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ON £-GEODETIC GRAPHS AND GROUPS

MURRAY ELDER, ADAM PIGGOTT, AND KANE TOWNSEND

ABSTRACT. We call a graph k-geodetic, for some k > 1, if it is connected
and between any two vertices there are at most k geodesics. It is shown
that any hyperbolic group with a k-geodetic Cayley graph is virtually-free.
Furthermore, in such a group the centraliser of any infinite order element is
an infinite cyclic group. These results were known previously only in the case
that k = 1. A key tool used to develop the theorem is a new graph theoretic
result concerning “ladder-like structures” in a k-geodetic graph.

1. INTRODUCTION

For any positive integer k, we will call a (possibly infinite) graph k-geodetic
if the graph is connected and between any pair of vertices there are at most k
geodesics. For example, a tree is 1-geodetic and the complete bipartite graph Ky
is (max{k, [})-geodetic. While 1-geodetic graphs (known simply as geodetic graphs)
[7, 4] and 2-geodetic graphs [10] have been studied, it seems that little work has
been done on k-geodetic graphs. Our first result is a necessary condition for a graph
to be k-geodetic. We introduce a technical notion of a ladder-like structure with
parameters for height and width (see Definition [3.2)).

Theorem A. Let m and k be positive integers. In any k-geodetic graph there is
a universal bound on the height of ladder-like structures of width m.

A group G is called k-geodetic if it admits a finite inverse-closed generating set S
such that the corresponding undirected Cayley graph Cay(G, S) is k-geodetic. It is
clear that any finite group G is geodetic (with S = G\{1¢}). The hyperbolic groups
are a natural next class of groups to investigate. If G is hyperbolic, then geodesics
fellow travel and we may use this property to construct ladder-like structures. We
parlay this idea into our second result which demonstrates that the hyperbolic
k-geodetic groups form a proper subclass of the virtually-free groups.

Theorem B. Let k£ be a positive integer. If G is a hyperbolic k-geodetic group,
then G is virtually-free and in G the centraliser of any infinite order element is an
infinite cyclic group.

We note that Z x Z, fails the centraliser condition of Theorem [Bl and so is an
example of a virtually-free group that is not k-geodetic for any positive integer k.

In 1997, Shapiro [9] asked if the geodetic groups are exactly the plain groups.
A group is plain if it is isomorphic to a free product of finitely many finite groups
and finitely many copies of Z. There is a natural choice of generating set of a
plain group so that the Cayley graph is geodetic. Although Shapiro’s question
remains unanswered in general, some progress has been made in the special case of
hyperbolic groups. Papasoglu [8] 1.4] showed that hyperbolic geodetic groups are in
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FIGURE 1. Known containments.

fact virtually-free. Observing that hyperbolic geodetic groups admit presentation
by finite Church-Rosser Thue systems, one may apply a result by Madlener and
Otto[6] to conclude that in hyperbolic geodetic groups the centraliser of any infinite
order element is infinite cyclic. Theorem [Blshows that hyperbolic k-geodetic groups
satisfy the key constraints known to hold for hyperbolic geodetic groups.

Shapiro [9, p.6] proved that if G is virtually infinite cyclic and k-geodetic with
respect to generating set S, then G is isomorphic to either Z or Zs x Zy and S is the
standard generating set. Taken with the existing theory, Theorem [Blleaves us with
the containments in Fig. [[land is evidence in favour of the following conjecture.

Conjecture C. A hyperbolic group G is k-geodetic for some positive integer k if
and only if G is geodetic. Furthermore, if G is infinite and Cay(G, S) is k-geodetic
for some finite generating set S and some k > 1, then Cay(G, S) is geodetic.

We note the difference between finite and infinite groups in the above conjecture.
For any finite group G, it is clear that Cay(G, G\{l¢}) is geodetic. For any positive
integer k, the only infinite k-geodetic Cayley graphs we know are in fact geodetic.

Example 1.1. For any integer k > 1, we give an example of a group G and
generating set S such that Cay(G,S) is k-geodetic but not (k — 1)-geodetic as
follows. We observe that the complete bipartite graph Ky, j is k-geodetic and not
(k — 1)-geodetic. We now choose a group and generating set with Cayley graph
Ky 1. Let G be the cyclic group of order 2k, let a be an order 2k element in G and
define S := {a** | 0 < i < k —1}. Then Cay(G, S) has k distinct geodesics of
length 2 for each a?* € G with 1 <4 < k and a unique geodesic of length 1 for each
a? e Gwith0<i<k-1.

2. PRELIMINARIES

Let X = (V, E) be a locally-finite simple connected graph. For a,b € N with
a < b, define [a,b] to be {a,a+1,...,b}. A path in X is a map ~ : [0,n] — V with
{vi,vi+1} € E for each 0 < i < n — 1. The path v has an initial point, end point
and length given by ¥(0), v(n) and n respectively.

There is a metric dx: V x V' — N such that dx (u,v) is the length of a minimal
length path between uw and v. We call such a path a geodesic. We say that X is
k-geodetic if for any pair of vertices the number of distinct geodesics between them
is less than or equal to k. In the special case that k = 1, we say that X is geodetic.
For our arguments that follow, we will require precise notions relating to fellow
travelling.

Definition 2.1. Let v;: [0,n;] — V for ¢ € {1,2} be paths in V and n =
max{ni,na}. Then the paths are said to m-fellow travel if

dx (71(t),72(t)) € [0,m],
for all ¢ € [0,n]. Note that if n; < n, we define v;(t) = v;(n;) for all t € [n; + 1, n].
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Definition 2.2. Let v1,72: [0,n] — V be paths of length n. For a given m > 0,
we say 71 and vy are:
(1) m-apart ati € [0,n] if dx(y1(7),v2(i)) = m;
(ii) m-close at i € [0,n] if dx (v1(),v2(%)) € [1,m];
ili) asynchronously disjoint if for all distinct ¢, j € [0, n] we have 1 (i) # Y2(5);
) co-travelling if v1(7) = y2(j) and v1 (i+1) = y2(j+1) for some ¢, j € [0,n—1],
and synchronously co-travelling if i = j.

(
(iv
Furthermore, we define an,(y1,72) := [{i € [0,n] | dx(71(7),72(¢)) = m}| and
em(v1,72) = {3 € [0,n] | dx((3),72(i)) € [1,m]}]; s0 am(y1,72) records the
number of times that v and 7, are m-apart, while ¢, (y1,7v1) records the number
of times they are m-close.

Definition 2.3. A geodesic triangle in X is the union of three geodesic paths
a: [0,nq] =V, B:[0,ng] = Vand~: [0,n,] = V, such that a(n.) = 5(0), 8(ng) =
7(0) and ~(ny) = «(0). The geodesic triangle is non-degenerate if a(a), 5(b),v(c)
are pairwise distinct for all a € [1,n4], b € [1,ng] and ¢ € [1,n,]; otherwise it is
degenerate.

Definition 2.4. A geodesic bigon in X is the union of two geodesic paths a: [0,n] —
V and B: [0,n] — V such that a(0) = 8(0) and B(n) = y(n). The geodesic bigon
is non-degenerate if a(i) # B(i) for all ¢ € [1,n — 1]; otherwise it is degenerate.

Let G be a group and S C G\ {1g} a finite inverse-closed generating set. The
undirected Cayley graph of G with respect to S, denoted Cay(G,S) is the graph
with vertex set G and edge set {{g,h} € G x G | g~'h € S}. Since S generates G,
Cay(G, S) is connected. Since S is finite, Cay(G, S) is locally-finite. Since 1¢ ¢ S
and S C G, Cay(G,S) is simple. We call S an alphabet and denote the set of
finite words over the alphabet S by S*. We write |u| for the length of the word
u € S*; the unique word of length 0 is called the empty word and denoted A. Let
St = 8%\ {A}. For any w = wyws...w, € S*, a word of the form w;w;t1 ...w;
with 1 <4 < j < n is called a factor of w. A word w € ST is called primitive
if there is no word v € S* such that w = «™ for some m > 1. If a word w is
not primitive, then we call the minimal length word w such that w = 4™ for some
m > 1 the primitive root for w. For any g € G, we write |g|g,s for the length of
a shortest word w € S* such that w spells g. For every u € G, there is a bijective
correspondence between paths in Cay(G,S) with initial vertex v and words in S*;
minimal length words spelling a group element g correspond to geodesic paths in
Cay(G, S) from u to ug. We write u = v if u,v € S* are identical as words. We use
use the symbol = to denote that the left hand side and right hand side evaluate
to the same element in G. For any g € G and r > 0, we write B,(g) for the set
{h € G| dx(g,h) < r}. The centraliser of an element g € G is defined to be
Cal(g) :=={h € G| gh= hg}.

We refer the reader to [I] for basic definitions and results regarding hyperbolic
geodesic metric spaces. A locally-finite simple connected graph X is a geodesic
metric space. Let T be a geodesic triangle in X with vertices T7,T> and T3 and
sides ~v1,7v2 and 3. Take the points p; on each ; to be those that have

dx (T, p2) = dx(Th,p3), dx (T2, p1) = dx (T2, p3), dx (T3, p1) = dx (T3, p2).

For a real number 6 > 0, we say T is 0-thin if for each i € {1,2,3} and distinct
J.k € {1,2,3} \ {i} the sub-paths of v; and 4 from T; to p; and py respectively
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FIGURE 2. Hyperbolic space has d-thin geodesic triangles

o-fellow travel. We say X is hyperbolic if there exists § > 0 such that all geodesic
triangles are d-thin. We say a group G is a hyperbolic group if Cay(G,S) is a
hyperbolic for some (and hence any) finite generating set S. We have the well-
known fellow traveller property in hyperbolic groups [3, Lemma 2.3.2 and Thm.
3.4.5]:

Proposition 2.5. Let G be a hyperbolic group and X = Cay(G,S) for some finite
generating set S. Then for any ¢ > 0 there exists an m. > 0 such that any two
geodesics 7y; : [0,n;] = X with i € {1,2}, v1(0) = 72(0) and dx (y1(n1),v2(n2)) <c¢
will m.-fellow travel.

3. LADDER-LIKE STRUCTURES ARE BOUNDED

We will show that in a k-geodetic graph, there is a bound on the number of times
a pair of asynchronously disjoint geodesics may be m-apart and m-close.

Lemma 3.1. Let X be a k-geodetic graph and let u,v be vertices in X. If there
exist distinct paths ag, ..., ax: [0,n] = X with initial point uw and terminal point
v, then there exists a path B from u to v of lengthn —1 orn — 2.

Proof. Since there are k + 1 paths of length n, none of them can be geodesics.
Consider the sequence of paths ol for i € [0,n]. Let

io := min{i € [0,n] | o, is not a geodesic}.

Define Sy to be a geodesic from u to ag(ip). Then fy has length j for some j €
[io — 2,49 — 1], since a shorter path contradicts the minimality of ig. Define a path
B by
8 = {ﬂo(i) for i € [0, ],
Oéo(Z—I—’Lo—j) fOrZG[]—I—l,n—Zo—Fj]
Then S is a path from u to v with length n — 1 or n — 2. (I

Definition 3.2. Let m and r be positive integers. A ladder-like structure of
width m and height r is a pair of asynchronously disjoint geodesics v, and -,
with am (Y2, vy) =1

Proposition 3.3. Let m and k be positive integers. There exists a constant A(m, k)
such that no ladder-like structure of width m has a height exceeding A(m, k) in any
k-geodetic graph.

Proof. Let k and m be positive integers. Define r := k Hff;l (tk+1) and A(m, k) :=

mr. Let X be a k-geodetic graph. For contradiction, suppose there exist two asyn-
chronously disjoint geodesics 7, and v, in X that form a ladder-like structure of
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width m and height A(m, k) + 1. For each i € [0,7], define the points z; on v,
and y; on 7y, to be (im + 1)-th occurrence of 7, and v, being m-apart, ignoring all
other occurrences that 7, and v, are m-apart. Hence, there exists a diagram for
vz and 7, where each d; > m as depicted in Fig. Bl The top row from zy to z, is
a depiction of v, the bottom row from yo to y, is a depiction of v, and d; > m
for each ¢ € [1,7]. For each j € [0,r], the path from z; to y; is a geodesic 7; of
length m. The vertices in {zo, ..., 2z} U{yo,...,y.} are pairwise disjoint: because
vz is a geodesic, x; = z; if and only if ¢ = j; because v, is a geodesic, y; = y; if
and only of ¢ = j; because v, and +, are asynchronously disjoint, z; # y; for any
i,7 such that i # j; because the ladder has width m, d(z;,y;) = m > 0 for any 3.
Furthermore, since d; > m for each i € [1,7] we have that z;41 does not lie on v;
for any 4. For clarity in the arguments to follow, we schematically depict this part
of the graph as shown in Fig. [

FIGURE 3. An example ladder-like structure of width m and height h.

Zo dq 1 do T2 ds x3 dy X4 Ty—1 d, Lo

Yo dy Y1 dy Y2 ds 3 dys  Ys  Yr—1 d,  Yr

FIGURE 4. A schematic ladder-like structure of width m and height h

In this paragraph we demonstrate the existence of a ‘short’ path from zy to
yr. For each j € [0,k] we define a path «; from zg to yi as follows: «; travels
along ~y, from zg to x;, then travels along «y; to y;, and finally travels along v, to
yx. Although the paths ag,...,a; are not necessarily internally disjoint, they are
distinguished by which of the points {zo,..., 2.} U{yo,...,yr} they visit. Hence,
we have exhibited k + 1 distinct paths from z¢ to yi of length m + Zle d;. By
Lemma [3]] there is a path 8 from xg to yx such that

k k
18] =m—1+Zdi or | S| =m—2+Zdi.
i=1 i=1
Since v, and v are geodesics, any path from xg to y that passes through x; has
length at least m + Ele d;; hence B does not pass through x.
For each j € [1,2k|, we repeat the above argument for paths from x; to y¢ 1)k
We deduce that for each j € [0,2k], there is a path from x5 to yj41)x that does
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not pass through x;, 1), and has length

(G+Dk (G+D)k
m—1+ Z d;iorm—2+ Z d;.
i=jk+1 i=jk+1

For each j € [0, 2k], extend these paths so that their initial vertex is xg, travelling
along v, to xj, and their terminal vertex is yp(ox41), travelling along v, from y(;1)x-
By the pigeonhole principle, at least k£ 4+ 1 of the extended paths have the same
length. Since X is k-geodetic, by Lemma [B.1] there is a path from z¢ to yx(2r+1) of

length
k(2k+1)

m—p+ Z d;
i=1

with p € [2,4]. Continuing these arguments we see that there is a path of length
fe)
m—p+ Z d;
i=1

from xo to y () for some p € [¢, 2¢], where f(c) = k[[;_,(ik+1). By our assumption
we can take ¢ = 2m + 1, which gives p > 2m. This implies the existence of a path
from zg to z, going via y, that is shorter than travelling along the geodesic v,. We
have a contradiction showing the ladder-like structure with width m cannot have
height exceeding A(m, k). O

This completes the proof of Theorem [Al

Corollary 3.4. Let m and k be positive integers. There exists a constant C(m, k)
such that asynchronously disjoint geodesics cannot be m-close more than C(m,k)
times in any k-geodetic graph.

Proof. The result follows directly from Proposition [3.3] and the pigeonhole princi-
ple; giving a constant C(m, k) < mA(m, k) + 1 bounding how many times asyn-
chronously disjoint geodesics can be m-close. ([

4. HYPERBOLIC k-GEODETIC GROUPS ARE VIRTUALLY-FREE

We will now focus on hyperbolic groups with k-geodetic Cayley graphs, with the
key result being that they are virtually-free.

We will use a characterisation of virtually-free groups as seen in [5]. Let e > 0,
then a language L over an alphabet S is e-locally excluding over S if there exists a
finite set F' of words of length at most e such that any word not in L has a factor
in F. Then G is virtually-free if and only if there exists a finite inverse-closed
generating set S such that the language of geodesics is e-locally excluding over S
for some e > 0.

Proposition 4.1. Let k be a positive integer. Any hyperbolic k-geodetic group G
is virtually-free.

Proof. Let G be a hyperbolic group which admits a finite inverse-closed generating
set S such that X = Cay(G,S) is k-geodetic. By Proposition 25 there exists
m > 0 such that any two geodesics v; : [0,n;] = X with ¢ € {1,2}, v1(0) = 12(0)
and dx(y1(n1),72(n2)) < 1, will m-fellow travel. We claim that the language of
all geodesic words for G with respect to S is an (C([m], k) + 1)-locally excluding
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language, where C([m], k) is the bound given in Corollary B4l Define the finite
set
F:={we S ||w <C([m],k) + 1 and w not a geodesic}.

Suppose w € S* is not a geodesic. Then there exists u,v € S* and x € S such
that w = uzv and v is a geodesic but uzx is not. If the last letter of w is !, then
the factor x 'z € F. Now assume that the last letter of v is not ', so that the
terminal vertex of ux does not lie on the path u. Let w’ be a geodesic representative
of uz. Clearly, |w'| is either |u| or |u| — 1. For compatibility with Definition 2]
we let w” equal w' if |w'| = |u| and w'z~! if |w'| = |u| — 1. Then w” and u are
asynchronously disjoint and m-fellow travel. Furthermore, since the terminal vertex
of w’ does not lie on the path of u, there exists words u; and us such that u = ujus,
|ug| > 0 and the words u and w” do not co-travel after |u;| steps. Since u and w”
are m-fellow travelling, they must be [m]-close after |u;| steps. By Corollary B4l u
and w” are [m]-close at most C'([m], k) times, so |uz| < C([m], k). Therefore, the
factor of w given by usz is not a geodesic and it appears in F'. Thus the language
of geodesics of G is (C([m], k) 4+ 1)-locally excluding over S. O

We also have the following fact regarding non-degenerate triangles and bigons
that are useful in later arguments:

Lemma 4.2. Let k be a positive integer and G a hyperbolic group with inverse-
closed generating set S such that Cay(G,S) is k-geodetic. Then the non-degenerate
geodesic triangles and bigons in Cay(G,S) have bounded side-length.

Proof. Let k be a positive integer and suppose that G is k-geodetic. Since G is a
hyperbolic group, there exists a ¢ > 0 such that geodesic triangles in Cay(G, S) are
d-thin. Suppose we have a non-degenerate geodesic triangle in Cay(G,.S) with at
least one side of length greater than 2C(4, k), where C(d, k) is found in the proof
of Corollary B4l Then we have asynchronously disjoint geodesics that are d-close
and more than C(d, k) times. This contradicts Corollary [34l This also shows that
non-degenerate geodesic bigons have bounded side-length since any non-degenerate
geodesic bigon forms a non-degenerate geodesic triangle. O

5. CENTRALISERS OF INFINITE ORDER ELEMENTS

In this section we investigate centralisers of infinite order elements in groups with
k-geodetic Cayley graph. This will lead to a proof of the second part of Theorem
Bl restricting which virtually-free groups can be k-geodetic. Our result and proof
is motivated by Madlener-Otto’s [6] analogous result for groups presented by finite
Church-Rosser Thue systems.

We recall a classical combinatorial result for words over any alphabet. The result
is due to Lyndon and Schiitzenberger and can be found in [2, Thm. 6.5].

Lemma 5.1. Let z,y,2z € S* be words over an alphabet S.
(a) If © # X and zx = yz, then there are s,t € S* and q¢ € N such that
x = sty =ts and z = (ts)t.
(b) If xzy = yx, then both x and y are powers of the same word.

Lemma 5.2. Let k be a positive integer, let G be a group with a finite inverse-closed
generating set S such that Cay(G, S) is k-geodetic. If u € ST is a primitive word
such that u” is a geodesic for allm > 1 and u evaluates to g € G, then Ca(g) = (g)-



8 MURRAY ELDER, ADAM PIGGOTT, AND KANE TOWNSEND

Proof. For the sake of contradiction, suppose that Ca(g) # (g). Then there exists
h € Cg(g) such that h ¢ (g). Let v € S* be a geodesic word evaluating to h € G.
Let a be the ray in Cay(G, S) from the vertex 1 with label ©® and let 3 be the
ray from the vertex h with label u*. Then « is the top path, and 8 the bottom
path, in a structure shown schematically in Fig.

I¥e] U U U U U u”

h U U U U (7 u"h
FIGURE 5. A schematic of h commuting with powers of u

In this paragraph we show that a, S must co-travel but not synchronously, that
is, must join after some prefixes o/ # (' of u™ as depicted in Fig. [l Since a
and [ are labelled by the same word but start at distinct vertices in a Cayley
graph, they cannot synchronously co-travel. Furthermore, by Proposition they
cannot be asynchronously disjoint for arbitrarily large r, so we know they must join
asynchronously. We then have the diagram depicted in Fig. [6] where o’ and 8’ are
prefixes of some powers of u.

FIGURE 6. A depiction of the asynchronous joining

Let u = uy...up), so &' = u™wuy...u; and ' = uuy ... u; for some i,j €
[0, |u]]. If i = j, then v = w™2~™1 which is not possible because h & (g); so we
may assume that i # j. Now continue moving along « and g in Fig. [0 starting
with w1 ... u)y and wujyq...up, then powers of u. If a and B bifurcate, then
by applying Proposition starting from the bifurcation point, o and S will only
remain disjoint for a bounded number of steps. Furthermore, o and  cannot
bifurcate and meet again more than log, k£ times. Hence, o and 3 co-travel forever
after some point. First assume i > j. Now consider Figure [T}

u u

I 1 L
Uit1 - 'U’|u\ Ul e Uiy Uit e ?l,‘u‘ Ul e Uj—y o Uj—jg1 e ’U,‘u‘
Ujt1 - u‘u|,i+j u|u\7i+j+1 “e u‘u‘ Ul ce u‘u|,i+j u‘u|,i+j+1 e u‘u‘ Uy ce. u‘u‘,i+j
L ] L ] L ]

T u Y

FIGURE 7. Equating o and 3 as they co-travel forever

By equating words, we deduce that u? = zuy where z = u; .. SUj—j and y =
U .. Upy|—iyj- Hence u = xu’ = vy for some words v’ and u”. Since |z|+|y| = |ul,
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we must have |v/| = |y, |u |z| so u = xy. Hence ryxry = u? = zuy = xayy, So
xy = yz. If i < j, a similar argument shows that gives 2'y/2'y’ = u? = 2'2'y"y’ for

some 2’ and y'. By part (b) of Lemma [5.1] we find that v is not primitive. O

//| —

We will now consider the language of geodesic words for all powers of an infinite
order element in a hyperbolic group with k-geodetic Cayley graph.

Proposition 5.3. Let k be a positive integer, let G be a group with a finite inverse-
closed generating set S such that Cay(G,S) is k-geodetic, and let g € G be an
element of infinite order. For all n > 0, let L,, be the set of geodesic words for g™
with respect to S. If G is hyperbolic then | J,,~, Ly is a regular language.

Proof. For a fixed r > 0, there exists a p € N such that ¢" € {z € G | |z|g,s > 1}
for all n > p. This is because there is a maximal number of times that powers of
g can visit B,.(1g). Diagrammatically we represent the words in L,, as a shaded
region from 1g to ¢g”, as seen in Fig. B

lg g

FIGURE 8. Diagrammatic representation of L,

Claim 1. For a fixed M7 > 0, there exists an ng such that
L, = {a(i)bc(j) | (S [15 kl]aj € [15 k2]a kiks < K, |b| > Ml}a

for all n > ng, where each a;) is a geodesic representative for some g, € G' and
each c¢(j) is a geodesic representatives of some g. € G.

Proof of Clatm 1. By Lemma 2] there is a bound B; on the length of non-
degenerate geodesic bigons. Furthermore, By = log,y(k) is the maximal number of
times that geodesics for the same group element can furcate then rejoin forming
non-degenerate geodesic bigons. Then for any n > 0, B = B B> is the maximum
number of total steps that the geodesic words of g™ are not synchronously co-
travelling. There is an ng > 0 such that [¢"|q,s > B+ (M7 —1)(B2+ 1)+ 1 for all
n > ng. Hence, the geodesics of g™ all co-travel for at least (M; —1)(Bz + 1) +1
steps, and there are at most Ba+1 disjoint segments that are separated by a shaded
region of non-unique geodesic segments. By the pigeonhole principle at least one of
these disjoint segments has length M;. Let the word for such a segment be denoted
by b. The set of geodesic words from 14 to where the segment b begins are denoted
a(;y, where i € [1, k1] for some k1 < k, and the geodesic words from where b ends
are denoted c(jy, where j € [1,ks] for some ky < k. Note that kiky < k, since
otherwise we would have |L,,| > k, contradicting Cay(G, S) being k-geodetic. W

FIGURE 9. A unique factor b in all elements of L, with n > ng
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Claim 2. For a fixed My > 0, there exists an n. so that [¢"*™!|g.s > |¢"*|c.s and
Ly, ={awByyy | i €[, k1], 5 € [1, kal, |y, vyl = Mz, kika <k},

where each ;) is a geodesic representative for some g, € G and each 7;) is a
geodesic representative for some g, € G.

Proof of Claim 2. Take My = 2M> from Claim 1. Then shift the prefix of b of
length M> into the left shaded region and shift the suffix of b of length M5 into the
right shaded region. Then for each n > ng, we have

Ly ={awbyy |1 € 1, k1],5 € [1, k2], lawl, lvg)l = Ma, kike < kY,

where each «a(;) is a geodesic representative for some g, € G and each 7, is a
geodesic representative for some g, € G. By the opening statement in the proof of
this proposition we can choose n. > ng to be such that [¢g""t|c.s > [¢"|c.s. W

FIGURE 10. Schematic of L,

We wish to ensure that the length of geodesics in both shaded regions in Figure
[[dis at least the maximal side-length of a non-degenerate geodesic triangle (Lemma
[42]), which we denote by A. Hence, in Claim 2 choose n, to correspond to some
M, > A. Now consider the geodesics from 1 to g™ ! depicted in Fig. Il

gn*Jrl

FIGURE 11. Geodesics from 1¢ to g™ **

Since |y(;| > A, the geodesics in L,,, 11 share a prefix up to the end of the word
f to an element of L,,,. Hence, Ly, 11 = {a By | @ € [1,k1],j € [1, k3]} for some
positive integer k3 with k1ks < k. Instead, let us now consider the geodesics from
g~ ! to g"* depicted in Fig.

g_ T

FIGURE 12. Geodesics from g~* to g™

Since |a;)| > A, the geodesics in L, 11 share a suffix to an element of L,,, up
to the start of the word 8. Hence, Ly, 11 = {pu@)Bvy) | i € [1,kal,j € [1,k2]}
for some positive integer k4 with ksko < k. Therefore, for each i € [1, k] and
J € [1,ks] there is an [ € [1,ko] and m € [1, k4] such that o) Bryy = tem)Bra)-
Since |gn, +1lc,5 > |gn.|c,s, We know that a(;) is a prefix of i(,,) and 7(; is a suffix



ON k-GEODETIC GRAPHS AND GROUPS 11

of V(). Then we have Sz =y where v(;) = a(;)y and fin) = (. Invoking part
(a) of Lemma[pdl we have ¢, s € S* such that x = st,y = ts and 8 = (ts)?t for some
qg € N. So

L, = {Oé(l') (ts)qtv(j) | 1€ [1, kl],j S [1, kz]}
and
Ln*Jrl = {a(i)(ts)qultFY(j) | (&S [15 kl]aj € [17k2]}

Since the prefixes a(;) and suffixes v(;) are preserved we can inductively deduce
that

Ln*+c = {a(l) (ts)quct’Y(j) | 1€ [17 kl]vj € [17 k?]}

Hence, we conclude

ne—1
U Zn = (U Ln) U{ag (ts) ™ty i € [L k], j € [1,ka],c > 0},
n>0 n>0
which is regular. O

We are now ready to prove the second part of Theorem [Bl The proof follows
from the proofs of [6] Thm. 2.3 & Corollary 2.4], but we include it with our own
notation for completeness.

Proposition 5.4. Let k be a positive integer. The centraliser of any infinite order
element is infinite cyclic in a hyperbolic k-geodetic group.

Proof. Let G be a hyperbolic k-geodetic group, and let S be a finite generating set
such that Cay(G, S) is k-geodetic. Let g € G be an infinite order element.

By Proposition 53] if L,, is the set of geodesic words for g", then (J,,~, L is
regular. By the pumping lemma for regular languages there is a subset of Un>0 L,
given by {zw'z | i > 0} such that |w| # 0. Let y be the primitive root of w, so
w = y™ for some m > 0. Since w’ is a geodesic for all i > 0, all powers of y are
geodesics. For any i > 0 there exists an index j; such that zy™'z is a geodesic
representative of ¢7. Since there are at most k representatives for a given ¢’¢, we
can choose an n > 0 such that j, < jn41-

Since zw"tl'z = ¢g/»+ and zw"z = ¢/~ we find that gin+17In = 2~

h e OG(Q)v S0

y"(zhz™Y) = 227t wzhe T = zgintTIn i = 2hginttTIn T = (2he T hy™,

Lwz. Let

and by Lemmal[5.2l zhz~" € (y). We have shown that any h € Cg(g) is contained in
(z7Yyz) 2 Z, s0o Cg(g) < Z. The result follows since the only non-trivial subgroups
of an infinite cyclic group are infinite cyclic. O

Propositions 1] and [5.4] together yield Theorem [Bl Furthermore, Proposition
B4 immediately yields the following result.

Corollary 5.5. Let k be a positive integer and let G be a group with a finite inverse-
closed generating set S such that Cay(G,S) is k-geodetic. If G is hyperbolic, and
g,h € G are commuting non-trivial elements, then:

(a) If g has finite order, then gh and h have finite order.
(b) If g has infinite order, then h has infinite order and either g and h are
inverses or gh has infinite order.
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Remark 5.6. In general, the centraliser of an infinite order element of a virtually-
free group is virtually-cyclic (see [, III. T'. Cor. 3.10 ]), so Proposition [5.4] excludes
many virtually-free groups from being k-geodetic groups.

il
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