 1 in F, and w' satisfies

Case 3: If no such index j exists, and ¢; = 0, then m > 2 and €3 = 1. Let w] be the word w; with
the index of each generator increased by one. Then since w) ends in xfc_:Q and wy begins in xill,
then replacing wyx; by z;w] results in a word of the same length which still satisfies the hypotheses.
Either this new word satisfies the conditions of Case 2, or else it does not end in a:i_l. But if not,
then €,+1 = 0, and one can do a similar substitution at that end to obtain a new word ending in
a:l-_l and beginning in x; which satisfies the conditions of Case 2. Applying the argument in Case

2 to this new word yields a word of length k — 2 satisfying the hypotheses of the lemma. O

2.1. Nested traversal normal forms. In general, there are many minimal length representatives
of elements of F with respect to the standard finite generating set, and Fordham [8] described effec-
tive methods for finding all such minimal length representatives. Cleary and Taback [5] described
a straightforward procedure which canonically produces a minimal length element (with respect to
the generating set A = {x(j)ﬂ, l‘itl}) for a purely positive or purely negative element in F'; that is,
an element w whose infinite normal form wyw, satisfies w = w,, (hence contains only terms with
positive exponents) or w = w, (hence contains only terms with negative exponents). They call
these paths nested traversal paths due to their construction. The combing paths used below will be
built from concatenating these nested traversal paths.

Let w € F be a strictly negative element; that is, w = w,, and w is represented by a reduced
tree pair diagram of the form (T (w), Ry(w)), Where Ry, is a tree consisting only of N(T_(w))
right carets. To construct the nested traversal path corresponding to w, we proceed as follows.
We number the carets of the tree T_(w) in infix order, beginning with 1. We proceed through the
carets in infix order, adding generators a:oﬂ and a:lﬂ to the right end of the nested traversal path

at each step according to the following rules.

(1) If the infix number of the caret is 1, add nothing to the nested traversal path.
(2) If the caret is a left caret with infix number greater than 1, add z ! to the nested traversal

path.
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(3) If the caret is an interior caret, let T be the right subtree of the caret. If T' is nonempty, add
To 17Tm0m1_1 to the nested traversal path, where y7 is the nested traversal path obtained
by following these rules for the carets of T.

(4) If the caret is an interior caret and the right subtree of T' is empty, then add 3:1—1 to the
nested traversal path.

(5) If the caret is a right non-root caret, and its right subtree T' contains an interior caret, add
To Lyrag to the nested traversal path, where y7 is as above.

(6) If the caret is a right non-root caret, and its right subtree T' contains no interior carets,
then add nothing to the nested traversal path.

It is proved in [5] that this method produces a minimal length word representing a negative element
of F', with respect to the generating set {xg,x1}. We denote this nested traversal path for w by
n(w). Notice that if extra right carets were appended both to the last leaf of the tree 7_(w) and
to the last leaf of Ry(,), the word produced by the algorithm above would not change.

We define the nested traversal normal form n(w) of an element w € F as follows. Let w = wyw,
from the infinite normal form. Then the element w,, ! represented by the (not necessarily reduced)
tree pair diagram (7 (w), Ry(y)), is strictly negative, and so has a nested traversal path from the
definition, which is not affected by the possible reduction of the diagram, according to rule (6) of
the procedure above. Hence we can define the nested traversal normal form for w, to be n(w,) :=
(n(w, 1))~1. Finally, the nested traversal normal form for w is the word n(w) := n(w,)n(w,). Note

that this is not necessarily a minimal length word representing the element w.

Cleary and Taback show in the proof of Theorem 6.1 of [5] that along a nested traversal normal
form n(w) = ajaz...a,, the number of carets in the tree pair diagrams corresponding to the
prefixes ajas .. . a; never decreases, that is, N(ajaz---a;) < N(ajag---ait+1). This follows from the
construction of the paths: the multiplication (ajas...a;) - a;+1 never causes a reduction of carets.
Our proof of the tameness of the 0-combing given by the nested traversal normal forms uses this
property combined with the relationship between [4(w) and N(w) described in Lemma 2.3.

3. CONSTRUCTING THE COMBING OF F

In this section, we construct a 1-combing of the group F with respect to the presentation
(o, x1|[1‘01‘fl, xalxlxo], [a:oa:fl, x62x1x3]> ;

in Section 4 we will show that this combing satisfies a linear radial tameness function. Let X be
the Cayley complex for this presentation.

We first construct a 0-combing of F' with respect to A = {z¢,x1} by defining a continuous function
U : X0 x[0,1] — X! where, for any w € F, the restriction ¥ : {w} x [0,1] — X! is labeled by the
nested traversal normal form n(w) for w. We call this 0-combing ¥ the nested traversal 0-combing.

Now we must extend this 0-combing to a 1-combing. All edges in the Cayley graph fall into one
of two categories, “good” and “bad”. The good edges consist of those edges where the combing
path to one endpoint contains the other endpoint, and thus points along that edge are combed
through the 1-skeleton. The bad edges include all of those edges where this is not the case, and
thus the points along the edge in question must be combed through the 2-skeleton. To make this
more formal, we introduce some notation. For each w € F, let ¥,, be the 0-combing path in X!
from the identity to w (labeled by n(w)), and let W' be the inverse path from w to the identity.
Recall that each directed edge in the Cayley graph X' = I'(F,{zo,21}) is labeled either by the
generator xg or the generator ;. We formalize the notion of good and bad edges in the following
definition.
9



Definition 3.1. If the set of endpoints of an edge e is of the form {w,w;rgl}, we denote the edge
as ep(w), and if the set of endpoints of an edge e is of the form {w,wxfl}, we denote the edge as

e1(w).
Moreover, for the edge e,(w), where a € {0,1}, if the loop e := ‘I’wea(w)‘ll;i,l is homotopic to

the trivial loop in the Cayley graph, we call the edge e,(w) a good edge, and if not, we call the edge
eq(w) a bad edge.

Theorem 3.2 describes conditions on the Cayley complex which allow us to extend the nested
traversal 0-combing to a 1-combing.

Theorem 3.2. Let B be the set of bad edges in the Cayley complex X with respect to the nested
traversal 0-combing. Suppose that

(1) there is a partial ordering of B with the property that for any edge e € B, the set of edges
{f € B|f < e} is finite, and

(2) there is a function ¢ from B to the set of 2-cells of X, so that for every e € B the edge e is
on the boundary of c(e), and whenever f € B is another edge on the boundary of c(e), then
f<e.

Then the nested traversal 0-combing ¥ : X° x [0,1] — X! can be extended to a 1-combing ¥ :
X1 x[0,1] — X2

Proof. We remark that the hypotheses of the theorem imply that the mapping from bad edges to
2-cells is injective. Let G be the set of good edges. We extend the 0-combing in two stages. First,
extend ¥ : X0 x [0,1] — X! to ¥ : (X°UG) x [0,1] — X! using the homotopies for the good
edges. Next, note that the partial ordering on B is well-founded, and so we may apply Noetherian
induction to define ¥ on bad edges as follows. Suppose we have already extended the combing to
U (XPUGUS) x[0,1] — X2, where S := {€¢’ € Ble/ < e} for a particular edge e. Since c(e) is a
2-cell, there is a homotopy from e, through c(e), to the remainder of the boundary dc(e) excluding
the interior Int(e) of e, which fixes the endpoints of e. More specifically, let © : e x [0, 1] — c(e)
satisfy: for each point p in the edge e, ©(p,0) € Oc(e) \ Int(e) and O(p,1) = p; the image
O(ex {0}) = dc(e) \ Int(e); and for the endpoints g and h of e and for all ¢ € [0,1], O(g,t) = g and
O(h,t) = h. Since all edges in dc(e) \ Int(e) are in GU.S, the combing ¥ : (X°UGUS) x [0,1] — X2
provides combing paths from the identity to each of the points of dc(e) \ Int(e). Reparametrize
these paths and concatenate them with the paths from the homotopy © to define the homotopy
W :ex[0,1] — X. This yields a homotopy ¥ : (X®UGUSU{e}) x [0,1] — X2. Then by induction,
the 0-combing extends to a 1-combing ¥ : X! x [0,1] — X?2. O

The remainder of this section is devoted to establishing the hypotheses of Theorem 3.2.

3.1. Identifying the good edges. The goal of this section is to identify the good edges in
I'(F, A = {zg,21}). This is accomplished in the following theorem.

Theorem 3.3. Let w € F have reduced tree pair diagram (T—(w),Ty(w)). If any one of the
following four conditions holds, then the edge e,(w), with a € {0,1}, is a good edge:

(1) The index a = 0.

(2) The tree T_(w) has at most two right carets.

(3) The tree T_(w) has at least three right carets, no carets need be removed to reduce the tree
pair diagram for wxfl, and all carets following the third right caret in T_(w), if any, are

right carets.
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(4) The tree T_(w) has at least three right carets but no interior carets, caret n must be removed
to reduce the tree pair diagram for w:vl_l, and caret n is the first exposed caret in Ty (w).

We prove this theorem in two lemmas, considering separately the cases eg(w) and e;(w). To prove
each lemma, we simply compare the nested traversal forms for the two endpoints of the edge in
each situation in the hypotheses of Theorem 3.3.

Lemma 3.4. Let w € F. Then eg(w) is a good edge.

Proof. Let z = way'. We compare n(w) and 7(z), and show that the nested traversal normal forms
satisfy one of the following three conditions. In each case it follows immediately that ep(w) is a
good edge.

(i) n(z) = n(w)zy ™,
(i) n(w) = n(z)zo, or
(if) n(w) = n(zp)zoxg N(2n)20 where n(z) = n(zp)n(2n)-

As usual, let w = (T_(w), T+ (w)) and z = (T—(z),T+(z)) denote reduced tree pair diagrams. The
tree pair diagram (S_, S, ) for x5! is given in Figure 2.

Suppose first that T (w) has only one right caret, the root caret. The left subtree of the root caret
must then be nonempty; let A(w) be this subtree, and let v4 be the substring of n(w,,) consisting
of all generators corresponding to carets in A(w). Then n(w,) = yaz, ! In multiplying z = Wy 1
a caret is appended to the rightmost leaf of each of the trees for w, and the tree A(w) is appended
to the leftmost leaf of the trees S_ and S, for 5!, Then z = (T_(2), T} (z)) where T_(z) consists
of a root caret with a left child whose left subtree is A(w), and T (2) is T (w) with a single caret
appended to its rightmost leaf. This pair is reduced, so no caret is removed in performing this
product. The tree T_(z) has a left caret between the subtree A(w) and the root, so 1(2,) = vazg 2.
Since T4 (z) is just T (w) with a single caret appended to its rightmost leaf, n(wp_l) = n(zp_l).

Hence in this case, 7(2) = 1(zp)1n(2n) = n(w,)yazy? = n(w)zy ' and so condition (i) holds.

For the remainder of this proof suppose that T_(w) has at least two right carets. Let A(w) be the
left subtree of the root caret, let B(w) denote the left subtree of the right child of the root caret,
and let E(w) denote the right subtree of the right child of the root. Let v4, v5, and g denote the
subwords of n(w,) corresponding to the carets of these subtrees; note that any of these trees can
be the empty tree, and if so, the corresponding subword will be empty. Define v, := 1 if the tree
A(w) is the empty tree () with no carets, and 7, := x5 ' if A(w) # 0, so that 7, is the contribution
of the root caret of T_(w) to the nested traversal normal form 7(w,). The nested traversal normal
form for w is then

(w) = { n(wp)yaYyrYB if F(w) = Ry, for some k >0
7 n(wp)vav BTy yET0 I E(w) # Ry, for all k.

In this case no carets need to be added to the tree pair for w in order to perform the multiplication
wxal; the trees A(w), B(w), and E(w) must be appended to leaves 0, 1, and 2, respectively of the
trees S_ and S..

A caret must be removed from the product wzy ! to obtain the reduced tree pair diagram if and
only if the trees A(w) and B(w) are both empty, and caret 1 in the tree T (w) is exposed. In this
case, T’ (z) is the tree Ty (w) with the first caret removed. Note that caret 1 of T, (w) contributed

nothing to the nested traversal normal form n(w, '), and that caret 2 of T (w) must also be a left

1

caret, and so contributed zy'. The latter caret is caret 1 of Ty (z). Hence n(w,!) = zg 17](zp_ b,
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Analyzing the negative trees, we note that the tree T_(z) is the tree with a single left caret, namely
the root caret, having a right subtree given by E(w), and so 1(z,) = vg. Thus in the case that a
caret must be removed in the multiplication wx ! we have either E(w) = Ry, for some k > 0 and
n(w) = n(z)xo (condition (ii)), or E(w) # Ry, for any k and n(w) = 1(z,)zoxy 'n(2,)70 (condition
(iii)).

Finally, suppose that no carets need to be removed in the multiplication wzy *. Then T (2) = T (w)
and z, = wy. The nested traversal normal form for z is n(2) = n(wp)yavrvBTH 1vg. In this last
case in which 7 (w) has at least two right carets and no caret is removed in the multiplication, we
see that either E(w) = Ry and 1(z) = n(w)zy ' (condition (i)), or E(w) # Ry, and n(w) = n(z)zg
(condition (ii)). O

Next, we turn to edges of the form e;(w). For such an edge, the case where T_(w) has at least
three right carets is by far the most complicated, so before stating the desired lemma, we establish
some useful notation for that case.

Notation 3.5. For any w = (T_(w),T4(w)) € F such that T_(w) has at least 3 right carets:

o Let A(w) denote the left subtree of the root caret, B(w) denote the left subtree of the right
child of the root, and C(w) and D(w) denote the left and right subtrees, respectively, of the
third right caret of T_(w).

e Define N(w) := N(T_(w)) = N(T'y(w)) (as above), and Np(w) := N(D(w)) and N (w) :=
N(A(w)).

e Define j(w) to be the number of the first exposed caret of Ty (w).

To understand the good edges, and later the definition of the partial order on the edges, one must
first understand explicitly how the tree pair diagram for w may change when w is multiplied by
xfl. To form the product w:z:fl, if T_ (w) contains at least 3 right carets, then no carets must be
added to the trees of the reduced pair diagram for w, but the subtrees A(w), B(w), C(w), and
D(w) are appended to the leaves numbered 0, 1, 2, and 3, respectively, of the trees in the reduced
tree pair diagram for xfl, which is given in Figure 2.

Continuing the case that T (w) contains at least 3 right carets, let 7" be the negative tree of the
intermediate step in the multiplication, wxl_l before any carets are removed to reduce the tree pair
diagram. The carets of T_(w) and 7" with the same number have the same type (left, right or
interior) in both trees, with the exception of the caret numbered N4(w) + 1+ Np(w) 4+ 1, which
is a right caret in 7 (w) and an interior caret in 7”. This is the only caret that can be exposed
in 7" but not in 7_(w), and hence the only caret that might be removed if T” is not reduced.
As a consequence, a caret must be removed in the multiplication wxl_l if and only if the following
property holds:

(1): B(w) =0, C(w) =0, and Ty (w) has an exposed caret at caret number N(w) + 2.

We are now ready to describe exactly which edges of the form e;(w) are good edges.

Lemma 3.6. Let w € F. Then e1(w) is a good edge if any of the following are satisfied:

(1) T_(w) has at most two right carets.
(2) T_(w) has 3 or more right carets, property (I) is not satisfied and D(w) = Ry, for some
k> 0.
12



(3) T_(w) has 3 or more right carets but no interior carets, property (1) holds and the number
n of the caret that cancels satisfies n = Ny(w) + 2 = j(w), so caret n is the first exposed
caret in T4 (w).

Proof. Let u = wx]'. Again we compare n(w) with n(u), and we claim that the nested traversal
normal forms satisfy one of the following five conditions. In each case, it follows immediately that
the edge e1(w) is good. We list them below, along with an indication of where they occur:

) n(u) = n(w)x; . This occurs in Cases (1) and (2) of the lemma.

ii) n(w) = n(u)x1. This occurs in Case (3) if A(w) = 0.

(iii) n(w) = =, ~(n _2):51:68_2338(”_2) and n(u) = :L‘S(n_2), where n = Ny (w) + 2. This occurs in Case

i
(3) if A(w) # 0, caret n is the left child of its parent in T (w), and N(w) = n + 1.

(i
(

(iv) n(w) = yr120 %2, ~=2) and n(u) = vzl >z, ~=2) for some word v, where n = N4 (w)+2. This
occurs in Case (3) if A(w) # 0, caret n is the left child of its parent in 7_ (w), and N(w) > n + 1.

(V) n(w) = vy twa) 2 0( 2 and n(u) = 7:6873:65(”_2) for some word 7, where n = Na(w) + 2.
This occurs in Case (3) if A(w) # 0 and caret n is the right child of its parent in T_(w).

The proof consists of checking Cases (1), (2), and the four subcases of Case (3) of the lemma which
are outlined above in conditions (ii) through (v).

Case 1. T_(w) has fewer than three right carets. Suppose first that T (w) has only one right caret,
and A(w) is the left subtree of this root caret. In multiplying u = w:z:fl, two right carets are
appended to the rightmost leaf of each of the trees for w, and A(w) is appended to the leftmost leaf
of the trees for :z:fl, but no carets are removed. The two appended right carets in T (u) contribute

nothing to n(u,'), so n(up) = n(wp). The root caret of T_(u) has left subtree A(w), and the

right child of the root has left subtree consisting of a single interior caret which contributes 331—1

to the nested traversal normal form n(u,). Then n(u) = n(w,)(n(w,)z; ") = n(w)r; ", and hence
condition (i) holds. The proof in the case that T_(w) has two right carets is similar.

For the remainder of the proof, assume that T_(w) has at least three right carets. Let va, v, VB,
~vc, and yp be the subwords of the nested traversal normal form 7n(w,) corresponding to the carets
of A(w), the root, B(w), C(w), and D(w), respectively. In this case the nested traversal normal
form for w is then

n(wp)yaYr VB if C(w) =0 and D(w) = Ry, for some k > 0

) n(wp)vavysrg Moo if C(w) # () and D(w) = Ry, for some k > 0
n(w) = n(wp) YA YBT 2 VDT if C(w) =0 and D(w) # Ry, for all k >0
’I’](wp)’)/A’}/r’)/Bl‘al’)/Cl‘al’)/Dl‘% if C(w) # () and D(w) # Ry, for all k > 0

Case 2. No carets must be removed to create the reduced tree pair diagram for u = wa:l_l, and

D(w) = Ry, for some k > 0. It follows immediately that 7'y (w) = T4 (u) and hence n(w,) = n(up).
From the discussion of 7_(w) and 77 = T_(u) above, only caret number N4(w)+2+ Np(w) makes
a different contribution to the respective nested traversal normal forms, yielding:

(u) = n(wp)yaYryBT] if C(w) =0 and D(w) = Ry, for some k >0
= n(wy)yayryBTy yozoryt if C(w) # 0 and D(w) = Ry, for some k > 0

Comparing these words with the nested traversal normal forms for n(w) given above yields n(u) =
n(w)z; !, and condition (i) again holds.
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Case 3. Caret n is removed when we form the product wxl_l (equivalently, property (1) holds),
j(w) = n, and T_(w) has no interior carets. From (1), this caret necessarily has caret number
n = Na(w) + 2. As T_(w) has no interior carets in Case 3, we must have A(w) = L,,_o, the tree
with n — 2 left carets, where n —2 > 0 and D(w) = Ry, for some k£ > 0. Then n(w,) = x(;(nd).
When caret n is removed to form the tree pair diagram for u, we see that 7_(u) then has n —1 left
(n—2)

carets including the root and k + 1 right non-root carets, and so n(u,) = z, as well.

Note that N(w) > Na(w)+ 3 = n+ 1, and so caret n of T (w) is neither the first nor the last
caret of this tree. Then this is an interior caret of T (w) which is an exposed caret, in particular
it has an empty right subtree. This caret will contribute a:fl to the nested traversal normal form
n(w, D). The tree Ty (u) is the tree Ty (w) with caret n removed.

For 1 < j < N(w), let C; denote caret j of the tree Ty (w). Caret C; contributes nothing to
the nested traversal normal form n(w, ). Whenever 2 < j < n — 1, the unexposed caret C;
is either an interior caret or a right caret, and in both cases C; has a nonempty right subtree
containing the interior caret C,. Hence each of these carets C; adds zy U to n(w, 1) before the
subword 3:1—1 corresponding to caret C,, and also adds either a:oml_l or xgo to n(w; 1) after this

subword. Then n(w, DEE (n_Q)ml_l § for some word (3, and the nested traversal normal form for

wis p(w) = (B 2122 @y "),

To analyze the nested traversal normal forms 7(u, 1Y and n(u) further, we now divide into four
subcases, as follows.

Case 3a. Suppose A(w) = (). Then it follows that n = 2, and so n(w) = 3~ 1x1. The tree T (u) is
T, (w) with caret n = 2 removed, so n(u) = 37!, and condition (ii) holds.

Case 3b. Suppose A(w) # 0, caret n is the left child of its parent caret in Ty (w), and N(w) = n+1.
Then it follows that all other carets of T (w) are right carets, or else a caret with infix number less
than n would be the first exposed caret in 7 (w). Thus the nested traversal normal for for w is
n(w) = w(;(n_Q)mlxg_%E(n_m. The tree T4 (u) contains only right carets, and so n(u) = (l)mg(n_2)
and condition (iii) holds.

i

Case 3c. Suppose that A(w) # 0, caret n is the left child of its parent caret in Ty(w), and
N(w) > n+ 1. Caret Cp,41 is the parent of caret C, in this case. If C,4; is an interior caret of
T (w), then C,, 41 is an interior caret contained in the right subtree of carets C; forall 2 < j <n-—1,
and so in the tree T4 (u), these carets C; also contain an interior caret in their right subtrees. If
instead Cp,41 is a right caret, then C; is a right caret for all 1 < j < n — 1. Note that the final
caret N(T_(w)) of T_(w) is exposed, and the tree pair (7_(w), T} (w)) is reduced, so caret number
N(Ty(w)) > n+1 of Ty (w) is not exposed. Then the left subtree of the latter caret contains an
interior caret C; of T (w) with ¢ > n, and hence this interior caret is contained in the right subtrees
of all of the carets C; with 2 < j <mn — 1. Then for both types of parent caret the nested traversal
path for u, Iis the same as that for w, I except that the a:fl subword corresponding to caret n is

removed. Then n(u) = ﬁflxg_%g(n_m, and condition (iv) holds with v = =1,

Case 3d. Suppose that A(w) # 0, and caret n is the right child of its parent in Ty (w). Since n > 3,
N(Ty(w)) > n+ 1, and caret C, is the first exposed caret in T (w), then caret C,,—; must be an

interior caret in T’ (w), which is contained in the right subtree of each C; with 2 < j <n —2. Then
-1 1

1is the same as that for w;, ! except that the zy 'z zoz; ! subword

P P
of n(w, 1) corresponding to carets C,,_1 and C, is replaced with the word xfl corresponding the

the nested traversal path for «
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caret Cp,_1 of T (u). In this case n(w) = (o tzyzy a120 %) (zy , (where 8 = zoz; '), and

n(u) = (a‘la:la:g*:g)(:z:a(n*m). So condition (v) holds with v = o~ 12. O

Lemmas 3.4 and 3.6 complete the proof of Theorem 3.3. In the next sections, we will most frequently
apply the contrapositive of Theorem 3.3, rewritten below following Notation 3.5.

Corollary 3.7. Let w € F. If e,(w) is a bad edge, then a = 1, the tree T_(w) has at least 3 right
carets, and either

(1) D(w) # Ry, (w)-
(2) D(w) = Bypw), A(w) = Ly, (w), property (}) holds, and 2 < j(w) < Na(w).
(3) D(w) = Rnp(w), Alw) # Ly, (w), and property (1) holds.

Proof. From Theorem 3.3 parts (1) and (2) we know that a = 1 and 7_ (w) contains at least 3 right
carets.

If no caret is removed in the multiplication w:z:l_l, i.e. property (I) fails, then Part (3) of Theorem
3.3 shows that we must have D(w) # Ry, (w)-

If a caret is removed in the multiplication wxfl, then property () holds, Additionally, if we
are not in either of the cases (1) or (3) of this corollary, then we have D(w) = Ry, ) and
A(w) = Ly, (w)- In this case, T_(w) has no interior carets, so B(w) = () and the caret that is
canceled in the multiplication is caret number N4(w) 4 2, which must be exposed in T4 (w). It
follows from part (4) of Theorem 3.3 that this caret is not the first exposed caret in T (w), and
so j(w) < Na(w) + 2. However, two consecutive carets cannot be exposed, and we conclude that
j(w) < Ng(w). Furthermore, if j(w) = 1, then caret 1 would be exposed in both T_ (w) and T’y (w)
and the tree pair diagram would not be reduced. Hence, 2 < j(w) < N4(w), and case (2) of the
corollary holds. O

3.2. Defining a partial order on the bad edges. We now define a partial order on the set of
all bad edges e1 (w) as required for Theorem 3.2. This partial order is based on numerical measures
related to the tree pair diagram for w. These include N(w), as well as Na(w) and Np(w), the
number of carets in the subtrees A(w) and D(w) defined in Notation 3.5 above. To order the edges
e1(w) and eg(w’) where the values N4 and Np are the same for both elements, we first need to
construct, for each fixed number k, several different partial orderings of the set of all rooted binary
trees with k carets. Before explaining these posets, we first need some additional combinatorial
information associated to a rooted binary tree.

Definition 3.8. Let T be a rooted, binary tree.

o We order the right carets of T, in infix order, and call them ri,72,73,...,7E, Wwhere r1 is
the root caret of T. Let T; be the (possibly empty) left subtree of caret r;. Let s,(T) := 1,
where i is the smallest index with 0 < i < k, with the property that for every i <t <k, T}
1s empty.

o Similarly, we call the left carets of T', in infix order, ly,ly—1,...,1l1, where ly is the root
caret of T', and let S; be the (possibly empty) right subtree of caret l;. Then let s(T') = 1,
where i is the smallest index , 0 < i < m, such that S; is empty for every i <t < m.

o Let Cr(T) := N(T') — (k — s,(T)) where k is the number of right carets in T; that is, C,.(T')
is the number of carets in T up to and including caret r (7).
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o Let Ci(T) := N(T) — (m — s(T)) where m is the number of left carets in T'; that is, C;(T)
is the number of carets in T after, and including, caret lg, ().

We remark that the simple condition of whether a tree consists either only of right carets or only
of left carets, which was critical in recognizing bad edges in Corollary 3.7, simply translates into
whether s, or s; equals zero. More precisely, the condition s,(7") = 0 (respectively s,(7") > 0) is
equivalent to T' = Ry (r) (respectively T' # Ry (r)). Similarly, the condition s;(T) = 0 (respectively
si(T) > 0) is equivalent to T'" = Ly (p) (respectively T' # Ly(ry). In order to sort, rather than
simply recognize, the bad edges, however, we need to keep track of the numerical values s, and s;.

Consider the set of rooted binary trees with k carets. We define the right poset of rooted binary
trees with & carets which will be used to order edges e;(w) where Np(w) = k. For each tree D
with k carets with s,.(D) > 0, we define the tree f(D) as follows:

e If 5,.(D) is odd, and T}, the left subtree of the root caret of D, is empty, f(D) is the tree
formed by rotating D to the left at caret 1. That is, if g is the element of F' with tree pair
diagram (D, Ry) where Ry, is the tree consisting of k right carets, then gz ! has (possibly
unreduced) tree pair diagram (f(D), Ry).

e If 5,.(D) is odd, and T} is not empty, f(D) is the tree formed by rotating D to the right at
caret 1. That is, if g is the element of F' with tree pair diagram (D, Ry), then gz has tree
pair diagram (f(D), Ry).

e If 5,.(D) is even, and T5, the left subtree of the right child of the root caret of D, is empty,
f(D) is the tree formed by rotating D to the left at caret ro. If g is the element of F' with
tree pair diagram (D, Ry), then gz’ has tree pair diagram (f(D), Ry).

e If s,(D) is even, and T3 is not empty, f(D) is the tree formed by rotating D to the right
at caret ro. If g is the element of F' with tree pair diagram (D, Ry), then gz has tree pair
diagram (f(D), Ry).

Now declare f(D) <, D for every D. We claim that the transitive closure of this order is a well-
founded partial order, with unique minimal element Ry, the tree with k right carets. To see this,
notice that C.(D) = 0 if and only if D = Ry. Now C,(f(D)) < C.(D), and if C,.(f(D)) = C.(D),
then s, (D) and s,(f(D)) have different parities. So if f™(D) = D for some positive integer n, this
implies that there is a word :ca—qxid e x(jflmicl (where possibly the first and/or last generators are

absent) which is trivial in F, contradicting Lemma 2.4.

Since there are only a finite number of trees with k carets, C,.(f"(D)) < C,(D) for some m, and
hence C,.(f™(D)) = 0 for some n. Hence, we see that this is a partial order with a unique minimal
tree Ry, which is less than all other trees in the poset. We denote the order in this poset by <.

We now define the left posets of rooted binary trees with k carets, which will be used to sort
bad edges e (w) for which Ny(w) = k. Using the method given above, we could have constructed
a poset using s;, S;, and Cj instead of s, T;, and C)., replacing the words “rotate left ” by “rotate
right” and vice-versa. This yields a dual poset, where the minimal element is the tree Lj consisting
of only left carets. We denote relationships in this order by A4 <; As.

However, in some cases we will need a modification of this left poset in order to sort our edges,

depending on an index 1 < j < k. For any natural numbers k£ > 3 and 2 < j < k — 1, let B;(k)

be a tree consisting of k carets, none of which are interior, so that the root caret has infix number

j+ 1. Note that By_1(k) = Ly, the tree consisting of k left carets. In the left poset with order

relation <, there is a unique path from each tree to the minimal element By_1(k) = Ly, and

hence there also is a unique (undirected) path from each tree to Bj(k). For each 2 < j < k —2,
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FIGURE 3. In the example of the pair of trees (7T_(w),T4(w)) given above, the
subtree D(w) (resp. A(w)) has four right (resp. left) carets. We compute the
following quantities: N(w) = 15, Np(w) = 7, Na(w) = 5, sp(w) = 2, sj(w) =
1, Cr(w) =5, Ci(w) =2, n(w) =13 and j(w) = 3.

we form a new poset, reordering the trees by declaring A; <{ Ay if Ay is on the unique path
from Ay to Bj(k). For each such j, the new poset now has least element Bj(k), and whereas
Ly = Br_1(k) <; Bx—2(k) < --- <; Bj11(k) <; Bj(k), exactly the reverse holds in <, namely
Bj(k) <] Bjs1(k) <] -+ <] By_a(k) <) By_1(k) = Ly. If j = 1,k — 1 or k, we use the original
poset, and declare <{ =<;. Thus we have constructed only k& — 2 distinct posets in all, for each
k > 3. In the trivial cases k = 1 and k = 2, simply declare <{:<l forany 1 <j <k.

To summarize: for each natural number k£ > 3, we have defined k — 1 distinct partial orderings of
the set of rooted binary trees with k carets. There is a unique right poset which has as minimal
element Ry, which will be used to sort bad edges e1(w) with Np(w) = k; there is a family of k — 2
distinct left posets which have, respectively, the trees Bj(k) for 2 < j < k — 1 as unique minimal
elements, which will be used to sort edges with N4(w) = k and j(w) = j.

The following notation, based on the quantities introduced in Notation 3.5 and Definition 3.8, will
simplify the description of the ordering.

Notation 3.9. Let e1(w) be a bad edge, for an element w = (T—(w), Ty (w)) € F.

o Let sp(w) := s,(D(w)).

o Let si(w) = s1(A(w)).

o Let Cp(w) := Cr(D(w)).

o Let Ci(w) := Ci(A(w)).

o Let n(w) be the infix number of the right caret of T—(w) whose left subtree is not empty, but

whose right subtree is either empty or consists only of right carets. If no such caret exists,
T_(w) consists only of right carets, and we set n(w) = 0.

In the following definition, we define a set of comparisons between certain pairs of bad edges. We
then prove that the transitive closure of this set of order relationships is a partial order. Some
details of this partial order (particularly the fourth set of comparisons) may seem mysterious at
this point, but they are exactly the relationships needed for the cell map from the set of bad edges
into the 2-cells which is defined in the next section to satisfy the hypotheses of Theorem 3.2.

Definition 3.10. Let e1(w) and e1(z) be bad edges. We say e1(z) < e1(w) in the following situa-
tions:

< N(w).
= N(w), T4 (z) =Ty (w), both s,(w) >0 and s,(z) > 0, and either:
17



(a) Np(z) < Np(w) and n(z) = n(w), or
(b) Np(z) = Np(w), n(z) < n(w), and D(z) <, D(w).
(3) If N(z) = N(w), T+(2) = T+ (w), sr(2) = sp(w) =0, and either:
(a) Na(z) < Na(w) and n(z) < n(w) or '
(b) Na(w) = Na(z), n(2) = n(w), and A(z) <f A(w) for j = j(w) = j() < Na(w).
(4) If N(z) = N(w), T4 (2) = T4 (w), exactly one of the pair {s,(w), s, (z)} is zero, and either:

)
(a) sr(2) =0, sr(zj) =1 or 2, and n(z) < n(w), or
(b) sp(2) =1, sp(w) =0, n(z) =n(w), and Na(z) < Na(w).

Lemma 3.11. The transitive closure of the set of order relationships defined above is a partial
order satisfying the property that for all bad edges e, the set of bad edges less than e with respect to
this partial order is finite.

Proof. In order to show this is a partial order, we must show that for every set of bad edges
satisfying eq(wy) > ep(wg) > -+ > ey(wy), w1 # wy,. Suppose e1(wy) > ep(wa) > -+ > e1(wy).
If N(w;) is not constant for all i, then N(w,) < N(wy), and so w; # w,. So we may assume
N = N(w;) for 1 < i < n. Next we observe that if s,(w;) > 0 for every 1 < i < n, then for each
i either Np(w;+1) < Np(w;), or else Np(w;+1) = Np(w;) and D(wit1) <; D(w;), 8o wy # wy.
Similarly, if s,(w;) = 0 for every i, either Ng(w;+1) < Na(w;), or else Ng(w;t1) = Na(w;) and
A(wiy1) <{ A(w;) for j = j(w;) = j(wit1), so wy # wy. Therefore, if wy = w, the value of the
variable s, must change twice in the sequence of edges between a strictly positive value and 0. Thus
there must be indices for which the value of s, increases from 0 to a (strictly) positive number and
for which the value decreases from positive to 0. In particular, there must be some index i for
which s,(D(w;)) =1 or 2, s;(D(w;y1)) = 0, and n(w;4+1) < n(w;). But since for every index j we
have n(w;11) < n(w;), then n(w,) < n(w;), and hence wy # wy,. Finally, since the subset of all
edges e1(w) with a fixed value of N(w) is finite, the finiteness condition is satisfied and this partial
order is well-founded. O

3.3. The mapping from the set of bad edges to the set of 2-cells in the Cayley complex.
In this section we define a mapping ¢ from the set of bad edges to the set of 2-cells in the Cayley
complex. We will set up the map ¢ so that the bad edge e;(w) is on the boundary of the cell

c(er(w)).

In order to specify this mapping, we will first define notation for 2-cells in the Cayley complex with
a specified basepoint and orientation. For each vertex w and edge ej(w) in the Cayley complex,
there are eight 2-cells containing this edge in their boundaries. For four of these 2-cells, there are
10 edges on the boundary; these are the 2-cells labeled Rri'(w) and RIF!(w) in Figure 4. For
the other four 2-cells whose boundaries contain ej(w), there are 14 boundary edges; these are the
2-cells labeled Rr3!(w) and RIF!(w) in Figure 5.

In each of these 2-cells, in addition to ej(w) the boundary contains three other edges of the form
e1(v) for some v € F, and none of the e; edges in the boundary of a particular 2-cell are adjacent.
The edge e1(w) will be referred to as the top e; edge in these eight 2-cells. The e; edges closest to
w and wzy* are the left and right side edges e;(2;) and e;(2,), respectively, and the last e; edge is
the bottom edge e1(zp).

For a bad edge ej(w), the 2-cell ¢(e;(w)) must be chosen from among these eight cells. The
map will be defined so that z;, can be represented by a (not necessarily reduced) tree pair diagram
(T' (z),T" (2)), where the negative trees T_(w) and T” (2;) differ by a single rotation at a particular
caret, and the positive trees satisfy 7' (w) = T% (2). The notation Ra;:!(w) (where R stands for

relator,) has been motivated by this. The letter a = [ or a = r depends on whether the rotation
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needed to transform T (w) to T” (z,) takes place at a left or right caret of T_(w). The superscript
41 takes into account the direction of this rotation, and the subscript n specifies at which caret
the rotation takes place. More specifically, in the case of a rotation at a left caret, n = 1 means
this caret is the left child of the root of T_(w), while n = 2 means rotation is at the left child of
the left child of the root. In the case of a rotation at a right caret, if caret m is the right child of
the right child of the root of T_(w), then n = 1 means rotating at the right child of caret m, and
n = 2 means rotating at the right child of the right child of caret m.

w w
x X L il X x T L T x
2l "—>O—.—>O—._<_’72—" Zr 'b—>0—0—>0—0—<—0—40—0
r+ (w \ -1 \
! A R 1( ) Aml Tl R’I“l (w) 1
> ~——p . <—eo < Z » -~ . <o < z
Zo Zo Zp €1 Zo : xo xo Zp €1 Zo "
w w
o i) L T i) i) i) L T o
24— 4—o——P>—oPp 92 - « >
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< . < . » zZ < ~—<«¢ . < ~—p - —p z
oz 21 o T T %0 & o o wo

FIGURE 4. The four 2-cells Rri!(w) and RIF!(w) with boundary consisting of 10
edges including e;(w). In each rectangle, the vertices w, z;, 2, and z, are labeled.

Rewriting the result of Corollary 3.7 using the quantities in Notation 3.9, we have that the bad edge
e1(w) satisfies either s,.(w) > 0 or else property (1) holds and either s;(w) > 0 or 2 < j(w) < Ng(w).
It will be useful to re-organize these cases for the definition of the map ¢, as follows.

Corollary 3.12. Let w € F. If eq(w) is a bad edge, then a = 1, the tree T_(w) has at least 3 right
carets, and either

>0
=0, si(w) € {0,1}, property (f) holds Ny(w) > 2, and either
< J(w

)
(2) sr(w)
(a) 2 < j(w) < Na(w) =1 and A(w) = Bj)(Na(w)),
(b) j(w) = Na(w) and A(w) = By, (uw)- ( A(w)), or
(c) 2 <j(w) < Na(w) — 2 and A(w) = B;j(Na(w)) with j(w) +1 <i < Na(w) —1,

(3) sp(w) =0, s;(w) > 0, property (1) holds, and the conditions of case (2) are not satisfied.

The proof of this corollary follows directly from Corollary 3.7, using the fact that when s;(w) =0
then A = Ly, w) = Bn,(w)—1(Na(w)), and is left to the reader.

Using these cases, we will choose ¢(e1(w)) to accomplish the following:

e If 5,(w) > 0, then D(w) is not the minimal element Ry, relative to <,; in this case
c(e1(w)) is chosen so that either N(z,) < N(w), or N(z) = N(w), Np(zp) = Np(w) and
D(z) <, D(w) (see part (1) of the definition below).
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FIGURE 5. The four 2-cells Rry!(w) and RIF!(w) with boundary consisting of 14
edges including e;(w). In each rectangle, the vertices w, z;, z,, and z;, are labeled.

o If s,(w) = 0, but A(w) is not the minimal tree relative to <g(w)7 c(er(w)) is chosen (in
parts (2c) and (3)) so that either N(zp) < N(w), or N(z,) = N(w), Na(z,) = Na(w) and

Az) <I™ Aw).

e Finally, if both A(w) and D(w) are minimal, then ¢(e(w)) is chosen (in parts (2a) and (2b))
so that caret j(w) is removed in moving around the 2-cell from w to z, so N(zp) < N(w).

Definition 3.13. We define a map c from the set of bad edges to the set of 2-cells in several cases.
Consider a bad edge e1(w), and let k = Ny(w). Let Ty be the left subtree of the root of D(w), and
let Ty be the left subtree of the right child of the root of D(w). Similarly, let Sy be the right subtree
of the root caret of A(w), and let Sy be the right subtree of the left child of the root caret of A(w).

(1) If sp(w) > 0 and:

If s, (w) is odd, and T is empty, then define c(ei(w)) := Rri(w).
If s, (w) is odd, and T} is not empty, let c(ej(w)) := erl(w).

If s, (w) is even, and Ty is empty, let c(e1(w)) := Rra(w).

If s, (w) is even, and Ty is not empty, let c(e1(w)) := Rrgl(w).

(2) If sp(w) =0, s;(w) € {0,1}, property (1) holds, k > 2, and:
(a) If2 < j(w) <k —1 and A(w) = Bj)(k), then let c(e1(w)) := Rla(w).
(b) If j(w) =k and A(w) = By_1(k), then let c(e1(w)) := Rli(w).
20



(c) If 2 < j(w) < k—2 and A(w) = Bi(k) for j(w)+1<i<k—1, let c(e;(w)) := Rly(w).

(3) If sp(w) =0, s;(A) > 0, property (f) holds, and the conditions of case (2) are not satisfied,
and:
o If s;(w) is odd, and Sy is empty, then let c(e1(w
If s;(w) is odd, and Sy is not empty, let c(e1(w)
If s;(w) is even, and Sz is empty, let c(ej(w)) := Rla(w).
If s1(w) is even, and Sy is not empty, let c(e1(w)) := Rly ' (w).

See Figures 6 and 8 for examples of bad edges and their corresponding two cells. Figures 7 and
9 show the tree pair diagrams corresponding to the elements w and z,, where e;(zp) is the edge
across the two-cell from the bad edge e;(w).

w = xgla:gg
xo o i T i)

q p
Y cler(w)) = RryH(w) \ £
Zl » L > * <« ® < Zpr

X0 ity 2b T1 Zo

FI1GURE 6. The 2-cell corresponding to the bad edge el($g1$§2), where z, = a:glacgl.

FIGURE 7. The left (negative) trees from the pair diagrams corresponding to w =
mglmf and z, = mglxgl. Notice that these two trees differ by a rotation at the

root caret of the subtree D(w).

In the following theorem, we verify that the map defined above and the partial order on the set of
bad edges satisfy the hypothesis of Theorem 3.2. In addition, we prove another fact which will be
used later in showing that the combing satisfies a linear radial tameness function.

Theorem 3.14. If e;(w) is a bad edge, then all other vertices z on the boundary of c¢(e1(w)) have
N(z) < N(w). Furthermore, every edge of the form ei(z) along the boundary is either a good edge,
or precedes e1(w) in the ordering of the bad edges.

Proof. Let e1(z) be the bottom e; edge in the 2-cell ¢(eg(w)), and e1(z;) (respectively eq(z,)) be

the left (respectively right) side e; edges. The first statement in the theorem is a consequence of the

following observation. The tree T_(w) has enough carets in the left subtree of the root caret, and
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FIGURE 8. The 2-cells corresponding to the bad edges e;(w) and e;(w'), for w =
m0x1x2x4xflaﬁ52 and w' = x0x1x2x4xa3. The edge across the bottom 2-cell from
e1(w') is e (w”) where w” = J:oxla:ga:aQ.

D 08 0

FIGURE 9. The tree palr diagrams corresponding to w = xox1T2x4T] 330 ,w =
TOT1T2T4T 3, and w” = = TOT1T3T ~2 which are labeled in Figure 8 above.

in both subtrees of the right child of the root caret to ensure that as we read around c(e1(w)) to
the left, starting from w, terminating at z;, and form the successive products, no carets ever need
to be added to the tree pair diagrams in order to perform these multiplications. The same holds for
the path from wz; !, around to the right ending at zz;'. Since N(wz;') < N(w), it follows that
for each vertex z of c¢(ej(w)), N(z) < N(w). In addition, if N(z) = N(w), then T4 (2) = Ty (w).

To prove the second statement of the theorem, we proceed by cases according to the size of s, (w).
In each case we show that e;(z) < ej(w), or else e;(z) is a good edge. We consider separately the
three subcases of e(z) for z € {z, 21, 2, }.

(1) Case 1: s.(w) > 0. In this case c(e;(w)) = Rrit! for n € {1,2}. Also, note that n(w) =
N(w) — Np(w) 4+ Cy.(w).

(a) z = z;. In this case either:
e N(z) < N(w) (and e;(z;) < e1(w) by (1) of Definition 3.10 if e;(%;) is a bad
edge), or
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N

1) = N(w), sy(z) >0, Np(z) < Np(w) and n(z;) = n(w) (and e1(z) <
y (2a) of Definition 3.10 if e;(2;) is a bad edge), or

)
z1) = N(w) and s,(z) = 0. But one checks that if s.(z) = 0, then c(e;(w)) =
Rr;t n € {1,2}, and s,.(w) = n. But since no carets are ever added in moving
from zlazfl to 21, e1(z;) is a good edge.

(b) z = z.. If it is not the case that N(z,) < N(w), then it is easily checked through the
definition of Rri'(w) that T_(z) and T_(z,) differ only in the configuration of the
carets in the left subtree of the root. Therefore, the argument for e;(z;) goes through
exactly, replacing z; by z,.

(¢) z = 2. In this case either:
e N(zp) < N(w) (and e1(z) < e1(w) by (1) of Definition 3.10 if e1(zp) is a bad
edge), or

e N(z) = N(w) and s,(zp) > 0, in which case Np(zp) = Np(w), and D(z,) <,
D(w). Then Cy(z,) < Cr(w), which implies that n(z,) < n(w), (and e;(z) <
e1(w) by (2b) of Definition 3.10 if e;(23) is a bad edge), or

e N(zp) = N(w) and s,(z,) = 0. However, this can happen only when s,(w) = n
for n € {1,2}, c(er(w)) = Rr;Y(w), and n(z) < (ny) (and e1(z) < e1(w) by
(4a) of Definition 3.10 if e;(z) is a bad edge).

(2) Case 2: s,(w) = 0. In this case, c(ey(w)) = RIF! for n € {0,1}. Also, note that n(w) =
Na(w) + 1.

(a) z = z. In this case, Na(z;) < Na(w). Now either:
e N(z) < N(w) (and e;(z;) < e1(w) by (1) of Definition 3.10 if e;(%;) is a bad
edge), or

e N(z)) = N(w) and s,(z;) = 0, and hence n(z) < n(w) (and e1(z) < e1(w) by
(3a) of Definition 3.10 if e1(z;) is a bad edge), or

e N(z) = N(w) and s,(z) > 0. However, this only occurs if ¢(e; (w)) = RIF! (w),
and then s,(z;) = 1 and n(z;) = n(w) (and ei(z;) < ei(w) by (4b) of Defini-
tion 3.10 if e1(z;) is a bad edge).

(b) z = z,. If e1(2,) is a bad edge, then s,(w) = 0 implies that property (i) holds. In this
case, N(z,) < N(w) because a caret is removed when moving from w to wxy .
(¢) z = 2. Then either:

e In cases (2a) and (2b) of Definition 3.13, N(2,) < N(w), since caret j(w) is
removed in moving from z; to zz; ' (and e1(2,) < e1(w) by (1) of Definition 3.10
if e1(zp) is a bad edge).

e In cases (2¢) and (3) of Definition 3.13, either N(z,) < N(w) (and e1(zp) < e1(w)
by (1) of Definition 3.10 if e1(2) is a bad edge), or N(z) = N(w), sr(2) = 0,
Na(zp) = Na(w), n(z) = n(w), and A(zp) <g(w) A(w) (and e1(z) < e1(w) by
(3b) of Definition 3.10 if e;(z;) is a bad edge).

O

Since all hypotheses of Theorem 3.2 have now been verified, Theorem 3.2 shows that the nested
traversal 0-combing ¥ extends to a 1-combing ¥ : X! x [0,1] — X.
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4. THE COMBING OF F SATISFIES A LINEAR TAMENESS FUNCTION

The fact that our combing ¥ satisfies a linear radial tameness function will follow from the fact that
the number of carets in the tree pair diagrams representing the vertices along a nested traversal
normal form path never decreases, and from the close relationship between word length over the
alphabet A = {:L‘Oﬂ, a:lﬂ} and the number of carets. First, we extend the concept of the number of
carets in a tree pair diagram from F' = X" to all of X.

Definition 4.1. For any x € X, we define Npjar(x) and Npypin(2) by cases.

(1) If v € X°, then v = g € F, and we let Npae(r) = Najin(x) = N(g), the number of carets
in either tree of a reduced tree pair diagram for g.

(2) Ifz € X' — X0, then x is on the interior of some edge, with vertices g,h € X°. Then define
Npjaz(x) = Max(N(g), N(h)), and Nagin(x) = Min(N(g), N(h)).

(3) If z € X — X!, then x is in the interior of some 2-cell, with vertices gi,go,...,gn along
the boundary. Then we define Npjqr(x) = Max(N(g1), N(g2),-..,N(gn)), and Nppin(z) =

The following lemma proves that using this expanded notion of the number of carets of x € X, the
number of carets does not decrease along the combing paths defined by W.

Lemma 4.2. For any z € X! and 0 < s <t < 1, we have Npraz(¥(x,5)) < Najar(¥(z,1)), where
W 4s the 1-combing defined in Section 3.

Proof. In the case where z € X, as observed at the end of section 2.1, along a nested traversal
normal form n(x) = ajas...ay,, we have N(ajas---a;) < N(ajaz---a;y1). For z € X! — X0 if »
is in the interior of a good edge the conclusion of this lemma follows from the previous sentence. If
x is in the interior of a bad edge e, then the inequality follows from Noetherian induction and the
fact that for y on any bad edge e and z on the complement of the edge e in the closure of the 2-cell
c(e), we have Najar(2) < Najaz(y) as shown in Theorem 3.14. O

The next lemma relates the level of z € X to the quantities Nasi,(x) and Npsqq(x). Recall that
when z € X0, the level of x and [4(z), the word length of z with respect to A, are identical. The
lengths of the two relators in this presentation are 10 and 14, so the constant ¢ used in defining the
level of a point in the interior of a 2-cell of the Cayley complex for this presentation of F' will be
c=4(10)(14) + 1.

Lemma 4.3. For any r € X we have
Nytin(z) — 2 < lev(x) < 4ANppae(z) + 1
and additionally Npjar(x) — Nppin(z) < 9.

Proof. When x € X%, Lemma 2.3 gives N(x) — 2 < la(z) < 4N(x). Therefore
Npin(z) =2 = N(z) — 2 < lev(x) =la(x) < 4AN(z) = ANpraz () < ANprgz(x) + 1

for x € X°. If, on the other hand, z € X' — XY, then z is in the interior of an edge, whose endpoints
are g,h € F. Now

lev(x) = lev(g) + lev(h) e AN(g) +4N(h) N

1 1 1
2 4 2 4

< 4Maa(N(g). N() +




But on the other hand,

N(g)+ N(h 1 ) 1 1
lev(z) > M -2+ 1 > Min(N(g), N(h)) — 2+ i= Nifin(x) — 2+ 1 > Ngin(z) — 2.
In summary, in this case, we have

1
NMzn(l') —2< le’u(x) < 4NMa$(m) + Z < 4NMG$($) +1

And finally, if € X — X!, z is in the interior of some 2-cell, with g1, ¢, ..., gr on the boundary,
then
AN(g1) +---+N(ge) 1 1

< _ -
- k +4+c

_lev(gy) + -+ + lev(h) N

1
lev(z) = ? 1 +

Q-

1 1 1 1
<4Max(N(g1),-..,N(gx)) + ito= AN pfae () + 172 < 4N pfae () + 1.

On the other hand,

N ... N 1 1 1
)2 NGy 2> Min(N(9), - N(ge)) ~ 24 1 4+

>
lev(xz) > 1

1 1

And so, in this case, we have

Nuin(2) — 2 < lev(z) < ANnga(2) + i + % < 4Nprge(z) + 1.
This establishes the first statement of the lemma. Now if € X°, Nyjae(z) = Nagin(z). For
2 € X' X% Nyjae(z) — Nagin(z) < 2, since one either needs to add at most 1 caret (or can cancel
at most one caret) when multiplying by a:(jfl, and one needs to add at most two carets (or can cancel
at most two carets) when multiplying by :1:%1. Now the relators in our presentation of F' have length
either 10 or 14, and two vertices v and w on the boundary of a relator can be at most seven edges
apart. Furthermore, examining the relators, we see that at most two of these seven edges correspond
to multiplication by z{'. Therefore, for € X — X', Npsaz(x) — Nagin(x) < 2(2) +5 = 9. O

We are now able to prove that the combing ¥ defined in Section 3 satisfies a linear radial tameness
function.

Theorem 4.4. Thompson’s group F' is in T'C, with p linear. More specifically, the Cayley complex
of the presentation F = (mo,m1|[:v0xf1,malm1mo], [xomfl,ma%lxgb has a 1-combing admitting a
radial tameness function of p(q) = 4q + 45.

Proof. Let ¥ : X! x [0,1] — X be the 1-combing of F constructed in the previous section.
Suppose that z € X!, 0 < s < t < 1, and lev(¥(z,s)) > 4q + 45. In Lemma 4.3 we have
shown that lev(¥(z,s)) < 4Npaz(¥(z,s)) + 1, which implies that 4Npar (¥ (z,s)) > 4q + 44,
or Npjaz(¥(z,s)) > ¢+ 11. From Lemma 4.2 we have Npjar(V(2,t)) > Npsar(¥(z,s)), and so
Nafar(¥(z,t)) > g+ 11. The last statement in Lemma 4.3 also shows that Nyre. (¥ (x,t)) —
Nyrin (¥ (z,t)) < 9, and so Nppin(¥(z,t)) > g + 2. Using Lemma 4.3 once more, we obtain
lev(U(x,t)) > q. O
25



5. LINEAR TAME COMBING FOR BS(1,p)

In this section we prove the following.

Theorem 5.1. For every natural number p > 3, the group BS(1,p) is in the class TC, with p
linear. Moreover, the Cayley complex for the presentation BS(1,p) = (a,t | tat™' = aP) has a
1-combing admitting a radial tameness function of p(q) = 4(h + 2)q + [4(h +2) + 1](h + 4) where
h=[%].

Throughout this section, let p > 3, G = BS(1,p), h = |§], and A = {a*!,t*1}. Let X denote
the Cayley 2-complex associated with the presentation (a,t | tat~! = aP) of G. Give the Cayley
graph X' = I'(G, A) the path metric. For a word v over the alphabet A, let I(v) denote the length
of the word v, and let Ir(v) denote the length of a geodesic (with respect to the path metric on
I') representative of the element of G represented by v. Each element of G has a particularly
simple, not necessarily geodesic, normal form ¢~™a’t* with m > 0 and s > 0. The combing we
construct will be based on this set of normal forms. The following lemma, which characterizes a set
of geodesics for elements of G and relates them to the normal forms above, is a direct consequence
of Elder and Hermiller [6, Prop. 2.3].

Lemma 5.2. Let g be an arbitrary element of G. Then g is represented by a geodesic word w
satisfying one of the following.

(1) w = thatst tal—1t=1 ...t latmt with0 < s<m, 0<m, —-m <k, lif] < h for —m <1<
kE—1, lig] <h+1, and either 1 < |ig| or (k=—m and s =0).

(2) w = t~mat-mtat-mit - ta TR with 0 <m < s, —m < k, lif] < h for —m <1 <k-1,
1 <lig| < h+1, and either 1 < |ig| or k = —m = 0.

Moreover, in each case, g also has a (not necessarily geodesic) representative of the form t~™a/t®
withm >0, § >0, and j = i_p +i_myp1p + - +ippT™ € Z.

The next two lemmas show that lower and upper bounds on the length of a geodesic representative
of t™™a’t® in the Cayley graph imply lower and upper bounds, respectively, on the value of |j|.

Lemma 5.3. [f0<m <n, 0<s<n, h+2< B, and Ip(t-"™a’t*) > Bn, then |j| > pmz8-2".

Proof. We will prove the contrapositive; suppose that 0 < m < n, 0 < s <n, h+2 < B, and
lj] < p(’#?Bﬁ)n. Let w be a word in one of the forms (1)-(2) from Lemma 5.2 that is a geodesic
representative of the element of G that is also represented by t~"a’t*. As w is a geodesic, it follows
that Ip(t~™a’t®) is simply the length I(w) of the word w.

First note that if i = 0, then 5 = 0 and either s = 0 or m = 0. In both of these instances, we have
Ir(t™™"a’t®) < n < Bn.

For the rest of the proof we suppose that |ix| > 1. In both cases (1)-(2), we have |j| = |i_p, +
1 1
i—my1pte it < P28 and hence Jige | pFtm —| fol iptm| < pF=B72" Since each

=—m
k+m
[ir] < hfor —m <1< k=1, then | 72! i+ < S, Apttm = RESIEL < 2pR4m, where the
last inequality uses the hypothesis that p > 3. Plugging this into the previous inequality, and using
1 1
the fact that |ix| > 1, gives %p’”m < ig|pht™ — %p’”m < p(hTQB*Z)". Then pk+m*(hT?B*2)n < 3,

and so k +m — (%HB —2)n < 0. Since 0 < m, then k < (hLHB —2)n.
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If w is of the form in (1) with k£ > 0, then

l(w) = 2k+m+s+|z’,m|+~--+\ik|<2(mB—2)n+n+n+h(k—1—i—m)+h+1
1 1
2(——B h((——=B -2 Bn.
< (h+2 n—+ ((h+2 )n+n) < Bn
If w is of the form in (1) with k£ <0, then
llw) = m+s+licpm|+-+ligl<n+n+h(m—-1)+h+1<(h+2)n+1.
For w of the form (2) with £ > s — m, we have
l(w) = 2m+k+(k—s+m)+|i_m|+ -+ |ix|
1
1 1
—B ——B -2 Bn.
(h+2 )n+h(n+(h+ )n) < Bn

And finally, for w in form (2) with £ < s —m, we have
l(lw) = m+s+licp|+--+lik|l<n+n+hlk—14+m)+h+1<2n+hs+1
< 2n+hn+1=(h+2)n+1.
Hence in all possible cases, Ir(t ™a’t®) = [(w) < Bn + 1, and so this nonnegative integer satisfies

Ir(t~™a’t%) < Bn. O
Lemma 5.4. [f0<m <n,0<s<n,1<E, and |j| > p"", then Ir(t "™a’t*) > (E — 1)n.

Proof. Suppose that 0 < m <n,0<s<n, 1< E, and |j| > p"". Let w be a word in one of the
forms (1)-(2) from Lemma 5.2 that is a geodesic representative of the element of G also represented
by t~Malts.

In both cases, we have p" < |j| = \i_m + i 1P + -+ ipp*t™|, and in particular we must
have |ir| > 1. Using the fact that | S F-1 iptt™| < 2pk+m (see the proof of Lemma 5.3) and
the inequality |ix| < h + 1 yields pP" < Zpktm 4 \ik|pk+m < (h + 2)pF*t™. Since p > 3, then
pEr=hk=m < 4+ 92 <p and so En—k—m < 0. Then (E—1)n< En—m<k.

Note that the inequality (F — 1)n < k implies that 0 < k. We again consider the length of w in
each case.

If w is of the form in (1), then
W(w) = 2k+m+s+|im|+-+]ix)] >2E-1)n+0+0+1.
For w of the form (2) with £ > s — m, we have
l(w) = 2m+k+(k—s+m)+icp|+--+|ig] >0+ (E—-1)n+0+ 1.
And finally, for w in form (2) with £ < s —m, we have k < s and hence
l(w) = m+s+licp|++ig] >0+k+(s—k)+1>(E—-1)n+0+1.
Thus in all possible cases we have Ip(t~™a’t®) = l(w) > (E — 1)n. O

The Cayley complex X can be constructed using rectangles homeomorphic to [0,1] x [0, 1], with

the top labeled a and oriented to the right, the bottom labeled a? and also oriented to the right,

and the left and right sides labeled ¢ and oriented upward. Gluing these rectangles along commonly

labeled and oriented sides, the Cayley complex X is homeomorphic to the product R x T' of the
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real line with a tree T'. The projection maps ng : X — R and 7y : X — T are continuous, and we
can write a point € X uniquely as [rr(x), 77 (x)].

The vertices of T" are the projections via wp of the vertices of X. Two vertices of X project to
the same vertex of T if and only if there is a path in X' labeled by a power of a between the two
vertices. Each edge of T can be considered as oriented upward with a label ¢, the projection under
7w of edges labeled by t in the Cayley complex. Each vertex of T is the initial vertex for p edges
and the terminal vertex for one edge.

The projection g maps a vertex t~™a’t® to the real number jp~™. The points on a vertical edge
between vertices t~™a’t® and t~™a’t*t! also all map under mr to jp~™, and the projection 7R
maps the horizontal edge from t~™a’t® to t~™a’t%a homeomorphically to the interval from jp—™
to jp~ " +p .

On a rectangular ([0, 1] x [0, 1]) 2-cell, the top left and top right vertices have the form [jp~™, z] and
[ip~™+p~™F5 2], respectively. Two points z = [jp~ ™, 7r(x)] and y = [jp~™+p "+, 7r(y)] on the
left and right sides of this 2-cell, respectively, determine a horizontal line segment if 7 (z) = mr(y)
is a point on the unique edge in the tree T oriented toward the vertex z. The projection mr maps
this horizontal line segment homeomorphically to the interval from jp~™ to jp~™ + p~ ™% in R,
and the projection 77 is constant on this segment. Let 2’ be the initial vertex of the edge in T'
whose terminus is z, and let » be any real number in the interval from jp=™ to jp~™ + p~ ™.
The two points [r, z’] and [r, z] are on the bottom and top sides of this 2-cell, respectively, and they
determine a vertical line segment in the 2-cell which maps via mr constantly to r, and which maps
via w7 homeomorphically to the edge from 2’ to z.

It will frequently be useful to move from points in the interiors of 1-cells or 2-cells to vertices in
the Cayley complex. If y is a vertex in X, let ¢ := y. If y is in the interior of a 1-cell in X labeled
t directed upward, then let § be the initial vertex of that edge. If y is in the interior of a 1-cell
in X labeled a directed right, then let i be the endpoint of that edge whose image under nr has
the maximum absolute value. Finally if y is in the interior of a 2-cell, let § be the bottom (left or
right) corner of that rectangular 2-cell whose image under g has the maximum absolute value. In
a 2-cell there are p + 3 vertices, so the difference in levels of vertices in that cell is at most h+ 2,
resulting in a bound on the difference between the level of the 2-cell and the level of any vertex in
that cell, as well. Then in all cases, we have § € X" and |lev() — lev(y)| < h + 3. We will call j
the verter associated to y.

More information on Cayley complexes for Baumslag-Solitar groups can be found in [7] or [6].

Next, we apply the lemmas above to prove Theorem 5.1.

Proof. We first define a 1-combing ¥ : X! x [0,1] — X as follows.

Let x be an arbitrary point in X!. Since T is a tree, there is a unique geodesic in T from 77 (€) to
mr(x). This geodesic first follows a (possibly empty) edge path in the direction opposite to each
edge orientation from 7p(€) down to a point z(z) (which we will call the nadir of z), and then
follows a (possibly empty) edge path in the same direction as each edge orientation up to mp(z). If
z(x) # mp(z) so that the upward portion is nonconstant, then the nadir z(z) must be a vertex of
T. Let the path p, : [0, 3] — T follow the geodesic from 77 (e) to z(z) with constant speed, and let
the path g, : [3,1] — T follow the geodesic from z(z) to w7 (z) with constant speed (with respect
to the path metric on T').

Define the path ¥ : {z} x [0,1] — X by U(z,u) = [0,p,(u)] for u € [0,1], ¥(z,u) = [3(u—
Dr(2), 2(x)] for u € [3,3], and ¥(z,u) = [rr(z), ¢z (uv)] for u € [,1]. In the first third of the
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interval this path goes directly downward, in the second third it travels horizontally, and in the last
third it goes directly upward in the Cayley complex X. Note that some of these three component
paths may be constant. We will refer to this path as the DHU-path for x.

Continuity of the function ¥ : X! x [0,1] — X defined by these DHU-paths follows from the
continuity of the two projection functions 7r and 7. For a vertex x € X° regarded as an element
of G, the representative t~™a’t* of z from Lemma 5.2 satisfies z(z) = 7r(t~™), and so the path
U {z} x [0,1] — X! follows the edge path labeled by the word t~™a’t* and remains in the
1-skeleton of X. Hence ¥ is a 1-combing, which we will refer to as the DHU-combing.

In order to show that the DHU-combing satisfies a linear radial tameness function, we will show
that for the constants B := 4(h + 2) and C := (h +4)(B + 1), whenever z € X}, 0 < b < ¢ < 1,
0<qeQ,lev(¥(x,b)) > Bqg+ C, and lev(¥(x,c)) < g, we have a contradiction.

To that end, fix a point z in X!, 0 <b<c<1,and 0 < ¢q € Q. Let v := ¥(z,b), w := ¥(z,c),
0= U(z,3), and 7 := ¥(z, 3), and assume that lev(v) > Bq + C and lev(w) < q.

Case L. Suppose that w € ¥({z} x [0, 1]). Then both v and w are points on the downward portion
of the DHU-path for x, on the infinite ray labeled ¢t=°° going down from ¢ in X. Now ¢7" is a
geodesic in the Cayley graph for all m > 0, and so traveling along a downward path, the level is
a nondecreasing function. Then we have Bq + C < lev(v) < lev(w) < ¢q. Hence we obtain the
required contradiction in this case.

Case 1. Suppose that w € U({z} x (3,2])\ {o}. In this case the DHU-combing path for z has a
nontrivial horizontal component and w is in its image.

If v e U({z} x [0,3)), then let v’ := o and V' := %; otherwise v € ¥({z} x [%,¢)) and we let v/ = v
and b’ = b. Again applying the fact that the level is a nondecreasing function on a downward path
from the identity €, we also have that v' = ¥(z,b') with £ < b < c and Bq+ C < lev(v) < lev(v').
Now the points v" and w are both on the horizontal portion of the DHU-path for x, satisfying

(V') = mp(w) = z(x) and |mr (V)] < |7R(W)].

The geodesic in T from 7p(€) to mp(x) may not have an upward component in Case II, and so the
nadir z(x) may not be a vertex of 7. This implies that the points v and w may not be in X'. Let v’
and w be the vertices associated to v' and w, respectively. Since mr(v') = mp(w) is on the ¢~ ray
in T, the associated vertices project to a vertex m7(v') = 7p () = 7p(t~™) for some integer m > 0

on this ray. The construction of the associated vertices implies that v’ is represented by a word

t~™a' and 1 is represented by a word t~™a’ with 0 < m and |i|[p~™ = |mr(v")| < |7r(D)| = |j|lp~.

We also have |lev(w) — lev(w)| < h+ 3, so Ip(t™"a’) = Ip(w) = lev(w) < g+ h+3 < [q] +h + 4.
Define n := [q| +h +4. Then Ir(t"™a’) < n and as a consequence 0 < m < n as well. Similarly
since |lev(v') — lev(v")| < h + 3, then

Ir(t™™a") = Ip(v') =lev(v') > Bg+ C — (h + 3)
= B(lg/+h+4)+B(¢g—1lq]) — (h+4)B+C — (h+3) > Bn.

. 1
Now B > h+2, and so we may apply Lemma 5.3 to t~™a’, yielding the inequality || > p(hTQB*Z)".
Combining the inequalities at the ends of the last two paragraphs together with the value B =
4(h + 2) gives |j| > p*". Lemma 5.4 applied to the word t~™a’ with E = 2 says that Ip(t~™a’) >
(E — 1)n = n. However, from the previous paragraph we have Ir(t7""a’) < n, a contradiction.

Case III. Suppose that w € ¥({z} x (3,1]) \ {r}. In this case the DHU-combing path for z has a

nontrivial upward component, and w is in its image.
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As in Case I, define v/ := o and b/ := 3 if v € U({z} x [0,1)), and define v’ := v and ¥/ := b if
v € U({z} x [%,¢). Then v = ¥(z,b') with 1 < b < ¢, Bg+ C < lev(v) < lev(v'), and v/ is either
on the horizontal or the upward portion of the DHU-path for x.

The geodesic in T' from 77 (1) to mp(z) must have an upward component in case III, and hence the
nadir z(x) is a vertex of T'. Then z(z) = wp(t~") for some integer 0 < m.

The DHU-path for z travels from v' = ¥(z,b") to w = ¥(x, ¢) either via a nontrivial upward path,
or else through a horizontal and then nonconstant upward path. The DHU-paths for v" and w are
reparameterizations of the portion of the DHU-path for x traveling from € to each endpoint, and so
they have the same nadir z(z) = 2(v) = z(w) = 7p(t~™). Moreover, we have |mg(v")| < |7r(w)|,
and there is an upward path in T from 77 (v") to 7p(w).

Although the horizontal portion of the DHU-path for 2 must stay in the 1-skeleton of X (since
it projects to w7 (t~™)), the upward portion of the DHU-path for x may leave X!, and so v’
and w may not be in X'. Let v and @ be the vertices associated to v/ and w, respectively. It
follows from the definition of associated vertices that these vertices satisfy z(v') = z(@) = mp(t™™),

|mr(v")| < |7r(W)|, and there is there is a (possibly empty) upward path in 7" from 77 (v') to mr ().

Using Lemma 5.2, the vertex w is represented by a word t~™maIt5 and the vertex v/ is represented
by a word t~™a't". The relations between these associated vertices above imply that 0 < |i| < |j]
and 0 <r <s.

The definition of associated vertices implies that |lev() —lev(w)| < h+3, and hence Ip(t~™a’t®) =
Ir(w) = lev(w) < ¢g+h+3 < |q]+h+4 =: nas in case II. As a consequence we have both 0 < m < n
and 0 < s < n as well.

Also as in case II, the inequality |lev(v') — lev(v')| < h + 3 implies that Ip(t~"a't") = Ip(v') =

lev(v') > Bn. Combining inequalities from above, we also have r < n.

The rest of the proof in this case is similar to that in Case II. In particular, Lemma 5.3 applied to
. 1

t~™a't" yields the inequality |i| > p(h_HB_2)” = p?". Combining this with the inequality [i] < [j]

from above yields |j| > p?*. In turn, using Lemma 5.4 with the word ¢t ™a’t* and E = 2 shows

that Ip(t~™a’t®) > n, contradicting the inequality Ip(t~"a’t*) < n found above.

Having achieved a contradiction in each case, this shows that the DHU-combing for the group
BS(1,p) and generating set {a,t}*! satisfies a radial tameness function p : Q — R for the linear
function p(q) = Bq+ C with the constants B = 4(h +2) and C' = (h 4+ 4)(B + 1). O

6. COEFFICIENTS IN LINEAR TAME COMBINGS

In this section we show that the linear coefficient for a linear tame combing be bounded away from
1 for a specific generating set.

Theorem 6.1. For every natural number p > 8, the group G = BS(1,p) = (a,t | tat~! = aP) with
the generating set A = {a™',t*1} does not admit a 1-combing with radial tameness function of the
form p(q) = q+ C for any constant C'.

Proof. Let p > 8 and let X be the Cayley complex of the presentation (a,t | tat~! = aP), described
in Section 5. Suppose to the contrary that ¥ : X! x [0,1] — X is a 1-combing with radial tameness
function p(q) = ¢ + C. Replacing C' by any larger constant results in another radial tameness
function satisfied by the 1-combing ¥, so we may assume that C' is a natural number larger than
four.
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Consider the word tCat~CatCa=1t=Ca~1. Since tCat=C = a*° in the group, this word labels a loop
in the Cayley graph X! based at the vertex corresponding to the identity € of G. Let Y C X! be the
subcomplex of points on the vertices and edges along this loop. The restriction ¥ : Y x [0,1] — X
of the 1-combing then defines a homotopy from the identity vertex to the loop Y, and so the image
V(Y x [0,1]) is the image of a disk filling in the loop Y.

Since the Cayley complex X is the product of the real line R with the tree T' (described in Section 5),
this complex is aspherical. Then the image set W(Y x [0,1]) must include all of the points in the
rectangle of points z € X with projections 0 < wr(z) < p® and 7p(z) on the geodesic in T from
7r(1) to 7 (t€); that is, the rectangle in X bounded by the loop labeled tCat=Ca~?" based at 1,
including this boundary loop. (The image ¥ (Y x [0,1]) must also contain all of the points in the
rectangle of X bounded by the loop tCat=Ca— based at a.) In particular, the vertex corresponding

C
to the element g € G represented by the word o P , where h = | 5| as before, is in U(Y x [0, 1]).
We obtain two estimates for I(g) which, taken together contradict our assumption that C' > 4.

First, we observe that the points in the set Y all lie on the (geodesic) paths t“at=a or at®at=¢
starting at 1, and so the levels of all of the points in Y are at most 2C + 2. Then the level of every
point in the image set U(Y x [0,1]) must be at most p(2C + 2) = 3C + 2. Hence Ir(g) = lev(g) <
3C + 2.

On the other hand, note that (h— 2)7’;%11 = (h—2)+(h—2)p+---+(h—2)p°~L. Thus the element

C

e dPVT of G = BS(1,p) is also represented by the word v = (a(*=2)t)C—1gh=2)=(C=1),
We claim that the word v is a geodesic. First note that since g is a nontrivial power of the
generator a, we have m = s = 0 in Lemma 5.2, and the geodesic word w representing g provided
by the lemma is in the form (2), w = a®ta’'t---ta™*t=* with 0 < k, |i] < hfor 0 <1 < k — 1,
and 1 < |ig| < h+ 1. We will show that in fact the words v and w are the same. So far we have
w =g v; i.e., atait - taRtF =4 (a(h_Q)t)C_la(h_Q)t_(C_l), and hence 79 + i1p+ -+ + ikpk' =
(h—=2)+ (h—2)p+ - (h—2)p°~ L. If k > C, then

C-1 Cc-1 k—1
iklp" < 1D ((h—2) —ip \+\Z—Zzp|<2(p—2)pl+zhpl
=0 =0 1=C

p -1
< (p—2) < pk.
p—1

Since 1 < |ig|, this shows that we must have k < C — 1. If £ < C — 2, then

k c-2
(h—2)p“" < \Zu—h 2p\+\z (h=2)p'[ <> -2+ Y (h—2)p
=0 I=k+1

I=k+1
Cc-1
p —1 c-1
< —)—< ,
(p—2) o1 <P
again resulting in a contradiction. Hence k = C' — 1. Subtracting once more, we get
Cc-2
lico1— (h=2)[p"" < \Z h=2)—i)p'| <D (p—2)p <p°,
1=0

and so t¢_1 = h — 2. Using induction, then ip=h—2forall 0 <] < (C—1. Hence w and v are the
same word, and the word v is a geodesic.

This gives us another way to compute the word length over A of g, since v is a geodesic representative
of g, and so Ir(g) = l(v) = ((h—2)+1)(C = 1)+ (h—2)+ C —1 = hC — 2. Earlier in this proof
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we had Ip(g) < 3C + 2, which gives hC' — 2 < 3C' + 2. The hypothesis that p > 8 gives h > 4, and
so we have C' < % < 4, contradicting our choice of C. O
REFERENCES

James Belk and Kai-Uwe Bux. Thompson’s group F' is maximally nonconvex. In Geometric methods in group
theory, volume 372 of Contemp. Math., pages 131-146. Amer. Math. Soc., Providence, RI, 2005.

Kenneth S. Brown and Ross Geoghegan. An infinite-dimensional torsion-free FPo, group. Invent. Math.,
77(2):367-381, 1984.

J. W. Cannon, W. J. Floyd, and W. R. Parry. Introductory notes on Richard Thompson’s groups. Enseign.
Math. (2), 42(3-4):215-256, 1996.

James W. Cannon. Almost convex groups. Geom. Dedicata, 22(2):197-210, 1987.

Sean Cleary and Jennifer Taback. Combinatorial properties of Thompson’s group F. Trans. Amer. Math. Soc.,
356(7):2825-2849 (electronic), 2004.

Murray Elder and Susan Hermiller. Minimal almost convexity. J. Group Theory, 8(2):239-266, 2005.

David B. A. Epstein, James W. Cannon, Derek F. Holt, Silvio V. F. Levy, Michael S. Paterson, and William P.
Thurston. Word processing in groups. Jones and Bartlett Publishers, Boston, MA, 1992.

S. Blake Fordham. Minimal length elements of Thompson’s group F. Geom. Dedicata, 99:179-220, 2003.

Susan Hermiller and John Meier. Measuring the tameness of almost convex groups. Trans. Amer. Math. Soc.,
353(3):943-962 (electronic), 2001.

Susan M. Hermiller and John Meier. Tame combings, almost convexity and rewriting systems for groups. Math.
Z., 225(2):263-276, 1997.

Matthew Horak, Melanie Stein, and Jennifer Taback. Computing word length in alternate presentations of
Thompson’s group F. arXiv:0706.3218v2.

Ilya Kapovich. A note on the Poénaru condition. J. Group Theory, 5(1):119-127, 2002.

Michael L. Mihalik and Steven T. Tschantz. Tame combings of groups. Trans. Amer. Math. Soc., 349(10):4251—
4264, 1997.

Charles F. Miller, III and Michael Shapiro. Solvable Baumslag-Solitar groups are not almost convex. Geom.
Dedicata, 72(2):123-127, 1998.

V. Poénaru. Almost convex groups, Lipschitz combing, and 77° for universal covering spaces of closed 3-manifolds.
J. Differential Geom., 35(1):103-130, 1992.

V. Poénaru. Geometry “a4 la Gromov” for the fundamental group of a closed 3-manifold M?® and the simple
connectivity at infinity of M3. Topology, 33(1):181-196, 1994.

Tim R. Riley. The geometry of groups satisfying weak almost-convexity or weak geodesic-combability conditions.
J. Group Theory, 5(4):513-525, 2002.

Carsten Thiel. Zur fast-Konvezitdt einiger nilpotenter Gruppen. Bonner Mathematische Schriften [Bonn Math-
ematical Publications], 234. Universitdt Bonn Mathematisches Institut, Bonn, 1992. Dissertation, Rheinische
Friedrich-Wilhelms-Universitdt Bonn, Bonn, 1991.

DEPARTMENT OF MATHEMATICS, THE CITY COLLEGE OF NEW YORK, CITY UNIVERSITY OF NEW YORK, NEW
York, NY 10031

E-mail address: cleary@sci.ccny.cuny.edu

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF NEBRASKA, LINCOLN, NE

FE-mail address: smh@math.unl.edu

DEPARTMENT OF MATHEMATICS, TRINITY COLLEGE, HARTFORD, CT 06106

FE-mail address: melanie.stein@trincoll.edu

DEPARTMENT OF MATHEMATICS, BOWDOIN COLLEGE, BRUNSWICK, ME 04011

E-mail address: jtaback@bowdoin.edu

32



