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DIVERGENCE FUNCTIONS OF HIGHER-DIMENSIONAL
THOMPSON’S GROUPS

YUuYA KODAMA

We prove that higher-dimensional Thompson’s groups have linear divergence
functions. By the work of Drutu, Mozes, and Sapir, this implies none of the
asymptotic cones of nV has a cut-point.

1. Introduction

Thompson’s groups F, T, and V are finitely presented infinite groups defined by
Richard Thompson in the 1960s. They are all known to be mysterious groups.
For example, T and V are the first examples of finitely presented, infinite, and
simple, and it is known that the amenability of F is a difficult open problem.
Because they have several unpredictable properties, by focusing on such properties,
many “generalized” Thompson’s groups were also defined. Higher-dimensional
Thompson’s groups, denoted by 2V, 3V, ..., are some such groups defined by
Brin [3]. The group V acts on the Cantor set €, and the group nV acts on the
powers of the Cantor set €”. It is known that nV is also finitely presented [4; 14]
and simple [3; 5]. In addition, it was shown that for n, m € Z-, the group nV is
isomorphic to mV if and only if n = m holds [1]. In [16], it was proved that nV
has Serre’s property FA, and hence is one-ended.

In 2018, Golan and Sapir showed that the divergence functions of F, 7', and
V are linear [12]. This function was first mentioned by Gromov [13], and later,
Gersten gave the formal definition [11] as a quasi-isometric invariant of geodesic
metric spaces. Roughly speaking, the order of the function indicates whether the
Cayley graphs of the group are “close” to the Euclidean or hyperbolic spaces. In
fact, the orders of the functions of the direct powers of the infinite cyclic group
72,73, ... are linear, and it is known that the orders of the functions of hyperbolic
groups are at least exponential [2]. In [12], they asked whether their proof could
be extended to generalized Thompson’s groups. In recent years, similar results
have been obtained for some groups by extending the original arguments [17; 19;
18]. For recent results on functions of groups other than generalized Thompson’s
groups, see [15].
MSC2020: 20F65.
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In this paper, we also extend the argument given by Golan and Sapir. That is,
we show the following:

Theorem 1.1. Higher-dimensional Thompson’s groups have linear divergence
functions.

This paper is organized as follows. In Section 2, we summarize the definition
of the higher-dimensional Thompson’s group 2V and the notion of divergence
functions. In Section 3, we first prepare estimates of the word length of elements in
2V to ensure that the condition required by the definition of the divergence function
is satisfied. Subsequently, we construct a “good” path from any g € 2V to a specific
element in 2V, where the element is determined only from the word length of g. It
should be noted that we assume n = 2 in most of this paper; however, all the proofs
can be generalized to n with the appropriate modifications.

2. Preliminaries

2.1. Definition of the higher-dimensional Thompson’s group 2V. In this section,
we define only the higher-dimensional Thompson’s group 2V. Readers unfamiliar
with the Thompson’s groups are referred to [8].

2.1.1. Homeomorphisms on the direct product of Cantor sets. Let € be the Cantor
set {0, 1} x {0, 1} x - - -. For a finite word w on {0, 1} and a finite or infinite word
¢ on {0, 1}, let w¢ denote their concatenation. Following [3], we will describe
partitions of @2 by using subdivisions of the unit square [0, 1]>. Subsequently, we
will define homeomorphisms from € to itself that are obtained from such partitions.

Firstly, we call [0, 1]? itself the trivial pattern. Let us consider a rectangle
[a1, a2] x [b1, b2] C [0, 1]2. By dividing this rectangle in half, we obtain two
new rectangles. The way of obtaining rectangles [a;, (a; + a2)/2] x [b1, by] and
[(a1 +a2)/2, az] X [b1, by] is called vertical subdivision, and the way of obtaining
rectangles [a, ax] x [by, (b1 + b2)/2] and [a1, az] x [(by + b2)/2, by] is called
horizontal subdivision. A pattern is defined as a finite set of rectangles in [0, 1]?
obtained from the trivial pattern by applying finitely many vertical and horizontal
subdivisions. See Figure 1. For a rectangle [ay, a2] X [by, b2], the lengths ay — a;
and by — by of its horizontal and vertical edges are called its horizontal and vertical
lengths, respectively.

Next, by using patterns, we define partitions of @2 inductively. The trivial
pattern corresponds to €2 itself. Assume that a rectangle in a pattern corresponds
to a subset {w¢; | 21 € €} x (W' | & € €} € €2 where w and w’ are finite
words on {0, 1}. For the vertical subdivision, we define that the left rectangle
corresponds to the subset {w0¢; | ¢1 € €} x {w'¢, | & € €} and the right rectangle
corresponds to the subset {wl¢; | ¢ € €} x {w'sy | & € €}, Similarly, for the
horizontal subdivision, we define that the bottom rectangle corresponds to the
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Figure 1. The trivial pattern, the pattern once divided vertically,
the pattern once divided horizontally, and a pattern.

subset {w¢y | ¢ € €} x {w'0¢, | £ € €} and the top rectangle corresponds to the
subset {w¢; | &1 € €} x {w'1& | & € €}. Consequently, a set of rectangles of a
pattern gives a partition of ¢2. For example, the pattern once divided vertically
illustrated in Figure 1 corresponds to {0¢; | {1 € €} x CU{1¢; | ¢ € €} x €. We
often identify a partition of ¢> with the corresponding partition of [0, 1]%.

For a pattern with m rectangles, we assign a number from O to m — 1 to each
rectangle. Such a pattern is called numbered pattern. Let P and P’ be numbered
patterns with m rectangles. Let R; (resp. R;) be a rectangle of P (resp. P’) numbered
i. Then there exist two subsets {a;{1 | {1 € €} x {b;{2 | & € €} and {a[¢; | &) €
¢} x {b;¢s | ¢ € €} corresponding to R; and R;, respectively. By mapping each
element (a;¢1, b;ig2) € {a;i1 | &1 € €} x {bja | 82 € €} to (ajgy, bisr) € {ajs | & €
¢} x {b}¢2 | & € €}, we obtain a homeomorphism on ¢2.

Definition 2.1. The higher-dimensional Thompson’s group 2V is the subgroup of
Homeo(€?) consisting of all homeomorphisms obtained from pairs of numbered
patterns with the same number of rectangles.

Following a familiar convention, we write fg for g o f; namely, we always
consider the right action of 2V on 2.

The domain and target pattern of a pair of numbered patterns are defined as the
patterns that determine the partition of the domain and range set of ¢2, respectively.

Remark 2.2. The group nV is defined similarly as a subgroup of Homeo(¢").
Using the unit n-cube instead of the unit square, n-subdivisions are defined, which
yield partitions of €".

Note that two distinct pairs of numbered patterns may give the same map. Let
(P, P’) be a pair of numbered patterns with the same number of rectangles (such a
pair is just called a pair of numbered patterns). Let R; and R; be rectangles of P
and P’ numbered i, respectively. Apply a vertical subdivision to R;, and assign i,
to the left rectangle and i> to the right rectangle. Do the same to R; and assign i}
and i,. Consequently, the obtained maps from the two pairs are the same. The same
also holds for the case of horizontal subdivisions. A reduced pair of numbered
patterns is a pair of numbered patterns where the inverse operations (called vertical
and horizontal reductions) cannot be applied to any rectangles.
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In order to multiply two pairs of numbered patterns (P, P_) and (Q4, Q_),
take a common refinement P of P_ and O, and by using the operations, construct
pairs (P, P) and (P, Q") such that they give the same maps as (P, P_) and
(Q4, O-), respectively. Then the pair (P, Q") is the desired one.

Unfortunately, unlike the original Thompson’s groups, there is no known way to
define a unique reduced numbered pair for each element in 2V. The notion of grid
diagrams provides a solution to this issue. A detailed explanation will be given in
Section 2.1.3.

2.1.2. Puairs of colored binary trees. Just as elements of the Thompson’s groups are
represented by pairs of binary trees, there exists a similar approach for 2V. Like
numbered patterns, the binary trees do not give unique representatives for elements
of 2V. However, because they can represent elements more simply than numbered
patterns, we will frequently use colored binary trees in this paper.

We always assume that binary trees are rooted; namely, they have one specific
vertex called the root. Vertices whose degree is one are called leaves. A graph with
only one vertex (and no edges) is also regarded as a binary tree. We define a caret
to be the binary tree consisting of three vertices, where the degree of the root is
two and of the remaining vertices is one. See Figure 2.

Any binary tree can be constructed inductively by attaching carets to leaves. A
colored binary tree is a binary tree where each caret is colored. We use two colors
{a, b} for 2V and use n colors for nV. We first explain the relationship between
colored binary trees and patterns.

As previously stated, any pattern can be obtained inductively from the trivial
pattern. Similarly, corresponding binary trees are also defined inductively. In the
case of the trivial pattern, the corresponding binary tree is the one that consists
of only the root. More precisely, consider the root as a leaf, the trivial pattern
as a rectangle, and then this rectangle corresponds to this leaf. Since there exists
no caret in this tree, we do not color it. Assume that for a pattern, there exists
a colored binary tree with leaves such that there is a one-to-one correspondence
between the set of rectangles and the set of leaves. Let R be a rectangle of this

t
__~roo

/N

caret

‘\‘\//'

leaves

Figure 2. A binary tree and a caret.
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Figure 3. The two types of carets and a colored binary tree ob-
tained from a pattern.

pattern, and assume that the corresponding leaf is i-th (from left to right). For the
vertical subdivision of R, let R; be the left rectangle and R, be the right rectangle.
Subsequently, we attach a caret colored by a to the i-th leaf and let R, correspond
to the newly created left leaf and R, to the right leaf. Similarly, for the horizontal
subdivision, we attach a caret colored by b to the i-th leaf and correspond the
bottom rectangle to the left leaf and the top rectangle to the right leaf.

Following [6], in this paper, we represent carets colored by a by the “triangular
carets” and carets colored by b by “square carets.” See Figure 3.

The numbers in the rectangles and under the leaves represent the one-to-one
correspondence between the set of leaves and rectangles. Observe that numbered
patterns can also be represented by colored binary trees with numbers by writing
numbers under the leaves in the same way. Consequently, each element in 2V can
be represented by a pair of colored binary trees with numbers. A tree corresponding
to a domain (resp. target) pattern is called a domain (resp. target) tree.

Note that, in general, more than one colored binary tree may give the same
pattern. This is due to the fact that applying the following operations to a rectangle
in a pattern are the same: the pattern obtained by subdividing vertically once and
then subdividing two rectangles horizontally; subdividing horizontally once and
then subdividing two rectangles vertically. See Figure 4.

As with pairs of numbered patterns, it is difficult to easily obtain a “good” pair
of colored binary trees for each element of 2V. However, we can use this to give an
estimation of the word length, as we will see in Section 2.2. For a colored binary
tree T, we define a branch of T to be a path from the root of T to a leaf of T'. The

INEE
1 23 4 1 32 4

Figure 4. Two colored binary trees give the same pattern.
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depth of T is then defined as the maximum length of the branches of 7' (with each
edge having length one). It is clear that for any element g in 2V, there exists a pair
of colored binary trees giving g. Therefore, we may define the minimality of such
pairs. First, we define a pair of colored binary trees to be shallow if it is a pair of
colored binary trees whose target tree has the smallest depth among pairs that give
the same map. A pair of colored binary trees is then defined as minimal if it is a
shallow pair of binary trees with the smallest number of carets. It should be noted
that such pairs may not be uniquely determined.

Remark 2.3. To make the relationship between grid diagrams and pairs of colored
binary trees clearer, the definition of minimality is slightly modified from that in [6].

2.1.3. Grid diagrams. In this section, we explain how to represent each element in
2V using a “grid” based on [7]. However, unlike [7], the “grid” is constructed on
the target patterns for the sake of our proof. Note that in [7, the second paragraph of
Section 6], it was also pointed out that the same result holds in our setting. Indeed,
we use only the fact that there exists a unique representative for each element in
2V (and nV). In this case, we only need to change the pattern we focus on from
domain to target. Hence we omit most of the proofs in this section.

Definition 2.4. A grid pattern is defined as a pattern obtained by subdividing the
unit square using only line segments of length one.

The pattern illustrated in Figure 3 is not a grid pattern, since the lengths of the
horizontal line segment on [1/4, 1] x {1/2} and the horizontal line segment between
rectangles numbered 6 and 7 are less than one. An example is illustrated in Figure 5.

Definition 2.5. A grid diagram is a pair of numbered patterns with the same number
of rectangles, and the target pattern is a grid pattern.

Proposition 2.6 [7, Proposition 2.3]. Each element in 2V admits a grid diagram as
a representative.

Sketch of proof. We can repeat horizontal and vertical subdivisions (so that the pairs
of numbered patterns obtained always give the same map) until the target pattern
becomes a grid pattern. ([

Figure 5. A grid pattern.
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Moreover, it is known that there exists a unique representative for any element in
2V . In order to give such a representative, we first recall the definition that a grid
diagram is reduced.

Let (P, G) be a grid diagram where G is a grid pattern. In G, take a strip
I; x [0, 1] C [0, 1] x [0, 1] where I; are horizontal edges of the rectangles in G. In
other words, take a rectangle of G where the rectangle is I; x J; C [0, 1] x [0, 1],
and then consider /; x [0, 1]. We apply vertical subdivisions to all rectangles in
I; x [0, 1], and then apply vertical subdivisions to the corresponding rectangles in
P such that the obtained grid pattern and (P, G) give the same homeomorphism on
@2. We call this operation a vertical global subdivision. We say a grid diagram is
vertically reduced if the inverse operation of the vertical global subdivision cannot
be applied to any two adjacent strips of the target pattern. Similarly, we can define a
horizontal global subdivision and a grid diagram to be horizontally reduced. Finally,
a grid diagram is said to be reduced if it is vertically and horizontally reduced.
Then we have the following:

Theorem 2.7 [7, Theorem 3.2]. Any element in 2V has a unique reduced grid
diagram.

Note that since each reduced grid diagram is a pair of numbered patterns, there
exist corresponding pairs of colored binary trees.

2.2. A generating set of 2V and estimations of word length. Consider a finite set
Xoy = {x0,x1, X2, yi, Bi, Ci. X}, 31,713, 77, i, By, Bo, Yo, 1%js %) |iefo,1},je(1,2}}

defined in Figures 6, 7 and 8. The colored binary trees without numbers are
all assigned 1,2, ... to the leaves from left to right. Because this set contains
well-known generating sets (cf. [3; 4; 6]), this also generates 2V . Note that this set
is an inefficient set specialized for calculating the divergence function of 2V.

Following [6], we also express an element of 2V as “PIT Q' form” and use a
part of the form in the proof of the main theorem. We define A; := A =D 4, Ag_])
fori > 1 and B; := B()_(i_l)BlB(()i_l) for i > 1. Then the following holds:

Theorem 2.8 [6, Theorem 2.2]. For an element g of 2V, we have its expression
PI1Q~", where

(1) P and Q are represented by words of the form

Cny -+ Cou, Wiy -+ W

ro

where C; are in Figure 7, W; are words on {A;, B;} without inverse elements,
my<mp<---<mp,andiy <ip <---<li,.

(2) I is represented by a word on {my, 71, ...} U{mo, 71, ... }.
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Figure 8. Generators mg, 7y, ... and 7g, 71, .. ..

In [6], Burillo and Cleary constructed this expression for each pair of colored
binary trees. We also use this construction. See the proof of [6, Theorem 2.1]
for details. Note that for element g € 2V, if we take an expression PITQ~!
corresponding to a minimal pair of colored binary trees (7., 7_), then we have
P =(T4, Ry), I1 = (Rg, , Ry), and Q = (T—, Ry) where 7 is the corresponding
permutation and Ry is the all-right tree with only vertical carets and & is the depth
of g. Here, an all-right tree is a binary tree obtained by a finite number of attaching
a caret only to the right leaf of a caret, and an all-right tree consisting of two types
of carets is called all-right colored binary tree.

We will consider the word metric with respect to the above generating set. We
first recall a known result of an estimation of the word length for pairs of binary
trees.

Proposition 2.9 (cf. [6, Lemma 4.1]). For an element of 2V which is represented
by a minimal pair of colored binary trees with depth D, its word length with respect
to Xyy is at least D /4.

Remark 2.10. The difference between the denominators in [6, Lemma 4.1] and
this lemma arises from the difference in the generating sets. The definition of
minimality is also different, yet this lemma can still be shown similarly: if we take
one of the shortest words with length n, we can say that the depth is at most 4n
since each process of multiplying a generator increases the length of the branches
by at most four.
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As previously stated, a minimal pair of colored binary trees may not be uniquely
determined for an element in 2V. Hence, we use the notion of grid diagrams.
We define the size of a rectangle R = {[a;,a;11] x [bj, bj;1]} of a pattern as
—(logy(ai+1 — a;) +1ogy(bj11 — b;)) and write it as ||R||. For a pattern P, the
fineness of P is defined as the largest size of the rectangles in P and written as || P||.
For an element g € 2V, the fineness of g is defined as ||G ||, where G is the target
numbered pattern of the reduced grid diagram of g. Note that the fineness of g is
the same as the depth of the target tree of a pair of colored binary trees obtained
from the grid diagram of g. Indeed, at the end of Section 2.1.2, we defined the
depth of a pair of trees as the depth of the target tree. In the proof of the main
theorem, we also use the following estimations:

Proposition 2.11. Let g be in 2V with fineness k. Then the word length of g with
respect to Xoy is at least k/8.

Proof. Consider a minimal pair of colored binary trees of g and let D be its depth.
Take a pair of numbered patterns (P;, P2) corresponding to this pair of colored
binary trees. Then, we have || P,|| = D. We construct a grid diagram (P, G) of g
from (P, P>) without vertical and horizontal global subdivisions. Note that (P, G)
may not be reduced. Since each rectangle in G has horizontal and vertical lengths
of at least 1/2P, the fineness of G is at most 2D. By considering the reduced
grid diagram of g, the fineness of g is at most ||G||, namely, k < |G| holds. By
Proposition 2.9, the word length of g is at least D /4. Hence, the desired result is
obtained. ([l

By a similar argument, the following also holds:
Corollary 2.12. Let (P1, P») be a pair of numbered patterns corresponding to
ge€2V,and R ={wix181 | &1 € €} X {wrx28n | & € €} be a rectangle of P, where
w1, wy are words on {0, 1} and x1, x, are in {0, 1}. Assume that neither of the
following conditions (1) nor (2) is satisfied:
() g Y (R)= {wixi11 | &1 € €} x {w)ea | & € €}, where w' and w) are some
word on {0, 1}, and

o g ((WiRiL1, waxa0n)) = (W) X181, whEo) for every (w1181, waxaln) €
{wiX121 ] €1 € €} x {wrx282 | & € €}, where X1 is in {0, 1} with X1 # x.

2) g ' (R)= {wig1 141 € €} x {wixa282 | §o € €}, where w' and w), are some
word on {0, 1}, and

o g7 ((wix181, waka02)) = (W81, WhHEa2) for every (wix1¢1, wakalr) €
{wix181 | &1 € €) x {wax282 | & € €}, where x5 is in {0, 1} with Xy # x».

Then, the word length of g is at least ||R||/8.

Proof. From the assumptions, the fineness of g is at least || R||. By Proposition 2.11,
we have the desired result. ([l
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We say a rectangle R is an essential rectangle if it satisfies the assumptions of
Corollary 2.12. We call horizontal and vertical twin the subsets RY := {wX{; |
01 € € x {wanaln | & € €} and R := {wix1¢1 | &1 € €} x {wakatn | & € €},
respectively, which are defined from R = {wx1¢; | {1 € €} X {wax28r | & € €}
in the assumptions of Corollary 2.12. Then the assumptions mean that we cannot
apply vertical and horizontal reductions to R and “congruent rectangles” adjacent
to R. In other words, the assumptions are that RV is not mapped to the (g~ (R))"
with keeping the orientation and R" is not mapped to (g~'(R))" with keeping the
orientation.

2.3. Divergence functions of finitely generated groups. For finitely generated
groups, the property of having linear divergence functions is a quasi-isometric
invariant. Since we see asymptotic properties of functions, we introduce an equiva-
lence relation on functions from R. g to itself as follows: let f and g be functions
from R to itself. We first define f < g if there exist A, B, C, D, E > 0 such that

f(x)<Ag(Bx+C)+Dx+E

holds for all x € R.¢. Then we define f ~ g if f < g and g < f hold. This is an
equivalence relation on the set of functions from R- to itself. Note that all linear
functions and constant functions are equivalent.

Let G be a finitely generated group with a finite generating set X. Let I" be the
Cayley graph of G with respect to X. For § € (0, 1), we first define the §-divergence
function of I" as follows: let €2(g1, g2) be the set of all paths connecting g1, g» € I'.
Let ||w|| denote the length of the path w. Then for x € R.(, define the function ¢s
by setting

¢5(x) := max { min{||w|| | @ € Q(g1, g2) avoiding B(e, 5x)} | 1g1] = |g2| = x},

where B(e, §x) denotes the open ball of radius §x with a center at identity of G,
and |g1], |g2| denote the lengths from identity of G to g1, g» in I". If there does not
exist such a path, take ¢s(x) = 0o. For each é € (0, 1), the equivalence class of ¢;
is invariant under quasi-isometries [11]. Hence, the §-divergence function of G is
well-defined as an equivalence class of functions.

Definition 2.13. We say a group G has a linear divergence function if there exists
8 € (0, 1) such that the §-divergence function of G is in the equivalence class of
linear maps.

From this definition, it is clear that if the -divergence function of G is in the
equivalence class of linear maps, then the §’-divergence function of G is also in
the equivalence class of linear functions for every 0 < " < §. In fact, Drut, Mozes,
and Sapir [9; 10] showed the following theorem, which establishes a relationship
between divergence functions and a topological property of asymptotic cones.
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Theorem 2.14 [9; 10]. The following are equivalent:

(1) G has a linear divergence function.

(2) For every § € (0, 1/54), the function ¢s is in the equivalence class of linear
functions.

(3) None of the asymptotic cones of G has a cut point.

3. Proof of Theorem 1.1

3.1. Size of the bottom left rectangle. For a given pattern P, let Ro(P) be defined
as the rectangle of P containing the point (0, 0) € [0, 1] x [0, 1]. We first study the
change of the word length when we multiply some of the generators in Xy .

Lemma 3.1. Let (P4, P-) be a pair of numbered patterns representing g € 2V.
Assume that Ro(P-) is essential and a subset of [0, 1/4] x [0, 1]. Then:

(1) There exists a pair of numbered patterns (P1(gx, h, P_ (gxq ) representing
gxy ' such that Ry(P_(gx; ")) is essential, Ry(P—(gxy ")) C [0, 1/8] x [0, 1]
and || Ro(P—(gxy NIl = [Ro(P_)[| + 1.

(2) There exists a pair of numbered patterns (P+(g1§0), P_ (géo)) representing
g Bo such that Ry(P— (g By)) is essential, Ry(P—(gBy)) C [0, 1/8] x [0, 1] and
[ Ro(P—(gBo) Il = |Ro(P-) || + 1.

(3) If Ro(P-) is a subset of [0, 1/4] x [0, 1/2], then there exists a pair of numbered
patterns (P (gCo), P_(gCy)) representing gCqy such that Ryo(P—_(gCyp)) is
essential, Ro(P-(gCo)) C [0, 1/8] x [0, 1] and || Ro(P-(gCo)) || = [[Ro(P-) .

Proof. For part (1), we have Ry(P-) U (Ro(P-))" U (Ro(P_) [0, 1/21x [0, 1] if
(Ro(P_))" is defined. Consider the composition of pairs of patterns. The rectangle
Ro(P-) is unchanged even if the common refinement is taken. Hence, x Y(Ro(P_))
is an essential rectangle of a pair of patterns representing gx, ! The remaining
claims are clear from the definition of x, ! and because if (Ro(P_))" is not defined,
neither is (x, 1(RO(P_)))”. By the same argument, part (2) also follows.

For part (3), if Ro(P-) is a subset of [0, 1/4] x [0, 1/4], then it is also followed
by a similar argument of the proof of part (1). If Ry(P-) is [0, a] x [0, 1/2] for
some a with a < 1/4, then Co(Ro(P-))" is not defined. Hence, we also have the
desired result. O

By a similar argument, we also have the following:

Lemma 3.2. Let (P4, P_) be a pair of numbered patterns representing g € 2V.
Assume that Ro(P-) is essential and a subset of [0, 1] x [0, 1/4]. Then:
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(1) There exists a pair of numbered patterns (P, (gy, h, P (gyo ) representing
gyo_l such that Ry(P_ (gyo_l)) is essential, Ry(P_ (gyo_l)) C [0, 1] x [0, 1/8]
and | Ro(P-(gyy NIl = [[Ro(P-) || + 1.

(2) There exists a pair of numbered patterns (P+(gvo), P—(yo)) representing gyo
such that Ryo(P-(gyo)) is essential, Ro(P-(gyp)) C [0, 1] x [0, 1/8] and
| Ro(P-(gyo)ll = [[Ro(P-)|l + L.

3) If Ro(P-) is a subset of [0, 1/2] x [0, 1/4], there exists a pair of numbered pat-
terns (P+(gCO_1), P_ (gCO_I)) representing gCO_1 such that Ro(P_ (gCO_I)) is
essential, Ry(P_(gCy")) € [0,1]1x[0,1/8] and || Ro(P—(gCy "Nl = | Ro(P-) .

3.2. Construction of the path. In the rest of this paper, we write | - | for the word
length of 2V with respect to X,y . For a word w and w’, we write w = w’ when
w and w’ are the same as words, and ||w| denotes the length of w. If we have
w = w'w” for some words w, w’ and w” (the word w” may be the empty word),
then w’ is said to be a prefix of w and denoted by w’ < w. Theorem 1.1 immediately

follows from the following proposition:

Proposition 3.3. There exist constants §, D and a positive integer Q such that the
following holds: let g € 2V with |g| > 4. Then there exists a path of length at most
D|g| inthe Cayley graph of 2V which avoids a §|g|-neighborhood of the identity and
which has the initial vertex g and the terminal vertex )?1_Q‘g‘)?p?lnglxl_ng‘xQxlglgl.

In other words, there exists a word w on the generating set such that |w| < D|g|;
for any prefix @' of w, we have g’ > 8|g| such that

g — 370kl g g 0lel  ~Qlel ) Olel,
Proof. Let (P+(g), P—(g)) be a reduced pair of numbered patterns representing g
such that Ro(P_(g)) is essential. Note that Ry(P_(g)) can be made essential by
changing the choice of rectangles to be reduced if necessary. We will define six
subwords, denoted by wy, ..., wg, and then the concatenation of these subwords,
wq - - - wg, Will be the desired word, w.

In subpath 1, we may assume that Ro(P_(g)) is a subset of [0, 1/2] x [0, 1].
Indeed, since g is not the identity map, if not, we have Ry(P-(g)) C [0, 1]1x [0, 1/2].
Then by replacing the “vertical argument” with the “horizontal one”, it is possible
to join the argument from subpath 3 onward. More precisely, we replace all
vertical and horizontal carets in generators in subpaths 1, 2 with horizontal and
vertical carets, respectively, and replace all the set I} x I C [0, 1] x [0, 1] in the
definition of subpath 1 with I, x I}, and construct the PIT Q! expression of g; by
using an all-right tree with only horizontal carets instead of vertical carets. There
are no generators in Figure 6 which generate 1 constructed above, but this is
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not a problem since all we need is Q and the required generators are defined in
Figure 6.

Subpath 1. We define w; to be one of the following:
(a) If Ro(P-(g)) is a subset of [0, 1/4] x [0, 1], then define w; to be the empty

word.

(b) If Ro(P_(g)) is [0, 1/2] x [0, 1], then define w; to be X.

(c) If Ro(P—(g))is [0, 1/2]x[0, 1/2] and ag(Ro(P-(g))) is an essential rectangle
of gay, then define w; to be «y.

(d) If Ry(P-(g)) i1s [0,1/2] x [0, 1/2] and ap(Rp(P-(g))) is not an essential
rectangle of gay, then define w; to be Bymyx, 1, as in the figure:

2
1

—1
B()J'L'lxo

(e) If Ro(P_(g)) is [0, 1/2] x [0, 1/2/] where i > 2 and ao(Ro(P—(g))) is an
essential rectangle of ga, then define w; to be «y.

() If Ry(P_(g)) is [0, 1/2] x [0, 1/2!] where i > 2 and a(Ro(P—(g))) is not an
essential rectangle of go, then define w; to be «;.

Lemma 3.4. In any case, g1 has a reduced pair (P4+(g1), P—(g1)) of numbered pat-
terns such that Ry(P—(g1)) is essential and a subset of [0, 1/4] x [0, 1]. Moreover,
lw1]l < 3 holds and for any prefix @' < wy, we have |ga'| > |g|/4-

Proof. Since the latter statements are obvious, it is sufficient to show the first
statement. But since cases (a), (¢), (d), (e), and (f) of the remaining claim are also
clear, we consider only case (b). Let {w¢ | ¢ € €} x {wz¢ | ¢ € €} be a rectangle
corresponding to g 7! (Ro(P_(g)). In the process of multiplying %1, the rectangle
g‘l(Ro(P_(g)) is subdivided into {w{00¢ | ¢ € €} x {wy¢ | ¢ € €}, {w01¢ | ¢ €
Cl x{wrt | ¢ € €}, and {w1¢ | ¢ € €} x {wz¢ | ¢ € €}. Since the rectangles of a
target pattern of gx; corresponding to the first two are {00¢ | ¢ € €} x {¢ | ¢ € €} and
{010¢ | ¢ € €} x {¢ | ¢ € €}, respectively, the rectangle {00¢ | € €} x {¢ | ¢ € €}
of gx; is essential.

O

The idea of the following subpath comes from [12; 18].

Subpath 2. We fix an integer M > 100. Consider the expression PITQ~! of a
minimal pair of colored binary trees of g; and let Cy;, - - - Cmp be the maximal
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words on {C;} contained in Q, where 0 <m; < --- < m,. When m is not zero,
we have
Cony - Comy = (xg ™V O™V - -xo_(m”_l)Clx(()m”_l))
— xo—(m—l)C]xO—(le—mn . Clxof(mp*mpfl)clx(()mpfl)
— xof(mlfl)éoxof(mzfmlfl) . éoxo—(mp_mpfl—l)éox(’)"p’
and define

— -Hp - —mp—1 —(mp—mp_1—1) A —(M —m
a)ZExo (my )BOX() (mo—m )"'Box()( P p—1 )BOXO( |gl‘ p)

Mlgil=mp) p—1_(mp—mp_1—1) 5_1 (ma—my—1) p—1_(m—1)
S X1t X B, x, By - xy B, x, .

When m is zero, define

—(my—1) p _—(m3—mp—1 A —(my—mp_1—1) 5  —(M|gi|—m
CUZECOX()(mZ )Boxo(mg ma )"’BOxo(p -1 )Boxo( lg1l—mp)

- D — p — M p— -1 5- - - n— — —
x| -x(()Mlg]‘ mp)BO lx(()m/ mp—1 )Bo I 'x(()m3 ma I)BO lx(()mz I)CO 1.
Let g2 = g1w>.
See Figure 9 for example.

Lemma 3.5. (1) We have ||w;|| < 4M|g]|.
(2) For every prefix ' of wy, we have |g10'| > |g|/64.

Proof. The proof is only provided when m is not zero; however, it can be shown
similarly when m is zero. We first note that m, < 4|g| holds by Proposition 2.9.

T_(g1) w2
Figure 9. An example of the construction of w;. The dotted
carets in 7_(gy) are not used when constructing w,. The all-
right tree T’ (g;) is obtained by removing the dotted carets from
T_(g1). Note that the tree 7’ (g1) is the domain tree of the product
Cp, - C’"ﬁ; By using T’ (g1), all we needed to define w, are the
generators By, xg, and x1. See also Figure 10.
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A straightforward calculation yields the upper bound of ||w-||. Indeed, we have

(=D +1+(ma—mi =D +14- -+ (mp—mp1 =D +1+(M|gi|—m)) x2+1
=2M|gi|+1

<2M(g|+3)+1

<4M|g|.

For part (2), we first consider @ < w, which does not contain x;. When
l'|l < Llg1l/2], we have |g1@’| > |g1]/2. Indeed, if not, we have
_ lg1l 181l
g1l =1210/@) 7] = 1o + o'l < ==+ ==
Hence we have |g10'| > |g11/2 > (lg| —3)/2 > |g|/8. Next, we assume that o’
does not contain x; and ||| > |g1]/2 holds. Then by Lemmas 3.4 and 3.1, there
exists a pair of numbered patterns (P (g1'), P_(g1w’)) representing giw’ such
that Ry(P_(gi@")) is essential. Then we have
1811

(3-1) IRo(P- (g1l = [Ro(P- (gl + Il > l|l&'[| > -

By Corollary 2.12, we have

/

8 16 — 64

Next, we assume o’ contains x; and no By . Then there exists i > 0 such
that

; —(mi=1) 5 _—(my—m1—1) A —mp—mpy_1—1) A —(Mlgil—mp) (Mlgi|=mp), i
g1 = g1Xx, Box,, -+ Box, By (x, X1X, )X,

as an element in 2V . Since xO_(Mlgl‘_m”)xlxéMlgll_m”) is identity on [0, 1/2]x[0, 1],
the essentiality of the rectangle is preserved when i = (. This means that when i =0,
we have ||Ro(P—(g10))|| > |g1]/2 by inequality (3-1). According to Lemma 3.1(1),
multiplying x, ! from the right increases the size of the rectangle. Then for any
i >0, we have | Ro(P—_(g1®))|l > |g1|/2. This implies that we have |g1’| > |g|/64
for the same reason as in inequality (3-2).

Finally, consider the case where ' contains x; and éo_ ! From the construction
of w», it can be observed that g, is obtained by attaching carets to the minimal
pair of colored binary trees (7(g1), 7-(g1)). This implies that there exists a
pair of numbered patterns of g, such that the rectangle of the target pattern
that contains a point (1, 1) € [0, 1] x [0, 1] is essential, and its size is at least
M|g1| 43 —4|g1]. Indeed, by Proposition 2.9, the length of the right most branch
of T_(g1) is at most 4|g|. Hence the number of attached vertical carets to the
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g1 w2
Ty (g1) T_(g1) >< T’ (91) T’ (91) _
/>\ />\ = Mlg1| +3
A N
T, (91) T_(g1)

/‘<\ />\] ZM‘91|+3_4‘91‘
Figure 10. Anillustration of the multiplication of g; and w,, where
(T+(g1), T—(g1)) is a minimal pair of colored binary trees of g;

and T’ (g1) is the maximal all-right colored binary tree contained
in T_(g1).

rightmost branch is at least M|g;| + 3 — 4|g1|. Also, from the construction, ver-
tical reduction cannot be applied. Therefore the size of the rectangle containing
(1, 1) is at least M|g1| + 3 — 4|g1| by focusing only on the vertical subdivisions,
since the size of a rectangle is defined as the sum of the number of vertical
and horizontal subdivisions. See Figure 10 for an illustration of this argument.

We now consider g’ as gow” by a certain word ”. Note that we have
lw”|| <m, by a straightforward calculation. This means that ||"|| is sufficiently
smaller than |g;|, so we estimate |g;«’| based on g>. Since m, < 4|gi| holds, by
Corollary 2.12 and Lemma 3.4, we have

o Migil+3—4lail

(3-3) g10'| = |820"] > | g2] — [l || > 2 4lg1

> +(M —36)|g1] = 8|g1] > 2g|.

Hence for any prefix o’ < w,, we have |g10'| > |g|/64.
O

Subpath 3. Let w3 be a minimal word on X,y such that w3 = gl_1 holds. Let
83 = 82ws3.

Lemma 3.6. (1) We have |w3]| <2|g].

(2) For every prefix ' of w3, we have |g,’| > 2|g|.

Proof. The first claim is obvious by Lemma 3.4. For the second claim, we note that
|@'| < |g1| holds since w3 is a minimal word. Then we have

g20| = Ig2] — || = Ig2] — Ig1] > 2lgl.

as estimated in inequality (3-3).
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~1
w3 = g1

/\ /\ X T_(g1) T (91)
\
A

/>\

NP
:O\'th N ] > Mlg| + 3 — 4]g1]

Figure 11. An illustration of g3. Observe that g3 is the identity
map on the subset corresponding to all leaves except the i-th leaf.

Subpath 4. We fix an integer Q > 48 M. We define w4 based on a subset [0, 1] x
[0, 1] where g3 is the identity map. From the construction, one of the following
holds (see also Figure 11):

(a) g3 is the identity map on [0, 1] x [0, 1/2];

(b) g3 is the identity map on [0, 1] x [1/2, 1];

(c) g3 is the identity map on [0, 1/2] x [0, 1]; and

(d) g3 is the identity map on [1/2, 1] x [0, 1].
Then we define w4 as the word determined from one of the following cases of
capital letters corresponding to each small letter:

(A) let wg = 4&; @D, 5, 3, I8l
(B) let wyq = px;QI8IHD, xp ) x, QlelHT,

(C) let wy = £, 23,2 21!; and

(D) let wg = x1 208l xpx, QI8
Let g4 = g3wy4.
Lemma 3.7. (1) We have |w4| <3Q]g].

(2) For every prefix ' of w4, we have |gz'| > 3|g|.
(3) As elements in 2V, g3 and w4 commute.

Proof. Part (1) follows from a straightforward estimation, and part (3) is obvious
since the supports of g3 and w4 are disjoint. For part (2), in any case, we note
that generators in w4 preserve the rectangle with its size at least M|gi| + 3 —
4|g1]. Since the process of obtaining the essential rectangle from this rectangle
requires only at most one horizontal reduction, gswy is also represented by a pair
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of numbered patterns with an essential rectangle of size at least M|g;| +2 —4|g1|.
Indeed, when w4 is defined in the case of (A), since ,Xxi, X2 is the identity on
[0, 1] x [0, 1/2], the vertical reduction cannot be applied in the process and the
horizontal reduction may be possible. Also, since any generator in w4 vertically
divides [0, 1] x [0, 1/2], the number of this horizontal reduction is at most one.
For case (B), only at most one reduction is applied for the same reason as in case
(A), and no such reduction is possible in cases (C) and (D). Hence the size is
at least M|g| + 2 —4|g] in any cases. By Corollary 2.12 and Lemma 3.4, we
have

> Migi|+2—4[gi

lg3w| = A > 12[g1] = 3gl.

which is the desired result.
O

Subpath 5. Let ws be a minimal word on X,y such that ws = g5 " holds. Let
85 = 84Ws.
Lemma 3.8. (1) We have |ws|| <5M|g|.
(2) For every prefix ' of ws, we have |gs0’| > M|g|.
Proof. For part (1), by Lemmas 3.4, 3.5 and 3.6, we have

losll < 1]+ lloi | + w2l + lwsll < [g] +3+4M|g| +2|g| < 5M]g].

For part (2), we first note that w4 is represented by a pair of patterns with an
essential rectangle of size at least Q|g| + 4. In particular, by a similar argument
to the proof of Lemma 3.7, the horizontal length of this rectangle is unchanged for
g4 = gzw4. Hence by Corollary 2.12, we have |g4| > (Q|g| + 3)/8. Therefore we
have

|ga’| = |gal — llos|l > 6M|g| —5M|g| = M|g|.

This completes the proof.
O

We may now obtain gw;wrw3w4ws = w4, which only depends on |g|.

The final step is to connect any of cases (A) to (D) defined in subpath 4 to
X, Qlelz, 2 1ng lxl_ Qlely, x 1ng ! by a final subpath. In order to define this subpath, we
write the subpaths defined in cases (A) to (D) as w4(A), w4(B), w4(C) and w4 (D),

respectively.
Subpath 6. If the path w4 is w4(A), let wg = w4 (B)w4(C). If the path wy is w4 (B),

let wg = wa(A)w4(C). If the path w4 is w4(C), let wg = w4 (D). Finally, if the path
w4 1S w4 (D), let wg = w4 (C).
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—0lgla ~0lgl —0Qlgl Olsgl
) XoX %X, X2X,

Lemma 3.9. (1) In any case, we have gswg = X as an

element in 2V.
(2) We have |lws|| < 608l
(3) For every prefix ' of weg, we have |gsw’| > 6M|g|.

Proof. For part (1), we note that w4(A)w4(B) = w4(D) holds as elements in 2V.
Observe that the supports of w4(A) and w4(B) are disjoint, and the same holds for
@4(C) and w4(D). Since we have w4(C)wy (D) = &7 2185, 5 2181y ~C181 ., x I8 we
obtain the desired result. Part (2) follows from Lemma 3.7.

Finally, part (3) follows from the following observation: in the process of
multiplying generators of wg, there always exists a pair of numbered patterns
with an essential rectangle whose horizontal length is at least Q|g| + 2. Hence by
Corollary 2.12, we have |gsw’| > (Q|g|+2)/8 > 6M|g|.

O

Now, we define w as w; - - - wg. From Lemmas 3.4, 3.5, 3.6, 3.7, 3.8, 3.9, take
D =100 and § = 1/64. Then we have that g = £, /82,2 21812181, 2181,
ol < D|g|, and |gew’| > 8|g| for any prefix @’ of w. This completes the proof of
Proposition 3.3.

O
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