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ABSTRACT. We study the regularity of several languages derived from conjugacy
classes in a finitely generated group G for a variety of examples including word
hyperbolic, virtually abelian, Artin, and Garside groups. We also determine the
rationality of the growth series of the shortlex conjugacy language in virtually
cyclic groups, proving one direction of a conjecture of Rivin.
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1. INTRODUCTION

Many classes of finitely presented groups have been studied via the formal lan-
guage theoretic properties of their sets of geodesics or shortlex least representatives
of the group elements. In this paper we study the regularity of three languages
derived from the conjugacy classes, rather than elements, of some of these groups.

A regular language is recognized by a finite state automaton, and one particu-
larly useful application is the existence of an algorithm that uses this automaton
to calculate a rational function equal to the growth series (that is, the generating
function associated to the growth function) of the language.

Before proceeding further, we need to recall some notation. We use standard
notation from formal language theory and refer to [19] for details. Where X is a
finite set, we denote by X* the set of all words over X, and call a subset of X* a
language. We write ¢ for the empty word, and denote by X the set of all non-
empty words over X (so X* = X+ U {e}). For each word w € X*, let [(w) = Ix(w)
denote its length over X. For subsets A, B of X*, we define AB to be the set of
concatenations wu with w € Aju € B. Similarly we define A" to be the set of
concatenations of n words from A, A* = US2 JA™, AT = U A" A language is
regular if it can be built out of finite subsets of X using the operations of union,
concatenation, * (and complementation); such an expression for a language is called
a reqular expression.

All groups we consider in this paper are finitely generated, and all generating
sets finite and inverse-closed. Let G = (X) be a group. Let 7 : X* — G be the
natural projection onto G, and let = denote equality between words and = equality
between group elements (so w =g v means 7m(w) = w(v)). For g € G, define the
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length of g, denoted |g| (= |g|x), to be the length of a shortest representative word
for g over X. Define a geodesic to be a word w € X* with l(w) = |7 (w)|.

Let ~ denote the equivalence relation on G given by conjugacy, and G/~ its set
of equivalence classes. Let [g]. denote the conjugacy class of g € G. Define the
length up to conjugacy of an element g of G, denoted |g|., by

|9le := min{|A| [ h € [glc}-

We say that g has minimal length up to conjugacy if |g| = |g|c-

We call a word w € X* satisfying I(w) = |r(w)|. a geodesic with respect to
conjugacy, or a conjugacy geodesic word. Note that if a word w is a conjugacy
geodesic, then so is every cyclic permutation of w. By contrast, a word w € X*
satisfying the property that every cyclic permutation is a geodesic is not necessarily
a conjugacy geodesic. Call a word whose cyclic permutations are all geodesics a
geodesic with respect to cyclic permutation, or a cyclic geodesic word.

We consider six languages associated to the pair (G, X), the first three being:

Geo = Geo(G, X) = {we X" |l(w)=|r(w)|},
ConjGeo = ConjGeo(G, X) = {we X" |l(w) =|r(w)|.},
CycGeo = CycGeo(G, X) := {we X" |w is a cyclic geodesic},

which we call the geodesic language, conjugacy geodesic language, and cyclic geodesic
language, respectively, of G with respect to X. The conjugacy geodesic language
was introduced by the first two authors in [7], where it is shown that the property
of having both Geo and ConjGeo regular is preserved by taking graph products.

Although Geo and ConjGeo capture much of the geometric information about the
elements and conjugacy classes of G, it is desirable also to have languages whose
growth functions are exactly the growth functions of the elements, minimal length
elements up to conjugacy, and conjugacy classes of G, respectively. To that end,
let < be a total ordering of X, and let < be the induced shortlex ordering of
X* (for which u <g w if either I(u) < l(w), or l(u) = I(w) but u precedes w
lexicographically).

For each g € G, we define the shortlexr normal form of g to be the unique word
yg € X* with 7(y,) = ¢ such that y, <y w for all w € X* with m(w) = g. For each
conjugacy class ¢ € G/ ~, we define the shortlex conjugacy normal form of ¢ to be
the shortlex least word z. over X representing an element of ¢; that is, 7(z.) € ¢,
and z. <g w for all w € X* with n(w) € c.

Our remaining three languages are the shortlex language, shortlexr minimal con-
jugacy language, and shortlex conjugacy language for G over X, defined respectively
as

SL=SL(G,X) = {ys|g€G},
ConjMinLenSL = ConjMinLenSL(G, X) = {yq4 | |g9| = |glc}, and
ConjSL = ConjSL(G, X)) = {z.|ce G/~}.
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We note that the language ConjMinLenSL of shortlex normal forms for the set
ConjMinLen of minimal length elements up to conjugacy in G satisfies ConjMinLenSL =
ConjGeo N SL.

Our six languages satisfy the following containments.

ConjGeo C CycGeo C Geo
Ul Ul

ConjSL C ConjMinLenSL - SL

Any language L over X gives rise to a strict growth function ¢ : NU {0} —
N U {0}, defined by ¢r(n) :== {w € L | l(w) = n}|, and an associated generating
function, called the strict growth series, given by fr(z) == Y o0, ¢r(i)z". It is well
known that if L is a regular language, then fr is a rational function. For the three
languages above, the coefficient ¢gi (n) is the number of elements of G of length
7, GConjMinLensL (1) is the number of minimal length elements of G' up to conjugacy
of length n, and ¢conjsi(n) is the number of conjugacy classes of G whose shortest
elements have length n. Note that all three of these numbers depend only on G, X
and not on our choice of SL as a language of geodesic normal forms for G; the growth
series fsL, fconjMinLensL, and fconjsL would be the same with respect to any geodesic
normal form. We consider the last of these series in two examples in this paper. To
emphasize this independence from the shortlex ordering, we denote by o the strict
growth series of ConjSL, that is,

o =0(G,X) = feonjsLia,x)(2) = Z bconisL(G,x) (1),
=0

following the notation of [7], and call that series the spherical conjugacy growth
series.

In Section 2, Proposition 2.2 proves that regularity of Geo implies the same for
CycGeo. Theorem 2.4 proves that equality of the languages CycGeo and ConjGeo is
preserved by taking graph products, giving Corollary 2.5 that ConjGeo and CycGeo
are equal (over the standard generating set) for all right-angled Artin and right-
angled Coxeter groups.

Section 3 studies regularity of the conjugacy languages for many families known
to have regular geodesic languages. These include word hyperbolic groups (for all
generating sets) [9, Theorem 3.4.5] and, with appropriate generating sets, virtually
abelian groups and geometrically finite hyperbolic groups [24, Theorem 4.3], Coxeter
groups [18], right-angled Artin groups [21], Artin groups of large type [16], and
Garside groups (and hence Artin groups of finite type and torus knot groups) [6].
For groups in most of these families, we have succeeded in proving the regularity of
ConjGeo and ConjMinLenSL. Moreover, for virtually abelian groups, we build on [12,
Prop. 6.3] to exhibit a generating set for which ConjGeo has the stronger property
of piecewise testability (see Definition 3.2).
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We summarize the results known for these families of groups in Table 1, where
the symbol * means that the property holds for all generating sets, and if * does not
appear, the result is only known to hold for a specific generating set.

In the cases of virtually abelian groups and Garside groups, we found no proofs
in the literature of their shortlex automaticity with respect to the generating sets
under consideration, and so we have also supplied those in Section 3.

| Result | Group | SL | Geo |ConJGeo|ConJ|\/I|nLenSL| ConjSL |
Thm. 3.1 | word hyperbolic [reg.* [9][reg.* [9] reg.* reg.*
Thms. 4.2,3.1| virtually cyclic |reg.* [9] reg *19]| reg.* reg.* reg.*
Prop. 3.3 |virtually abelian| reg. T [12]| PT reg. -
Thms. 3.10, extra-large  |reg. [16]|reg. [16]| reg. reg. not reg.
3.12 type Artin
Prop. 3.13 Garside reg. | reg. [6] - - -
Thm. 3.15 | homog. Garside | reg. |reg. [6] | reg. reg. -
graph product 1 |reg. [14]|reg. [21]| reg. [7] reg. -

: assuming that SL, Geo, ConjGeo are all regular for all vertex groups

TABLE 1. Summary of language properties for groups in Sections 3 & 4

Note that Table 1 includes many families of Artin groups, including those of
spherical (i.e. finite) type (which are homogeneous Garside groups), and also right-
angled Artin and Coxeter groups, as graph products of appropriate vertex groups.
(The graph product results are included in the table for completeness, but are all
proved elsewhere.)

For two of the blank entries in Table 1 in the ConjSL column, namely word hy-
perbolic and graph product groups, we note that there are examples of groups and
finite generating sets for which ConjSL is not regular for any total ordering of the
generators. In particular, Rivin [27],[26] and Ciobanu and Hermiller [7] have shown
that for a free product of two infinite cyclic groups or two finite cyclic groups of or-
der greater than 2, with respect to the cyclic generators (in the infinite case) or the
nontrivial elements of the finite cyclic factors, respectively, the spherical conjugacy
growth series is not rational.

Some of the results in Section 3 have consequences for groups beyond those treated
in this paper. In [1, Section 8] Antolin and the first author have shown that certain
relatively hyperbolic groups have regular ConjGeo by using Corollary 3.8.

Section 4 is devoted to a conjecture of Rivin [27], [26] about the rationality of the
spherical conjugacy growth series ¢ for word hyperbolic groups. In Theorem 4.2
we verify one direction of the conjecture, proving that for a virtually cyclic group
ConjSL is regular, and hence that ¢ is rational. This result is included in Table 1.

Section 5 examines two virtually abelian groups to demonstrate how regularity
properties can differ between the various languages we consider, and depend on
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choice of generating set. Cannon [24, p. 268] showed that regularity of Geo de-
pends upon the generating set for G = Z? x Z/27Z. Using the same two generating
sets as Cannon, we show in Propositions 5.1 and 5.2 that regularity of ConjSL can
depend upon the generating set. At the same time, we prove for one of these gen-
erating sets that, although ConjSL(G, Z) is not regular (with respect to any total
ordering of 7), o(G, Z) is rational. Moreover, over the generating set used in Propo-
sition 5.2, we show that ConjGeo(G, X) is regular but Geo(G, X) is not, and similarly
ConjMinLenSL and ConjSL are regular but SL is not. Considering a further finite
extension K = Z2 x Dg of G in Propositions 5.3 and 5.4, we show that regularity of
the conjugacy geodesic language and shortlex minimal conjugacy language can also
depend upon the generating set. These results are summarized in Table 2.

Result Group, SL Geo ConjGeo| ConjMinLenSL | ConjSL
generators
Prop. 5.1 Z%? x Z/27Z,7 | teg. reg. [24] reg. reg. not reg.
Prop. 5.2|Z* x Z/2Z, X |not reg. |not reg. [24]| reg. reg. reg.
Prop. 5.3| Z* x Dg, Z' reg. reg. reg. reg. not reg.
Prop. 5.4| Z? x Dg, X" |not reg.| not reg. |not reg. not reg. not reg.

TABLE 2. Summary of language properties for groups in Section 5

The languages studied in this paper merit exploration not just because of the
role they play in determining the conjugacy growth of a group, but also for their
potential connections to the computational complexity of the conjugacy problem.
We observe that a recursively presented group G = (X | R) for which ConjSL(G, X)
is recursive has solvable conjugacy problem. (Given u € X*, we find the shortlex
representative of [u]. by simultaneously enumerating conjugates y~luy of u, words
w € ConjSL(G, X) with I(w) < I(u), and products z of conjugates of relators, and
computing the free reduction of each y~'uyw™'z. When that is the empty word, w
is the shortlex representative of [u]..) However Chuck Miller has pointed out to us
that the example of an amalgamated product T of two free groups of the same rank
described in [23, Section IVA] has unsolvable conjugacy problem but has recursive
ConjGeo. Another open question of interest is what regularity of ConjSL or ConjGeo
implies for the computational complexity of this important decision problem.

2. CONJUGACY VERSUS CYCLIC GEODESICS

For any language L C X*, let Cyc(L) denote the cyclic closure of L; that is,
Cyc(L) is the set of all cyclic permutations of words in L.

Lemma 2.1. If a language L is regular, then Cyc(L) is also regular.

Proof. Let M be a finite state automaton accepting L, with state set () and initial
state gop. A word w lies in Cyc(L) if and only if, for some factorisation wjws of w,
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and for states q,q¢' € Q, with ¢’ accepting, M contains both a path from from ¢ to
¢ labelled by w; and a path in M from ¢ to ¢q labeled by ws. From this description
we construct a set of non-deterministic automata M,, indexed by the states of @,
the union of whose languages is Cyc(L).

The automaton M, is formed from two disjoint copies M, 1 and M, 5 of the states
and transitions of M. The initial state of M, is the state ¢ in M, ; and the single
accept state is the state ¢ in M, . Additional e-transitions join each state of M, ;
that is accepting in M to the state gg in M 2. O

Proposition 2.2. For G = (X), if Geo(G, X) is reqular then so is CycGeo(G, X).

Proof. This follows directly from Lemma 2.1 and the fact that cyclic geodesics are
the words that are not cyclic conjugates of nongeodesics; that is,

CycGeo = X ™\ Cyc(X™ \ Geo).

The following is an immediate consequence of the above proposition.

Proposition 2.3. For G = (X), if Geo(G, X) is regular and CycGeo(G,X) =
ConjGeo(G, X), then ConjGeo(G, X) is also regular.

Given a finite simplicial graph A with vertices labeled by groups G;, the associated
graph product group G is generated by the groups G;, with the added relations that
whenever the vertices labeled G; and G are adjacent, then the elements of G; and
Gj commute.

Theorem 2.4. Suppose that G; = (X;), with CycGeo(G;, X;) = ConjGeo(G;, X;),
for each i. If G is a graph product of these groups with generating set X = U; X,
then CycGeo(G, X)) = ConjGeo(G, X).

Proof. The containment CycGeo(G, X)) O ConjGeo(G, X) is immediate from the def-
initions.

For each index i, let Geo; := Geo(G}, X;), and let $ be a symbol not in X;. Define
the map p; : X* — (X; U$)* by, for a € Xj, setting p;(a) := a if i = j, pi(a) :=¢
(the empty word) if the vertices i and j are adjacent in the defining graph A of the
graph product, and finally p;(a) := $ if the vertices ¢ and j are neither equal nor
adjacent. In [7, Props. 3.3,3.5], the first two authors show that, for w € X*,

w € ConjGeo(G, X) «— Vi,
pi(w) € ConjGeo(G;, X;) U {ugbuy - - - $uy, | n > 1 and unug, uq, ..., up—1 € Geo;};

moreover, w is geodesic if and only if p;(w) € Geo;($Geo;)* for all i.

Suppose now that w € CycGeo(G,X). For each index i, we have p;(w) =
up$ug - - Suy, with n > 0 and each u; € Geo;. Note that whenever w’ is a cyclic
permutation of w, then p;(w’) is a cyclic permutation of w'. In particular there
is a cyclic permutation w’ of w such that p;(w') = upueSuy - - u,—1$. Now since
w' € Geo(G, X) as well, we have u,ug,u,...,u,—1 € Geo;. Suppose further that
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n = 0, that is, p;(w) = ug € Geo;,. Now for every cyclic permutation v’ of wuy,
there is a cyclic permutation w’ of w such that p;(w’) = u/, and hence we must
have u' € Geo;. Thus in this case uy € CycGeo(G;, X;), and so by hypothesis also
ug € ConjGeo(Gj, X;). Therefore w € ConjGeo(G, X), as required. O

In [7] the first two authors show that whenever the languages Geo, ConjGeo are
both regular for all vertex groups, then both are regular for the graph product
group. Theorem 2.4, however, gives a slightly stronger result about the structure
of the geodesics involved, which we highlight in the case of right-angled Artin and
Coxeter groups.

Corollary 2.5. For every right-angled Artin group (respectively, every right-angled
Cozeter group) G with respect to the Artin (respectively, Coxeter) generators X, a
word w s a conjugacy geodesic if and only if every cyclic conjugate of w is geodesic;
that is, ConjGeo(G, X) = CycGeo(G, X).

3. RESULTS ABOUT GROUPS WITH REGULAR GEODESIC LANGUAGES

In this section we study conjugacy languages associated to particular families of
groups, including word hyperbolic, virtually abelian, locally testable, (extra) large
type Artin, and Garside groups, for which the geodesic language is regular. In each
of these cases, we prove that the conjugacy geodesic language ConjGeo is also regular.

3.1. Word hyperbolic groups. For a word hyperbolic group G, regularity of
the geodesic and shortlex languages holds for every finite generating set [9, Thms.
3.4.5,2.5.1]. In the following we show that the same is true for the conjugacy geodesic
language.

Theorem 3.1. Let G = (X) be a word hyperbolic group. Then ConjGeo(G, X) and
ConjMinLenSL(G, X)) are regular.

Proof. Since ConjMinLenSL(G, X) = ConjGeo(G, X) NSL(G, X), and SL is regular,
it suffices to prove the result for ConjGeo. We suppose that G has hyperbolicity con-
stant 6 > 0 (i.e. geodesic triangles in the Cayley graph are d-slim). By [4, Lemma
I11.2.9], two words u,v € CycGeo(G, X) with max{l(u),l(v)} > 85+ 1 represent con-
jugate elements precisely when there exist v’ € Cyc({u}),v" € Cyc({v}) representing
elements conjugate by a word of length at most 26 + 1. From this we deduce that a
word v € CycGeo of length at least 80 + 1 is outside ConjGeo precisely when it is in
the cyclic closure of the set <0541 L(c) Where, for v € X™,

L(a) := {v € CycGeo | Fu’ € CycGeo such that o 'v'a =g v, [(v/) > I(u))}.

Since the set ConjGeo N (Ui@le k) is finite, it is sufficent to prove the regularity
of the set

Cyc U L(«)

o] <26+1
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Since the family of regular sets is closed under both finite union and cyclic closure
(Proposition 2.1), it is enough to show the regularity of L(«), for a given word «.

Now, since G is hyperbolic it has a biautomatic structure on Geo. By [11,
Lemma 8.1], for any word «, the language

Li(a) == {(u,v) | u,v € Geo(G, X), v =¢ a tua}

is regular.
By Proposition 2.2, CycGeo(G, X)) is regular and by standard arguments so are
the languages

Ly = {(u,v)|u,v e CycGeo(G,X), l(v)>I(u)},
Ls(a) = Li(a) N Lo, and
Ly(a) = {v € CycGeo | Ju € CycGeo, (u,v) € Lg(a)}.
We see that Ly(a) = L(«). O

In contrast, for the shortlex conjugacy language, Rivin [27], [26] and Ciobanu and
Hermiller [7] have given examples of word hyperbolic groups and specific generating
sets for which the the spherical conjugacy growth series is not rational, and so ConjSL
is not regular for any total ordering of the generators. More precisely, ¢ was proved
non-rational for free products of the form Z x Z and Z/mZ x Z/nZ with m,n > 2,
using as generators in the first case cyclic generators for the two copies of Z and in
the second case all nontrivial elements of the two finite cyclic groups.

3.2. Virtually abelian groups. In [24, Props. 4.1, 4.4] Neumann and Shapiro show
that for every virtually abelian group, there is a generating set for the group such that
the corresponding set of geodesic words is regular, and in [12, Prop. 6.3], Hermiller,
Holt, and Rees strengthen this result by showing that the geodesic words are a
piecewise testable language. In the following we adjust that proof to show that
for some choice of generators the language of conjugacy geodesics is also piecewise
testable.

Definition 3.2. Let A be a finite alphabet.

(1) A subset L of A* is called piecewise testable if it is defined by a regular
expression that combines terms of the form A*ayA*as ... A*apA* using the Boolean
operations of union, intersection and complementation, where k > 0 and each a; € A.

(2) A subset L of A* is called piecewise excluding if there is a finite set of strings
W C A* with the property that a word w € A* lies in L if and only if w does not
contain any of the strings in W as a not necessarily consecutive substring. In other
words,

L= (UL {A%a;, A%a;, A" . .. A*aili A*})E,
where W = {a1,...,a,} and a; = a;,a;, ... a;,, for 1 <i<n.

According to Definition 3.2, piecewise excluding languages are also piecewise
testable.
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Proposition 3.3. Let G be a virtually abelian group. There exists a finite generating
set Z for G such that ConjGeo(G, Z) is piecewise testable. Furthermore, there is an
ordering of Z with respect to which G is shortlex automatic and ConjMinLenSL(G, Z)
1$ reqular.

Proof. This argument follows closely the proof of [12, Prop. 6.3], so we omit some
of the details.

Let G be a virtually abelian group, and let N <1 G be abelian of finite index in G
with a finite generating set A. Let T'U {1} be a transversal of N in G.

We build the generating set Z for G as follows. Let Y := T%1. Let X’ be the set
of all x € N such that © =g w #¢g 1 for some w € Y* with {(w) < 4. Finally, let
X be the closure of the set AU X’ in G under inversion and conjugation, and let
Z :=XUY. Then

(i) XCN,YCG\N,

(ii) both X and Y are closed under inversion,

(ili) X is closed under conjugation by elements of G,

(iv) Y contains at least one representative of each nontrivial coset of N in G, and

(v) ifw=gaywithweY* l[(w) <3, z€ N and y € Y U{e}, then z € X.
Write the finite set X as X = {z1,...,2,}. For each z € X and y € Y, let a¥
denote the generator in X that represents the group element y~'zy. Similarly if

v =z T € X, the symbol v¥ denotes the word x?jl ---x? . An immediate

.-
consequence of properties (i)-(v) above is that the language L= Geo(G, Z) of
geodesics of GG over Z satisfies the property that L C X*U X*Y X* U X*Y X*Y X™*.

We can now establish the shortlex automaticity of G with respect to a suitable
(total) ordering of Z. Choose any such ordering in which the generators in X precede
those in Y. Note that every element of G has a geodesic representative in the set
X*UX*Y and since, by properties (iii) and (v), elements of the form yz with y € Y
and z € Z have an alternative representative of the form z'y’ with 2/ € X U{e} and
y' € Y U{e}, we see that all shortlex minimal representatives have this form. Let
L’ be the set of words w or wy of this form in which w € X* is shortlex minimal.
By [9, Thm. 4.3.1], a finitely generated abelian group is shortlex automatic with
respect to any finite ordered generating set. It follows (again from properties (iii)
and (v)) that L is the language of an automatic structure for G. The closure of Y
under inversion means that elements of G may have two representatives in L', but
by [9, Thm. 2.5.1], we get the shortlex automatic structure for G by intersecting L’
with SL(G, Z).

Turnlng now to the set L := ConJGeo(G Z) of conjugacy geodesics of G over Z,
we have L := ConJGeo(G Z) C L, and so L can be partitioned as the union of the
subsets Lo =L nx*, L1 = LN X*Y X* and L2 = LN X*YX*YX*. We show
that each L; is a piecewise testable language.

We start by showing that Ly = L N X*. Suppose that w € LN X* is not a
conjugacy geodesic, and write w = ajas ... a, with a; € X. Then there exist n € N

)
)
)
)
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and y € Y such that the element (ny) 'wny of G is represented by a word u that
is shorter than w. Since N is abelian we have u =¢ (ny) 'wny =¢ y~'wy. Then
w =¢ u¥ ' and by properties (ii)-(iii) the formal conjugate u¥ ' is a word in X*
satisfying [(u¥” ') = I(u) < I(w), which contradicts the fact that w is geodesic. By
the proof of [12, Prop. 6.3], L N X* is piecewise excluding, and hence also piecewise
testable, so Lo has the same properties.

An operation on words over Z given by replacement ayxb — amyilyb with a,b €
Z*,x e X,and y € Y is called a Y -shuffle. An operation on words over X given by
a replacement ux;xjv — ux;z;v is a shuffle. Note that whenever a word w can be
obtained from a word v by means of finitely many applications of these operations,
then v =¢ w, v and w are words over Z of the same length, and furthermore v € ZZ
if and only if w € L

Next we turn to L1 In this case we further partition the set L1 Ureyiu where
Ll,r = {virvy € L | v1,v9 € X*} for each r in Y. Let ALT ={we X*|wr € E}
It is immediate to see that Zl,r is the set of all words that can be obtained from
words of the form wr with w € 1~\1,r using Y-shuffles.

Next let ﬁl,r = INXLT Nxjzs---xy,, and let
Uppi=A{(n1,....nm) e Ng* | 2]t - apm ¢ Uy, )

Now Uy, has only finitely many elements that are minimal under the ordering on
Ng* defined by (n1,...,nm) < (p1,...,pm) if and only if n; < p; for all 1 < i < m
(for a proof see, for example, [9, Lemma 4.3.2]); let S, be this finite set of minimal
elements. Let §17r be the set of all words that can be obtained from elements of
the set {z]*---zm | (n1,...,ny) € S1,} using shuffles, and let §1 . be the set of all
words that can be obtained from elements of the set {wr | w € S ) via Y-shuffles.
Then the set L1 o of Y-shuffles of words in A1 o7 is exactly the set of all words in
X*rX™ that do not contain a piecewise subword lying in the finite set SLT. So Ll,r
is piecewise excluding, and hence also piecewise testable, for each r € Y. Therefore
Ll is also piecewise testable.

The proof that L2 is p1ecew1se testable starts by partitioning L2 = U, sEYL2 rs
where Lgms = {virvesvsg € L | v1,v9,v3 € X*} for each r,s in Y. The proof is
similar to that for El, but a little more complicated, and we omit the details.

Having established that ConjGeo and SL are regular, it follows that their intersec-
tion ConjMinLenSL is also regular. O

An immediate consequence of the proof above is that for abelian groups piecewise
testability of the conjugacy geodesic language holds for every generating set.

Corollary 3.4. If G = (X) is abelian, then ConjGeo(G, X) is piecewise testable.

3.3. Groups with locally testable geodesics. This section is devoted to those
groups, previously studied in [13], for which Geo(G, X) is locally testable. Free
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groups, free abelian groups and dihedral Artin groups over the standard generators
provide examples, as do direct products of such groups.

Informally, whenever k is a positive integer, a language L is k-locally testable if
membership of a word in L depends on the nature of its subwords of length & (where
by a subword of a word aias - - - a,, we mean either the empty word or a contiguous
substring a;a;+1 - - - a; for some 1 <14 < j <n); a language L is locally testable if it
is k-locally testable for some k.

More precisely, k-local testability is defined as follows. Let k& > 0 be a natural
number. For u € X* of length at least k, let pre,(u) be the prefix of u of length k,
let sufy(u) be the suffix of u of length k, and let suby(u) be the set of all subwords
of w of length k. If I(u) < k, then we define prey(u) = wu, sufx(u) = wu, and
subg(u) = (. We define an equivalence relation ~; on X* to relate u and v when
pre,_;(u) = pre,_,(v), sufy_1(u) = sufy_1(v), and subg(u) = subg(v). A subset
L C X* is defined to be k-locally testable [5, p. 247] if L is a union of equivalence
classes of ~. We refer the reader to [13] and the references cited there for additional
information. Here we show the following.

Theorem 3.5. For a group G = (X), if Geo(G,X) is locally testable, then
ConjGeo(G, X) = CycGeo(G, X) \ A, where A is a finite set. Hence ConjGeo(G, X)
18 reqular.

Proof. The key ingredient of this proof is [13, Lemma 5.2], which can be reformulated
as follows: if G = (X) and Geo(G, X) is locally testable, then there exists N € N
such that, for each word w € X* with I(w) > N, there is a cyclic permutation w of
w with the property that, if w is a geodesic, then w’ is a geodesic for all j > 1.

Assume that Geo(G, X) is locally testable. We claim that each w € CycGeo(G, X)
with [(w) > N is in fact in ConjGeo(G, X). Notice first that the cyclic geodesic w lies
in ConjGeo(G, X) if and only if each of its cyclic permutations is in ConjGeo(G, X).
Now let w be the cyclic permutation of w provided by [13, Lemma 5.2]. Suppose
that w ¢ ConjGeo(G,X). Then there exist u,v € X* such that w =¢ v~ 'vu with
I(v) < l(w). Notice that {(w’) = j I(w) for all j > 1. Then

lu™ M u| < 20(u) +1(v7) = 21(u) + j1(v) < 21(uw) + (FU(D) — j),

which for j > 21(u) leads to |w/| = lu=tviu| < jl(w) = I(w’), contradicting the fact
that w’ is a geodesic. O

3.4. Groups with the falsification by fellow traveler property. For a group
G = (X) and k > 0, we say that the words w,w’ € X* k-fellow travel (and write
w =y, w'), if, for each i > 0, |pre;(w) ‘pre;(w')| < k. We say that G = (X) satisfies
the falsification by fellow traveler property (FETP) if, for some fixed constant k, any
nongeodesic word w k-fellow travels with a shorter word. We will write k-FFTP if
the above constant needs to be mentioned explicitly. In [24, Prop. 4.1] Neumann
and Shapiro showed that a group G satisfying the FFTP over a generating set X
has Geo(G, X) regular. They also show that the FFTP is dependent upon the
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generating set. In order to apply this property to conjugacy languages, we begin
with a strengthening of the result of [24, Prop. 4.1].

Proposition 3.6. Suppose that G = (X) satisfies the FFTP. Then for every K >0
the set

NearGeog :={w € X* : |w| > l(w) — K}

1$ reqular.

Proof. Suppose that w ¢ NearGeog. So |w| < I(w)—(K+1). Suppose that G satisfies
the k-FFTP. Then there is a sequence of words wg = w, wy, ..., wy, all representing
the same element of G as w where, for each i, w; =<p w;—1, l(w;) < l(w;—1), and
where I(wy) < l(w) — K. So, assuming that N is minimal with [(wy) < l(w) — K,
we have N < K + 1, and hence w X(g1)x wn. So

X"\ NearGeog = {w : Ju', l(w) < l(w) — K,w =<(g41y, w',w =g w'}.

This is the projection onto the first coordinate of the intersection of the padded lan-
guages Ly := {(w,w’) | (") < l(w) = K} and Ly := {((w,w") | w X(g11y6 W', w =g
w'}; see [9, Section 1.4] for details on languages of padded pairs. The regularity
of X*\ NearGeoy, and hence also of NearGeog, now follows from the regularity of
Ly (which we leave to the reader) and of Ls. The set Lo is the regular language
accepted by the “standard automaton” M. of [9, Definition 2.3.3], associated to the
identity element of G and based on (W, N), where N is the ball of radius (K + 1)k
centered at the identity in G, and W is a finite state automaton accepting the lan-
guage X*. Briefly, given an automaton M with alphabet X U{$}, state set S, initial
state sg and transition function 0 : S x X U{$} — S accepting the regular language
L(W)$* = X*$*, then M, has alphabet (X U$)%\ {($,$)}, state set S x S x N,
and initial state (s, sg,€). When M, is in state (s,t, g) and reads a letter (a,b), the
automaton goes to the state (3(s,a),d(s,b),a ' gb) if a='gb € N, and fails otherwise;
a word is accepted by M, if the automaton finishes in a state of the form (s,t,¢€)
where s and t are accept states of M. O

Proposition 3.7. Suppose that G = (X) satisfies the FFTP. Suppose that, for some
fized k, L is defined to be the set of words w € CycGeo(G, X) for which the following
condition holds:

(v € Cyc(w) Aav € X* Al(a) < k) = o va| > Jul.
Then L is regular.

Proof. For aword w € CycGeo, we have w ¢ L if and only if w € Cyc(Unex+ 1)<k L()),
where

L(a) = {v € CycGeo : |atva| < |v|}.
Since any word v satisfies

la" wal < Jv] <= l(a " va) — o tval > 2(a),
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we have
L(a) = {v € CycGeo : a lva € NearGeoy(q) }-

Since G satisfies the FFTP, the languages NearGeoy,) and Geo = NearGeoy are
regular by Proposition 3.6, and hence (by Proposition 2.2) so is CycGeo. Standard
properties of regular languages now ensure the regularity of L(«).

Since the class of regular languages is closed under finite union, and by cyclic
closure (Lemma 2.1), the complement of L in CycGeo given by Cyc(Upex+ i(a)<k ()
is also regular. It follows that L is a regular set. (]

The following is immediate.

Corollary 3.8. Suppose that G = (X) satisfies the FFTP. Suppose that, for some
fized k, s, and for all v > s, the set ConjGeo(G,X) N X" is equal to the set of all
w € CycGeo(G, X) N X" for which

(v e Cyc(w) Aa € X*Al(a) < k)= o tval > Ju|.
Then ConjGeo(G, X) is regular.

Applying this corollary with s = 89+ 1 and k = 2§+ 1 gives an alternative proof of
Theorem 3.1 that uses FFTP rather than biautomaticity in word hyperbolic groups.

In the following section we use Proposition 3.7 (rather than the corollary) to prove
the regularity of ConjGeo for an extra-large type Artin group.

3.5. Artin groups of (extra) large type. An Artin group is defined by the pre-
sentation
(1, s Tn | my; (TiT5) = my; (x5, 7)) for each i # j),

where (m;;) is a Cozeter matriz (a symmetric n x n matrix with entries in NU {oo},
mi; = 1,m;; > 2, Vi # j), and where for generators a,a’ and m € N we define ,,(a, a’)
to be the word that is the product of m alternating as and a’s that starts with a.
The set {x1,....z,} is usually called the standard generating set of the group, but
since we want our generating sets to be inverse-closed, we define X := {z1,... .z, }*!
to be the standard generating set. An Artin group has large type if all the integers
m;; are at least 3, and extra-large type if they are all at least 4.

Holt and Rees [16, Thms. 3.2,4.1] have shown that the languages Geo(G, X) and
SL(G, X)) are regular. Theorems 3.10 and 3.12 below investigate ConjGeo(G, X),
ConjMinLenSL(G, X), and ConjSL(G, X)) for Artin groups of (extra-)large type.

First we note that it follows from a result of Mairesse and Mathéus [22, Prop. 4.3]
that the set of geodesics for a dihedral Artin group (i.e. an Artin group presented
above with n = 2) over its standard generating set is locally testable, and so we
obtain the following corollary of Theorem 3.5.

Corollary 3.9. For a dihedral Artin group G over its standard generating set X,
the set ConjGeo(G, X) is regular.
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Theorem 3.10. Let G = (X) be an Artin group of extra-large type with X its
standard generating set. Then ConjGeo(G, X) is reqular, and for any ordering of the
generators ConjMinLenSL(G, X) is also regular.

Proof. Let n := | X|/2. For standard generators z;, z;, we write X (i,j) = {z;, z;}**
and G(i,j) = (X (i,7)). When n = 2, the Artin group is dihedral, and so the result
follows from Corollary 3.9.

When n > 3, ConjGeo\{1} can be written as a union L;ULeUL3 of words involving
the generators xlil for one, two or at least three values of i, respectively. By [17,
Prop. 4.1], L; is exactly the set of freely reduced powers of generators, and hence
is regular. We aim now to show that ConjGeo(G(i,7), X (4,5)) C ConjGeo(G, X).
So suppose that w is a 2-generator word involving generators x;,x;, and that w ¢
ConjGeo(G, X). If w is non-geodesic in G, then, by results of [16, Section 3], w ¢
ConjGeo(G(i, 7), X (7,7)), so from on now we assume that w is geodesic in G. Suppose
that some generator g conjugates w to a word with a shorter representative. The
results proved in [16] show that none of the reductions used to reduce a words
to shortlex normal form could involve g if ¢ & X (i,j), so g € X (i,7), and again
w ¢ ConjGeo(G(7,7), X (i,7)). Otherwise, the element 7(w) is ‘cyclically reduced’
according to the definition of [17]; that is, for each a € X we have |a™'7(w)a| >
|m(w)|. Then we can apply [17, Prop. 5.1], which ensures the existence of words
a,u over X(i,7) with m(a 'wa) = 7(u) and I(u) < I(w). So in this case too
w & ConjGeo(G(i, j), X (i, 7))

Since ConjGeo(G(7,7), X (4,7)) 2 (L1 U La) N X (4,7)*, it now follows that

LiULy = UZ;AJCOI’IJGEO(G(Z,j), X(Z7]))

Consequently Ly U Ly is regular.

We shall now apply Proposition 3.7 to show that L3 is regular. We note that since
ConjGeo(G, X) C CycGeo(G, X), we have L3 C CycGeo(G, X). By [16, Thm. 4.1],
the language Geo(G, X) is regular, and so Proposition 2.2 shows that CycGeo(G, X)
also is regular. Standard properties of regular languages now show that the set Ls
of all words in CycGeo involving at least three generators is also regular.

Words in CycGeo are ‘specially cyclically reduced’ according to the criteria of [2,
Thm. 4”], and so that theorem applies to show that two words in Ls represent
conjugate elements if and only if cyclic conjugates of them are conjugate via a power
of a generator. Then [17, Prop. 6.2] applies to show that those two cyclic conjugates
must have the same length unless one of them represents an element of GG that is
not ‘cyclically reduced’ according to the definition above; that is, its conjugate by
some generator represents a shorter element of G. Also, by [17, Props. 4.2,5.1], a
word in L3 cannot be conjugate to a shorter element of G that involves fewer than
three generators.

Hence, for w € L3, w lies in ConjGeo(G, X) precisely when none of its cyclic
conjugates is shortened by conjugation by a generator; that is precisely when

(v € Cyc(w) Aa € X) = |a wal > |v].
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In [16, Thm. 4.1] it is also shown that the group G satisfies the FFTP with respect
to the generating set X. Now Proposition 3.7 applies to show that the set of all
words v that lie in CycGeo and satisfy the above condition is regular. But we have
just shown that Lg is the intersection of this set with the regular set l~}3, so Lg is
regular, and the proof that ConjGeo(G, X) is regular is complete.

Holt and Rees [16, Thm. 3.2] show that SL(G, X)) is regular for any ordering of the
generators, and therefore the intersection ConjMinLenSL(G, X) = ConjGeo(G, X) N
SL(G, X) is also regular. O

The remainder of this section is devoted to the proof of Theorem 3.12. We need
a technical result about a subset of ConjGeo in the case where G is dihedral.

Lemma 3.11. Let G = (a,b | y(a,b) = n(b,a)) be a dihedral Artin group with
m >3, and let A = ,,(a,b). Let w be a positive word in a® and b*. Suppose that w'
is any word in the generators and inverses that represents a conjugate of w(w) in G.
Then |w'| > |w| and, if |w'| = |w|, then w' is a cyclic conjugate of w or of w™.

In order to make the proof of the lemma easier to follow, we precede it with a short
explanation of the structure of geodesics in dihedral Artin groups; a characterisation
is given in [22].

Following [16], we extend the notation for alternating products of generators al-
ready introduced above, and define, for any letters (not just generators) a, b, ,,(b, a)
and (b, a),, to be words of length consisting of alternating as and bs that begin and
end in a, respectively. So (for example) ,(a,b)~t = (b1, a™1),,.

Now, for any word w in the generators (and inverses) of the dihedral Artin group
G presented as in the statement of the lemma, we define p(w) to be the minimum of
m and the length of the longest subword of w of alternating a’s and b’s. Similarly,
we define n(w) to be the minimum of m and the length of the longest subword of w
of alternating a~'’s and b='’s. According to [22, Prop. 4.3], w is geodesic if and only
if p(w) + n(w) < m. Furthermore, 7m(w) has more than one geodesic representative
if and only if p(w) + n(w) = m.

We recall also that the element A represented by ,,(a,b) and ,,(b, a) is central in
G when m is even, whereas a® = b, b® = a and A? is central when m is odd. For a
word w = ay - - - aj, with a; € {a,b}*, we define w” to be the word a4 - - - akA.

Proor or LEMMA 3.11:

We prove the result using a minimal counterexample argument, and for the in-
duction to work we need to work under the more general hypothesis that w is a
cyclic conjugate of a positive word in a? and b%. So either w is itself such a word,
or else it has the form zwx, where w0 is a positive word in a? and b2, and = € {a, b}.
For such a word w, p(w) < 2, and n(w) = 0. So, by [22], as explained above, w is
geodesic.

Suppose that g~ 'wg = w’, and let v be a shortest word representing g. Choose
w,w" and g to be a counterexample to the theorem in which |v| is minimal.

1
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Then p(v) < m/2, since otherwise there would be a counterexample with shorter
v in which a positive alternating subword u of v of length p(v) is replaced by the
geodesic representative of A~lu, the prefix v; of v before the occurrence of w is
replaced by v2, and w' is replaced by w®. Similarly n(v) < m/2. We assume that
v has a positive prefix, that is, that the first letter of v is @ or b. (Otherwise the last
letter of v™! is @ or b, and the argument is similar.) In fact, we may assume without
loss that it is a.

If there is any free cancellation in the word v~'wwv, then we can replace w by
a cyclic conjugate and v by a shorter word so, by the minimality of v, the word
v~ lwv must be freely reduced, and it cannot be a geodesic word. Since any negative
alternating subwords of v~ !wv must occur within v or v=!, we have n(v"lwv) <
m/2. Since v~ lwwv is not geodesic, we see (by considering the cases when m is
even and odd) that p(v™lwv) > (m + 1)/2. Hence, since p(v) < m/2 and p(w) <
2 < (m + 1)/2, the longest positive alternating subword of v~!wv must overlap the
subwords w and v (and hence, since v begins with a, w must end in b).

Suppose first that m is odd. In this case, for any 0 < p < m the equation
p(a,0) =g Ap_p(a™t,b71) holds, and we use it below. Now, since p(v) < (m — 1)/2
and p(v~lwv) > (m + 1)/2, w must end in a?h and v must have a prefix u =
(m—1)/2 (a,b). Let w = wiab, where w; ends in a. Then

U wu = (b_l, a_l)(m_l)/2 w1 (m+3)/2(a, b)
=¢  (b,a)(my1)/2 wi (m—3)/2(a_17 b )
= (b,a)(m-3)/2 (@bw1)™ (_3)2(a",071).

So, by replacing w by the cyclic conjugate (abw;)® of w™, and the prefix u of v by
the shorter word (,,,_3) /2((1_1, b~1), we find a counterexample with a shorter v.

So now suppose that m is even. In this case, for any 0 < p < m the equation
p(a,0) =g Ap—p(b71 a™1) holds, and A is central. Suppose first that w does not
have ab as suffix. Then v must have a prefix u := ,, 5(a,b). Let w = wzb. Then

(b 17 )m/2 w2 m/2+1(b a)
((1, )m/2 w2 m/2— 1( _17b_1)
=¢ (a,b)pm/o W2 o107
(b,a)

byam/2 lbw2m/2 1( _1>b_1)'

So, by replacing w by its cyclic conjugate bws, and the prefix u of v by the shorter
word m/2_1(a_1, b~ 1), we find a counterexample with a shorter v.
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So now suppose that w does have ab as suffix, and let w = wsab, where w3 ends
in a. If v has prefix u := ,,5(a, b) then

v lwew = (b_l, a_l)m/z W3 m/242(a,b)

=G ((1, b)m/2 w3A m/2—2(b_17 a_l)

= (a7 b)m/2 w3 m/2—2(b_17a_1)

= (CL, b)m/2—2 abwg m/2_2(a_1, b_l).
So, by replacing w by its cyclic conjugate abws, and the prefix u of v by the shorter
word m/2_2(a_1, b~1), we find a counterexample with a shorter v.

Finally, if v does not have prefix ,, 5(a,b), then it must have prefix ,,/5_1(a,b),
and either v or v~! must contain a negative alternating subword of length m /2.
In that case, we can replace g~ lwg by an equivalent word of length |g~twg| — 2, in
which a negative alternating subword of v or v is replaced by a positive alternating
subword of the same length, and the subword ,, /2+1(a, b) of g~ twg that overlaps w
and g is replaced by ,,, /2_1(b_1, a~!). The resulting word has no positive or negative
alternating subwords of length greater than m/2, and hence it is geodesic. Since
|v| > 1, the resulting word is longer than w, and so w, g, and v do not give a

counterexample to the theorem, which is a contradiction of the original choice of
these words. O

Theorem 3.12. Let G be an Artin group of large type, and X = {x1,...,x,} its
standard generating set. Then ConjSL(G, X) is not reqular.

Proof. Suppose first that n = 2, so G = (a,b | m(a,b) = n(b,a)) (with a = z1,
b = x9) is a dihedral Artin group with m > 3. Assume, without loss of generality,
that a < b. We deduce from Lemma 3.11 that, for m,n > 2, the word a?"b%a*"b? is
in ConjSL if and only if m > n. Hence ConjSL(G, X)N(a?)*b?(a?)*b? = {a®"b*a®"b? :
m > n}, which is not regular. It follows from the regularity of (a?)*b?(a?)*b? that
ConjSL(G, X) is not regular.

When n > 2, we let a = x; and b = z; be any two generators in X. Now, as
we remarked in the proof of Theorem 3.10, [17, Prop. 5.1] implies that, if a group
element a®"b%?a®"b? with m,n > 2 is conjugate in G to a shorter word, then it is
conjugate to a shorter word in the subgroup G(i,7) = (a,b) of G. (In fact the proof
of [17, Prop. 5.1] is valid in general only for extra-large type Artin groups, but it
works for large type provided that the element ¢ defined in that proof has at least
three syllables, which is true for the 4-syllable word a?"b%a®"b?.) So again, assuming
a < b, we have ConjSL(G, X) N (a?)*b?(a?)*b? = {a®™b%a®"b? : m > n}, which is not
regular, and hence ConjSL(G, X) is not regular. O

3.6. Garside groups. Garside groups (also known as small Gaussian groups) were
introduced in [8] as a generalization of the spherical type Artin groups, which in-
clude the braid groups. It is shown there that many of the properties of spherical
type Artin groups, including having a geodesic biautomatic structure, generalize to
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Garside groups. A Garside group G is defined by a finite presentation in which all
of the relations are of the form v = u, where v and u are positive words in the group
generators. So this presentation also defines the associated Garside monoid GT, and
it turns out that this embeds into the Garside group.

There is an element A € GT known as the Garside element, and the (typically
rather large) set S of divisors of A in GT forms the set of Garside generators of G.
The geodesic biautomatic structure mentioned above is defined on these generators,
and we shall show now that this is also a shortlex automatic structure.

Proposition 3.13. Let G be a Garside group with Garside element A and Garside
generators S. Then there is an ordering of X := SU S~ with respect to which G is
shortlex automatic.

Proof. We first recall some standard notation and results on Garside groups. For
a,b,c € G, with ¢ =+ ab, we say that a is a left divisor and b is a right divisor of c.
It can be shown that any two elements a,b € G have a unique ‘largest’ common left
divisor a A b, which is left-divisible by all of their common left divisors. For a € G,
we can write a =g+ (a A A)d’ for some o/ € G, and the word ajasag---a, € S*
where the elements a; := a and ;41 = a, for 1 < i < k satisfy a) = 1 and
a; = a; N A for 1 <i <k, is known as the left greedy normal form of a.

Let L be the set of words over X of the form u~'v, where u,v € S*, u and v are
in left greedy normal form, and u A v = 1. It is proved in [8, Thm. 8.1] that L is
the language of a geodesic biautomatic structure for G with uniqueness. We shall
now define an order of X with respect to which the words in L are the shortlex least
representatives of the group elements.

We choose any total ordering of X with the following three properties.

(i) s7! <t forall s,t € S;

(i) if s,t € S and s is a left divisor of ¢, then t < s.

(iii) if s,# € S and s is a right divisor of ¢, then s~! < ¢t~1.

Let w be the shortlex least representative of the group element with normal form
u~tv € L. We claim that w = u~!v. Since u~tv is geodesic, we have |w| = [u=1v|.
Since the normal forms of elements of G lie in ST, we see that the least m > 0
with A™w € G is equal to |u| and the least n > 0 such that A"w™! € G* is equal
to |v]. Tt follows that w must contain exactly |u| generators from S—! and |v] from
S because if, for example, it contained m < |u| negative generators, then we would
have A™w € GT. So, by property (i) of the ordering, we have w = u'~!v' with
u, v e S* u| = |ul, |V = |v]. So v =g u and v =g v by [8, Cor. 7.5].

It follows immediately from the definition of the left greedy normal form and from
property (ii) of the ordering that v is the shortlex least representative of its group
element, and hence v = v'. Let v/ = ajafy---a, with a] € S. By [8, Lemma 8.4],
if «’ is not in normal form then ajaj,, is not in normal form for some i. So, if the

(3

normal form word for this element is a;a;4+1, then @} is a left divisor of a;, and hence

ait1 is a right divisor of aj, ;. But then, by (iii), a;_fla;l < a;jrlla;, contradicting
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the shortlex minimality of «/~'. So u’ is in normal form and hence v’ = u, and
w = u" v as claimed. O

Let G be a Garside group with Garside generators S and A € S. Conjugation by
A permutes S, and we define 7 : S — S by 7(x) = A~ zA for x € S. The left greedy
normal form of an element g € G (which is a different normal form from the one in
the proof of Proposition 3.13, agreeing with that normal form only on elements of
G™) has the form APajas - - - ag, where ajas---ay is a positive word in left greedy
normal form with a; # A (see, for example, [3, 2.6] for details). So p is maximal
such that AP is a left divisor of g. Define inf(g) := p, and sup(g) := p + k.

The cycling and decycling operations from G to GG are defined by

c(g) = APag-- a7 Play),
d(g) = APrP(ap)ajag---ak_;1.

Note that these operations are equivalent to conjugation by 77P(ay) and a,;l, re-
spectively. The (de)cycled word is not necessarily in normal form, and it has to be
put into normal form before the operation can be applied again. Note that cycling
and decycling do not decrease inf(g), but they may increase it. Similarly they do
not increase sup(g), but they may decrease it.

Let inf([g]) and sup(]g]) denote respectively the largest value of inf(h) and the
smallest value of sup(h) for an element h in the conjugacy class of g.

In [3, Thm. 1], it is proved that, for the braid group B, there is a fixed number
K (equal to (n? —n)/2 — 1 or n — 2, depending on which set of Garside generators
of By, is used) such that

(1) if inf([g]) > inf(g) then inf(c¥(g)) > inf(g) for some k < K;
(2) if sup([g]) < sup(g) then sup(d*(g)) < sup(g) for some k < K.

A Garside group is called homogeneous if I(v) = I(u) for each of its defining
relations v = v. This implies that the positive words in the group generators that
represent an element g € GT all have the same length. The spherical type Artin
groups are homogeneous Garside groups, but there are examples of inhomogeneous
Garside groups.

It is observed in [10, Section 3.2] that the proof of [3, Thm. 1] works for all
homogeneous Garside groups, but it relies heavily on elements of G* having a well-
defined length in G, so it does not appear to extend to general Garside groups. It
is proved in [25, Props. 3.7,3.10] that [3, Thm. 1] holds for general Garside groups,
but without the bound on k. For the remainder of this section, we assume that G
is homogeneous.

As observed above, (i is automatic with a geodesic normal form on X := SUS~L
It is pointed out in [3, proof of Corollary 3] that the geodesic length |g| of g over X
is equal to max(sup(g),sup(g) — inf(g), — inf(g)); in fact |g| is equal to sup(g) when
g is positive, —inf(g) when g is negative, and sup(g) — inf(g) otherwise.

So, if g is conjugate in G to a shorter element h, then at least one of inf(h) > inf(g)
and sup(h) < sup(g) is true. In the first case, we are in case (1) above, and so for



20 LAURA CIOBANU, SUSAN HERMILLER, DEREK HOLT, AND SARAH REES

some k < K, we have inf(c*(g)) > inf(g). We can deduce that |cF(g)| < |g
except possibly when g is positive and |g| = sup(g). But in this case, we must
have sup(h) < |g| = sup(g), and so we are also in case (2), and can deduce that
|d¥ (g)| = sup(d* (¢)) < sup(g) = |g| for some k¥’ < K. In the second case, we prove
the identical result analogously.

Hence, since ¢F and d¥ correspond to conjugation by group elements of length k,
we have the following.

Proposition 3.14. Let G be a homogeneous Garside group with Garside generators
S. Ifw € (SUS™H*, and there exists h € G with |h~ wh| < |w|, then there exists
such an h of length at most K.

It is proved in [15] that G satisfies the FFTP over the Garside generators, and so
Propositions 3.14 and 3.13 together with Corollary 3.8 implies the following.

Theorem 3.15. If G is a homogeneous Garside group with Garside generators S
and X := SUS™L, then ConjGeo(G, X) is regular, and there is an ordering of X for
which ConjMinLenSL(G, X) is regular. This holds, in particular, for spherical type
Artin groups.

4. SHORTLEX LANGUAGES AND SPHERICAL GROWTH SERIES

In [27] and [26], Rivin proved that the spherical conjugacy growth series o(G) is
not rational for nonabelian free groups on their free generating sets, and made the
following conjecture, one direction of which we shall prove in this section.

Conjecture 4.1. [27, Conjecture 13.1] Let G be a word hyperbolic group. Then
o (@) is rational if and only if G is virtually cyclic.

Theorem 4.2. Let G be a virtually cyclic group. Then for all generating sets of G
the set of shortlex conjugacy normal forms ConjSL is reqular and hence the spherical
conjugacy growth series o is rational.

Proof. We may assume that G is infinite. Then there exists H <G, H = (z) = Z,
with G/H is finite. Let C' := Cg(H) be the centralizer of H in G. Then the
conjugation action of G on H defines a map G — Aut(Z) with kernel C' and so
|G : C] <2. For g € G\ C, we have 2~ gz = gx?, and hence the coset Hg is either
a single conjugacy class in (H,g) or a union of two such classes, containing g and
gr. So G\ C consists of finitely many conjugacy classes of G. On the other hand,
for g € C, |G : Cg(g)| is finite, so C' is a union of infinitely many finite classes.

Since ConjSL N (G \ C) is finite, it is regular, and to prove regularity of ConjSL it
is enough to show that ConjSL N C' is regular.

Let T be a transversal of H in G. Then for each ¢ € C, the conjugacy class of ¢
is {t~tct | t € T}, and hence any word w with 7(w) = ¢ is in ConjSL if and only if
there does not exist t € T for which t~'wt has a representative v with v < w.

Now G is word hyperbolic, and we recall from the proof Theorem 3.1 that the set

Li(t) == {(u,v) : u,v € Geo, 7(v) = 7w(t ut)}
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is regular for any ¢t € T, as is the set Geo. So ConjSLNC is the intersection of 771 (C)
with

Geo \ Uier({u € Geo : Jv € Geo such that (u,v) € Li(t), v <4 u}).

Now standard arguments for regular sets show that this set regular, and |G : C|
finite implies that 7—!(C) is regular, so ConjSL N C is also regular. O

5. BEHAVIOR OF CONJUGACY LANGUAGES FOR VIRTUALLY ABELIAN GROUPS

In this section we present two examples of virtually abelian groups and discuss
their conjugacy languages. Our main goal is to demonstrate that regularity of the
conjugacy languages can occur even when SL and Geo, or others among the conju-
gacy languages, are not regular, and to show dependence of regularity of the three
conjugacy languages on the generating sets of the groups. However, we recall that
we proved in Proposition 3.3 that any virtually abelian group has some generating
set with respect to which both Geo and ConjGeo are regular and an ordering on that
generating set for which both SL and ConjMinLenSL are regular.

We begin by considering an index 2 extension G of Z2, where G is the semidirect
product Z? x Z/2Z, and the Z/27 action swaps the generators of Z?; that is,

G = {a,b,t |t>* =1,ab = ba,a’ =b).

Cannon [24, p. 268] noted that the language of geodesics for G can be either regular
or non-regular, depending on the generating set. In the following two propositions
we explore Cannon’s generating sets in the case of conjugacy languages.

Proposition 5.1. Let G =2 7% x Z/27 be as defined above, with the generating set
Z = {a*',b*,t}. Then ConjSL(G, Z) is not regular with respect to any ordering on
Z, but the spherical conjugacy growth series is given by the rational function
~ (T4 2)(1+224322 - 23— 2%)
o= .
(1—22)2

Moreover ConjGeo(G, Z) and ConjMinLenSL(G, Z) are reqular.

Proof. Note that, since t = t~!, the generating set Z is inverse-closed. With respect
to any ordering on Z with a™! < b*! < t, the shortlex language is

SL(G, Z) = {a'b’t¢ | i,j € Z,e € {0,1}}.

Using this representation of the group elements, we compute the conjugacy classes
as

[a'D’], = {a'V, a’ D'}, [a'Vt]. = {a"TF*t | k€ 7).
Thus, using this ordering, the shortlex conjugacy language is the non-regular set
ConjSL(G, Z) = {a'V’ | |i| > |j|,i,j € Z} U {a'b' | i€ Z}Y U {a'db"|ic N}
U{a't | i € Z},
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For any ordering of Z, the intersection of ConjSL(G, Z) with the regular set {a,b}"
is either {a't’ | i > j > 0} or {b’a’ | i > j > 0}, and so ConjSL(G, Z) is never
regular. However, the above expression for ConjSL gives

[e.e] [ee]
=143+ (4k+3)2"" + ) (4k +4)22",
k=1 k=1
yielding the required rational function for o.

Finally, applying the structure of the conjugacy classes again together with the
geodesic language Geo(G,Z) = UCWE{il}{a”,bC}* U {a", b} t{a’,b"}* yields the
conjugacy geodesic and shortlex minimal conjugacy languages (where the latter is
computed using the ordering at the start of this proof) as

ConjGeo(G, Z) = U {a", b°}* U U {a", 0"} t{a", b"}*

n,¢e{£1} ne{+1}
ConjMinLenSL(G, Z) = U (a™)*(b%)* U U (@M)*(b")*t.
n,¢e{£1} ne{+1}

O

The other generating set for G = Z? x Z/2Z considered by Cannon in [24] is
{a,c,d,t}*! where ¢ = a® and d = ab, with presentation

G =(a,c,d,t|ad=da,c=a?t>=1,tat =a 'd).

In the proof below we use these generators, including a few more details for Cannon’s
proof that Geo is not regular.

We also require some more notation. Following [20], we define the insertion of
w into z, denoted by z < w, to be the set of all words of the form z'wz”, where

z = 7'7". Given languages L1, Ly C X*, we define also the insertion of Lo into L1,

L1<—L2::{z<—w]z€L1,weL2}.

Observe that, if L1 and Loy are regular, then so is Ly < Lo.

Proposition 5.2. Let G = 72 x 7. /27 be as defined above, with generating set X =
{a*!, ¢t d*' t}. Then ConjGeo(G, X) is regular, but Geo(G, X) is not. Moreover,
for some orderings of the generating set, ConjSL(G, X) and ConjMinLenSL(G, X) are
reqular, but SL(G, X) is not.

Proof. The group G = Z? x Z/27 can be embedded in Euclidean 3-space R3 using
the function f: G — R3 defined by f(g) := (ig, jg, €,) Where a’sblot (with b = tat)
is the shortlex normal form over Z for the element g of G. Multiplication by a*!,

¢l or d*! has the effect of adding a horizontal vector (parallel to the z = 0 plane);
in particular, for any g € G and pu € {1,—1}, we have

fga") = f(g) +n(l —e€g.€5,0),  flgc) = f(g) +2u(1 — €4, ¢4,0),
flgd") = f(g)+pn(1,1,0).
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On the other hand, multiplication by ¢ adds a vertical vector:

f(gt) = f(.g) + (1 - 269)(0’07 1)'

Using the taxicab metric on R? (defined by the norm ||(z, y, 2)|| = |z| + |y| + |2]), we
see that the maximum distance between f(g) and f(gz) due to multiplication by a
single generator x € X is 2.

For the remainder of the proof we order the generating set X by a < ¢ < A <
C < d < D < t, where for ease of notation we use a capital letter A to denote the
inverse a1, etc.

First we show that the languages Geo(G, X) and SL(G, X) are not regular. Con-
sider the element g := a?™b*" in G, where m,n > 1, and let w be any word repre-
senting ¢g. Then w must contain an even (possibly zero) number of occurrences of
t, and, since the point f(g) = (2m,2n,0) has taxicab metric distance 2m + 2n from
the identity of the group, and multiplication by ¢ does not affect the the first two
coordinates, we see that w must involve at least m + n letters from {a,c, d}il. If
m > n, then the word ¢™~"d?" of length m + n is a geodesic representative for g,
and no geodesic representative can contain t. But if m < n and w does not contain
t, then w must contain at least 2n occurrences of d since the y-coordinate of f(g)
is 2n; then ¢™~"d?" is a shortest representative of g over {a,c, d}il. However, the
shorter word ¢""tc™t also represents g, and is geodesic. Moreover, any word of length
m~+n+ 2 representing g must contain two occurrences of t and m+n occurrences of
letters among ¢, d, with at most m occurrences of ¢ before the first ¢, and so ¢"tc™t
is the shortlex normal form for g. Hence

Geo(G, X) Nc*tc't = SL(G, X) N c*te't = {c™tc™t | m < n}.

Since this last set is not regular, but the set of regular languages is closed under
intersection, we conclude that neither Geo(G, X) nor SL(G, X) is regular.

We shall now deduce the regularity of ConjGeo(G, X), ConjMinLenSL(G, X), and
ConjSL(G, X) from the structure of the conjugacy classes for this group discussed in
the proof of Proposition 5.1. (We note that ConjSL(G, X)) and ConjMinLenSL(G, X)
are also regular with various other orderings of the generators; we chose the ordering
in this proof because it results in the least complicated description.)

We begin by computing the portions of these three languages from conjugacy
classes of the form [a™b"], when 0 < m,n; without loss of generality we assume
m < n. Using similar arguments to those above shows that geodesic representatives
of the group element a™b™ in this conjugacy class have length [(m + n)/2] and
have the form (¢*d*)* for m +n even and (¢*d*)*a(c*d*)* for m + n odd. However,
the geodesic representatives of the other element a”"b" of this conjugacy class are
strictly longer; when n —m > 3 they all involve two occurrences of ¢, and geodesic
representatives of a™b™ ! and a™b™*? are given by Ad™*! and Cd™*2, respectively.
Thus the only element of [a"0"]. with minimal length up to conjugacy is a™b™. A
similar argument shows that the only group element in [A™B"], for 0 < m < n with
minimal length up to conjugacy is A" B™. Thus when m and n are both nonnegative,
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the portion of the set ConjGeo(G, X) arising from the conjugacy classes [a"b"]. and
[A™B"], is

({c,d}” —{e,a}) U{C, D} — {e, A})
and the portion of both ConjMinLenSL(G, X) and ConjSL(G, X) is

{e,a}c"d" U{e, A}C*D".

It is more complicated to describe the contributions to the three conjugacy lan-
guages from [a™B"]. in the case that 0 < m,n, and we shall do this only briefly.
Note first that the sets of geodesic representatives of b* for k > 1 are: {Ad,dA} for
k=1; {Cd? dCd,d*C,tct} for k = 2; {tcF/?t} for k > 4 even; and t(c#~1/2 — a)t
for k£ > 3 odd.

In the case that 3 < m,n, geodesics representing both elements a” B™ and A™b™
of this class require two occurrences of the letter ¢, and both elements are of minimal
length up to conjugacy. The contribution to ConjGeo(G, X) from these conjugacy
classes is the regular set L1 ULy U L3 U L] UL,y ULy, where

Ly = [e" —{a,c}] < [t(CT « {A,C})t],
Ly = (¢« tC*C*t) « d,
Ly = (c* «—tCTt)« D.

and Ly, L, , Ly are defined similarly to L1, Ly, L3, but with all generators replaced
by their inverses. The words in ConjMinLenSL(G, X) are the shortlex normal forms
of all of the elements in the classes [a™B"]. with 3 < m,n, which we collect in the
regular expression

{, acke t{C? AC}C*t U {C?, AC}YC*t{c?, ac}c't.
Similarly, the intersection of this last set with ConjSL(G, X)) is given by the regular
expression {c2, ac}c*t{C? AC}C*t.

Suppose, on the other hand, that either m € {1,2} and n >3, or m > 3 and n €
{1,2}. Then the conjugacy class [a"*B"|. contains a unique shortest group element,
namely A" when m < 2 or " B"™ when n < 2. The words of ConjGeo(G, X) from
classes of this type are in the regular set Ly U Ls U Ly U Ly, where

Ly = (c*c¢* «— D)« {e,a},
Ly = ((*¢" « D)« D)« {a,c}.
and L, , Ly are similarly defined in terms of A, C, d. The portion of both ConjMinLenSL(G, X)
and ConjSL(G, X)) from these classes is given by the regular expression
{a,e}Pc* D U {a,c}c*D?* U{A,e}C2C*d U {A, C}C?C*d>.

The finitely many classes [0 B"]. when both m and n are at most 2 give rise to
finite subsets of the three conjugacy languages.

Finally, we consider the conjugacy classes [a®t]. for s € Z. Recall that this class
contains all group elements of the form ab"t for m,n € Z and m+n = s. Suppose
first that s > 0. Geodesic representatives of these elements all contain a single t.
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Geodesic representatives of a™b"t have length [s/2] + 1 when m,n > 0, but are
longer otherwise. Hence ConjGeo(G, X) consists of the geodesic representatives of
a™b"t with m,n > 0. The case in which s < 0 is similar. Thus the contribution to
ConjGeo(G, X) from classes [a®t]. is

({c,d} t{c,d}* — {e,a}) U({C,D}t{C,D}* — {g, A}).

The subsets of ConjMinLenSL(G, X)) and ConjSL(G, X)) arising from these conjugacy
classes are defined by regular expressions

{e,a}c™{e,d}tc* Utac* U{e, A}C*{e, D}tC* UtAC™ and {e,a}c*tU{e, A}C"t,
respectively. O

In the next two propositions we change the virtually abelian group under con-
sideration to a semidirect product group K = Z? x Dg. One of the generating
transpositions of Dg acts by swapping the generators of Z?, and the other one fixes
the generators; that is,

K = {(a,b,t,u|t* =u?® = (tu)* = 1,ab = ba,a’ = b,a" = a,a" = b).

The index 4 subgroup (a,b,t) of K is the group G considered in Propositions 5.1
and 5.2.

Proposition 5.3. Let K = 72 x Dy be as defined above, where the generators Z' =
{a*1, b1t u} are ordered with a*' < b*! <t < u. Then Geo(K,Z'), SL(K,Z"),
ConjGeo(K, Z"), and ConjMinLenSL(K, Z") are regular languages, but ConjSL(G, Z")
18 not.

Proof. The shortlex language is
SUK, Z') = {a'Vv | i, € Z,v € {1,t,u, tu, ut, tut, utu, tutu} }

and the geodesic language Geo(K, Z’) is UmCE{il}(L?’C ULy Lg’c), where

LT = {a" b4} — {e,u},
LI = ({0, — {e,u}) — t({aS, 0"} — u)t,
LI¢ = {a", b5 4{aS, b7 — {e,u}.

By successively conjugating shortlex normal forms by generators, we find that the
conjugacy classes are given by

@], = {a'V),d?b'}, [a'Vt], = [V utu). = {a"F*V R | k€ Z,v € {t,utu}},
[a'bu), = [dbitut]. = {a'Vu,dbitut}, [a'Vtutu]. = {a'Vtutu, a’bitutu},
[@Vtu], = [aVut], = {a TV Fv | ke Z,ve {tu,ut}}.



26 LAURA CIOBANU, SUSAN HERMILLER, DEREK HOLT, AND SARAH REES

As a consequence,

ConjGeo(K, Z') = | J (LPCuL%u( |J L), where
n,Ce{£1} ne{£1}
LY = (a0 < u) — t({aS 1)~ wt,
L'y = ({a" 0"}y —t) — {1,u},
and
ConjMinLenSL(K, Z") = U (a")*(69)*{1, u, tutu} U U {aM)*(b")*{t, tu, ut}.

n,¢e{£1} ne{£1}
However, just as for the finite index subgroup G of K in Proposition 5.1, the in-
tersection ConjSL(K, Z') Na*b* = {a' | i > j} is not regular, and so this shortlex
conjugacy language is not regular. O

Proposition 5.4. Let
K = (a,c,d,t,u|
t? =u? = (tu)* = 1,ad = da, c = a?, tat = o~ 'd, vau = a, udu = d)
~ 72 x Dg,

with generating set X' = {a*', ¢!, d* t,u}. Then Geo(K,X') and ConjGeo(K, X")
are not reqular. Moreover, if the set X' is ordered by a < ¢ < a™' < ¢! <d <
d™! < t < u, then none of the languages SL(K,X'), ConjMinLenSL(K,X"), and
ConjSL(K, X') is reqular.

Proof. In order to analyze geodesic representatives for elements of K over X', we
use similar arguments to those in the proof of Proposition 5.2, in that we use an
embedding f : K — R? x Dg with the map f(g) := (ig, jg, hy), Where g = a'sbIsh,
with b = a’ and hy € (t,u) = Dg. Geodesic representatives over X’ of the elements
of the subgroup Z? x Z /27 = (X) of K where X = {a™!, ¢*!, d*! ¢} cannot contain
an occurrence of the letter u, and so the proof of Proposition 5.2 also shows that
Geo(K, X') and SL(K, X') are not regular.

To show further that ConjGeo(K, X’) and ConjMinLenSL(K, X') are not regular,
consider the word wy, := c™tc"tu for m,n > 0.

When n < m, then (as in the proof of Proposition 5.2) wy,, =x ¢™ "d*"u, and
SO Wiy, & Geo(K, X').

When m < n, we claim that wy,, € ConjMinLenSL(K, X’); this will imply that the
intersections of each of ConjGeo(K, X’) and ConjMinLenSL(K, X’) with the regular
language c*tc*tu are not regular; hence neither conjugacy language is regular.

The conjugacy class of Wy, is [Winle = [a?™0? ). = {a®"b* u, a®b*™tut}, from
the proof of Proposition 5.3. Using the embedding above, we have f(a?"b*"tut) =
(2n, 2m, tut). Since we need at least m + n letters in {a, ¢, d}*' to reach this point,
and tut is a geodesic word in (¢,u) = Dg, every geodesic representative of a?"b*™tut
has length at least m +n + 3.
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On the other hand, f(wm,) = f(a®™b*"u) = (2m,2n,u). As in the proof of
Proposition 5.2, in order to reach a point in R? x Dg with first two coordinates
(2m,2n) we need at least m + n occurrences of letters in {a,c, d}il. Suppose for a
contradiction that v is a word with v =g Wy, and [(v) < (W ). So l(v) < m+n+2
and v involves at least m + n letters in {a,c,d}*!'. Since v is not in the normal
subgroup (a,c,d,t, (tu)?) of index 2 in K, the number of occurrences of u in v
must be odd, and hence must be exactly 1. We see similarly that the number of
occurrences of ¢ is even, so it must be 0. So deleting the single occurrence of u from
v would give a word over {a,c,d}*" of length at most m +n+1 for a®™b?" which, as
we saw in Proposition 5.2, does not exist when m < n. Thus the element a?"b*"u
of [wymnle is of minimal length up to conjugacy, and the word w,,, representing this
element lies in ConjGeo(K, X’). All geodesic representatives of this element lie in
{c,d,t}* < u, and among these the word with the longest initial prefix in ¢* is wyy,.
Therefore w,,, € ConjMinLenSL(K, X") as well, finishing the claim.

In order to prove that ConjSL(K, X') is not regular, we consider the word vy, :=
c"tc"utu for m,n > 0. The corresponding conjugacy class from the proof of Propo-
sition 5.3 i [Uyn]e = {a?™b* tutu, a®b*tutu}. The words ¢™tc"utu and "t utu
are the shortlex least words representing the elements a®>™b*"tutu and a®"b*"tutu,
respectively. Thus the element of ConjSL(K, X’) corresponding to this conjugacy
class is the representative with the longest initial string of the letter c. That is,

ConjSL(K, X") N c*tc*utu = {"tc"utu | m > n},

which is not regular. O
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