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ABSTRACT. In this paper we introduce the geodesic conjugacy language and ge-
odesic conjugacy growth series for a finitely generated group. We study the ef-
fects of various group constructions on rationality of both the geodesic conjugacy
growth series and spherical conjugacy growth series, as well as on regularity of the
geodesic conjugacy language and spherical conjugacy language. In particular, we
show that regularity of the geodesic conjugacy language is preserved by the graph
product construction, and rationality of the geodesic conjugacy growth series is
preserved by both direct and free products.
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1. INTRODUCTION

For a finitely generated group, several growth functions and series associated with
elements or conjugacy classes of the group have been studied. In this paper, we
study a conjugacy growth series first examined by Rivin ([19], [20]), and introduce
a new growth series arising from the conjugacy classes, which we show admits much
stronger closure properties. We also study the regularity properties of languages
associated to the set of conjugacy classes.

Let G = (X) be a group generated by a finite inverse-closed generating set X.
For each word w € X*, let l(w) = lx(w) denote the length of this word over
X. Any language L C X* over the finite alphabet X gives rise to two growth
functions : NU{0} — NU{0}, namely the “usual” or cumulative growth function [,
defined by fr(n) := {w € L | l(w) < n}| and the strict growth function ¢r(n) :=
Hw € L | l(w) = n}|. The generating series associated to these functions are the
“usual” or cumulative growth series br(z) = Y oo, Br(i)z* and the strict growth
series fr(z) =Y o2, ¢r(i)z". These growth functions and series are closely related,
in that ¢r(n) = fr(n) — fr(n — 1) for all n > 1, and ¢(0) = Gr(0), and so
these two series satisfy the identity f7(z) = (1 — 2)br(2). It is well known (see, for
example, [1]) that if the language L is a regular language (i.e., the language of a
finite state automaton), then both of the series by, and f, are rational functions. In
this paper, we will focus on strict growth series associated to two languages derived
from the pair (G, X).
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Let ~. denote the equivalence relation on G given by conjugacy, with set G/ ~ of
equivalence classes, and let [g]. denote the conjugacy classof g € G. Let 7 : X* — G
be the natural projection. Fix a total ordering < of the set X, and let < be the
induced shortlex ordering of X*. For each conjugacy class ¢ € G/ ~, there is
a shortlex conjugacy normal form z. for ¢ that is the shortlex least word over X
representing an element of G lying in ¢. That is, [7(z.)]c = ¢, and for all w € X*
with w # z. and [r(w)]. = ¢ we have z. <z w. We call the set

S =3(G,X) = {z | c€ G~}

the spherical conjugacy language for G over X. Note that if L is any other language
of length-minimal normal forms for the conjugacy classes of G over the generating
set X, then the growth functions (and hence also the corresponding series) for the
spherical conjugacy language and L must coincide; that is, for all natural numbers
n we have ¢g(n) = ¢ (n). The strict growth series

& =5(G,X) = fy )

is the spherical conjugacy growth series for G over X. In Section 2 we study this
language and series.

The corresponding cumulative growth function 5§(G’ X))’ known as the “conjugacy
growth function”, has been studied by several authors; see the surveys by Guba
and Sapir [10] and Breuillard and de Cornulier [2] for further information on these
functions. For the class of non-elementary word hyperbolic groups, Coornaert and
Knieper [6] have shown bounds on the growth of the conjugacy growth function in
terms of the exponential cumulative growth rate of the spherical language

Y =3%(G,X):={y, | g€ G}

of shortlex normal forms for the elements of GG; here for each ¢ € G the word
yg € X* satisfies m(yy) = g and whenever w € X* with w # y, and 7(w) = g then
Yg <q w. Analogous to the case of the conjugacy language above, if L is any other
language of geodesic normal forms for the elements of G over the generating set
X, then the growth functions for the spherical language and L must coincide; that
is, for all natural numbers n we have ¢x(n) = ¢r(n) = the number of elements of
G in the sphere of radius n with respect to the word metric on G induced by X.
The (usual) growth function of the group G with respect to X, i.e. the cumulative
growth function By g x), is very well known and studied; see the texts by de la
Harpe [7, Chapter VI] and Mann [17] for surveys of results and open problems for
the cumulative and strict growth functions associated to this spherical language.
Chiswell [3, Corollary 1] has shown that rationality of the spherical growth se-
ries (i.e. the strict growth series of the spherical language X) is preserved by the
construction of graph products of groups, and in their proof of [11, Corollary 5.1],
Hermiller and Meier show that regularity of the spherical language is preserved by
this construction as well. (The graph product construction includes both direct and
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free products; see Section 3 for the definition.) In Proposition 2.1 we note that regu-
larity of the spherical conjugacy language and rationality of the spherical conjugacy
growth series are preserved by direct products. By contrast, in [20, Theorem 14.6],
Rivin has shown that although for the infinite cyclic group Z = (a) the spherical
conjugacy language is a regular language and &(Z, {a™'}) = % is rational, the
spherical conjugacy growth series o(Fy, {a™!, b*'}) for the free group on two gen-
erators a,b is not a rational function. Combining this with the result above on
rationality of the growth of regular languages, this shows that the spherical con-
jugacy language X (Fy, {a®!,b!}) is not regular. In Section 2, we strengthen this
result to the broader class of context-free languages.

Proposition 2.2. Let F = F(a,b) be a free group on generators a,b. Then the
spherical conjugacy language X(F, {a™,bT'}) is not context-free.

Consequently neither regularity of the spherical conjugacy language nor ratio-
nality of the spherical conjugacy growth series are preserved by the free product
construction. We also give further examples for which these properties of spherical
conjugacy languages are not preserved by free products, in the following.

Theorem 2.4. For finite nontrivial groups A and B with generating sets X4 =
A\ 14 and Xp = B\ 1p, the free product group A x B with generating set X :=
X4 UXp has rational spherical conjugacy growth series (A x B, X) if and only if
A= B =17Z/2Z. Moreover, given any ordering of X satisfying a < b for all a € X4
and b € Xp, for the induced shortlex ordering the associated spherical conjugacy
language (A x B, X) is reqular if and only if A= B = 7Z/27.

The property of admitting a rational spherical conjugacy growth series appears
to be extremely restrictive; indeed, Rivin [20, Conjecture 13.1] has conjectured that
the only word hyperbolic groups that have a rational spherical conjugacy growth
series are the virtually cyclic groups. Theorem 2.4 gives further evidence for this
conjecture.

In [12], Holt, Rees, and Rover also connect languages and conjugation in groups,
but from a different perspective. They consider the conjugacy problem set associated
a group G with finite generating set X, i.e. the set of ordered pairs (u,v) such that
u and v are conjugate in GG. They show that various notions of context-freeness of
this language can be used to characterize the classes of virtually cyclic and virtually
free groups.

It is also natural to consider all of the geodesics instead of a normal form set
when studying languages or growth series. For each element g of G, let |g|(= |g|x)
denote the length of a shortest representative word for g over X. A geodesic, then,
is a word w € X* with I(w) = |w(w)|. The length up to conjugacy of g, denoted by
|9|c, is defined to be

‘g’c = min{’h‘ ’ h e [g]c} )
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and the length of the conjugacy class is denoted by |[g]¢| := |g|c. An element w € X*
satisfying [(w) = |[m(w)].| will be called a geodesic of the pair (G, X) with respect to
conjugacy, or a conjugacy geodesic word. We define a new series for the pair (G, X)
built from these words. The set

['=T(G X) = {we X" [ l(w) = [r(w)|}

of conjugacy geodesics is the geodesic conjugacy language, and the strict growth
series

7=9(G, X) := ff‘(G,X)
is the geodesic conjugacy growth series, for G over X. In Section 3 we study this
language and series.

This geodesic conjugacy language is the canonical analog in the case of conjugacy
classes to the set

P =T(G,X):={we X" |l(w) = |r(w)]}

of geodesic words, which we will call the geodesic language of the group G over X.
The corresponding strict growth series will be called the geodesic growth series, and
denoted
7=7(G,X) = fF(G,X)-

See the paper by Grigorchuk and Nagnibeda [9, Section 6] for a survey of results
on this series. For word hyperbolic groups, Cannon has shown that the geodesic
language for every finite generating set is regular [8, Chapter 3|; that is, the group
has finitely many “cone types”.

Loeffler, Meier, and Worthington [15] have shown that regularity of T" is preserved
by the graph product construction and rationality of « is preserved by direct and free
products. In Section 3 in Propositions 3.3 and 3.5 we give several characterizations of
the geodesic words and conjugacy geodesic words for a graph product group in terms
of the geodesic languages and geodesic conjugacy languages for the vertex (factor)
groups. We use these to show that, unlike the spherical conjugacy case above,
regularity of the pair of languages I', I" is preserved when taking graph products.

Theorem 3.1. If G is a graph product of groups G; with 1 < i < n, and each G;
has a finite inverse-closed generating set X; such that both I'(G;, X;) and f(Gi,Xi)
are regular, then both the geodesic language I'(G,U}_, X;) and the geodesic conjugacy
language f(G, U, X;) are also regular.

A corollary of Theorem 3.1 is that for every right-angled Artin group, right-angled
Coxeter group, and graph product of finite groups, with respect to the “standard”
generating set (that is, a union of the generating sets of the vertex groups), the
geodesic conjugacy language is regular and hence the geodesic conjugacy growth
series is rational.

Rationality of geodesic conjugacy growth series is also preserved by both free and
direct products.
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Theorem 3.8. Let G and H be groups with finite inverse-closed generating sets A
and B, respectively. Let Y (z) == F(G, A)(z) = > 2o riz' andYu(z) :=(H, B)(z) =
Yoo 52" be the geodesic conjugacy growth series, and let vg := (G, A) and vy =
~v(H, B) be the geodesic growth series for these pairs.

(i) The geodesic conjugacy growth series 7y of the direct product G x H = (G, H |
G, H]) of groups G and H with respect to the generating set AU B is given by
Fx = Y iey0iz" where §; = Z; 0( )738Z .y

(ii) The geodesic conjugacy gmwth series Y« of the free product GxH of the groups
G and H with respect to the generating set AU B is given by

B = 1= (G — )+ (i — 1) — 2e 1~ (36— (3w~ 1)].

In our last result of Section 3, we show in Proposition 3.11 that geodesic conjugacy
languages and series also behave nicely for a free product with amalgamation of finite
groups

Proposition 3.11. If G and H are finite groups with a common subgroup K,
then the free product G xx H of G and H amalgamated over K, with respect to
the generating set X := GU H U K — {1}, has regular geodesic conjugacy language
f(G x H, X) and rational geodesic conjugacy growth series ¥(G xx H, X).

In Section 4 we conclude with a few open questions.

2. SPHERICAL CONJUGACY SERIES AND LANGUAGES

In this section we collect information about the closure properties of the class of
pairs (G, X) for which the spherical conjugacy language is regular, or for which the
spherical conjugacy growth series is rational.

Proposition 2.1. Let G and H be groups with finite inverse-closed generating sets
X and Y, respectively.

(i): Let < be a total ordering on X UY satisfying x < y for all x € X and
y € Y; we take all shortlex orderings to be defined from < or its restriction
to X or Y. If S(G,X) and S(H,Y) are reqular, then ©(G x H, X UY) is

reqular.
(ii): If (G, X) and 6(H,Y") are rational, then o(G x H, X UY") is rational.

Proof. The spherical conjugacy language for the direct product group G x H, viewed
as the group generated by G and H (and hence by X UY') with relatlons [g, hl =1
for all g € G and h € H, is given by S(G x H,X UY) = %(G, X)S(H,Y). Thus
(i) follows from the fact that regular languages are closed under concatenation. For

part (ii), the spherical conjugacy growth series are related by the formula (G x
H, XUY)=0(G,X)o(H,Y). O
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Rivin [20, Theorem 14.6] has shown that the spherical conjugacy growth series of
the free group on k generators, with respect to a free basis, is not a rational function.
Combining this with the fact that growth series of regular languages are rational,
then the spherical conjugacy language for any free group, again with respect to a
free basis, cannot be regular. In Proposition 2.2 we give a proof that this language
is not even context-free for the free group on two generators, which immediately
extends to the case of a group with a free factor in Corollary 2.3. (See [13] for an
exposition of the theory of context-free languages.)

Proposition 2.2. Let F = F(a,b) be a free group on generators a,b. Then the
spherical conjugacy language X(F, {a™",bT'}) is not context-free.

Proof. Suppose that ¥ = S(F, {a®!,b*1}) is context-free and consider the inter-
section I = ¥ N L, where L = a*bTaTb™. Since L is a regular language, and the
intersection of a context-free language with a regular language is context-free (see
[13, p. 135, Theorem 6.5]), I is context-free. Suppose that a < b. Then all words in
I have the form

(1) a’b'alt) with p>q,

and I can be written as the union of the two disjoint sets

I = {a?b'aP¥ | p,1,j > 0,1 < j}
Iy = {aPbla?® | p,1,5 > 0,p > ¢ > 0}

Now let k£ be the constant given by the pumping lemma (see [13, Lemma 6.1,
p. 125] for a statement and details) for context-free languages applied to the set I,
and consider the word W = a"b"a"b", where n > k. One can see W as composed
of four blocks, the first block being a™, the second being 0" etc. Then by the
pumping lemma W can be written as W = wowzy, where [(vz) > 1, l(vwz) < k,
and w'wzly € I for all i > 0. Since [(vwz) < k < n, vwx cannot be part of more
than two consecutive blocks.

In a first case, suppose that vwz is just part of one block, i.e. vwx is a power of
a, or a power of b. If vwz is in the first block, for i = 0 one obtains a word that does
not satisfy (1). If it is in the second block then for i > 2 one gets a word uv‘wa'y
of the form aPblaPb/, but [ > j, so this word doesn’t belong to either I; or Ip. If
vwz is in the third block, for i > 2 uv'war'y does not have the form (1). If vwz is in
the fourth block, for i = 0 uwy has the form aPblaPb’/, j < I, and so uwy does not
belong to I.

In a second case, suppose vwx contains both a’s and b’s. If one of v or x contains
both @ and b, then for i > 2 the word uv‘wa'y contains many blocks alternating
between powers of a and b, and so does not lie in a™bTa™b™. So v has to be a power
of one letter only, and x a power of the other letter. If v is in first block and x in the
second block, take i = 0, and one gets a contradiction to (1). If v is in the second
block and  in the third, then for i > 2, uwv*wz’y has the form aPbla?b’ with p < g,
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which gives a contradiction to (1) . Finally, if v is in the third and z in fourth block,
for i > 2 the word uv'wz'y does not satisfy (1).
Hence none of these cases hold, giving the required contradiction. O

In fact, whenever a group G with a finite inverse-closed generating set contains a
free subgroup F' such that there is a free basis {a, ..., a,} of F lying in X and such
that all elements of 3(F), {af'}) are also shortlex conjugacy normal forms for the
pair (G, X), the proof above can be applied. As a result, we obtain the following.

Corollary 2.3. Let F be a free group with free basis Z and let H be any group with
finite inverse-closed generating set Y .

(i): For the direct product group F' x H the spherical conjugacy language i(F X
H,ZUZ1UY) is not a context-free language.

(ii): For the free product group F x H the spherical conjugacy language i(F *
H,ZUZ71UY) is not a context-free language.

Since the spherical conjugacy growth series for the free product of two infinite
cyclic groups is not rational, it is natural to consider next the free product of two
finite groups.

Theorem 2.4. For finite nontrivial groups A and B with generating sets X4 =
A\ 14 and Xp = B\ 1p, the free product group A x B with generating set X :=
X4 UXp has rational spherical conjugacy growth series (A x B, X) if and only if
A= B =17Z/2Z. Moreover, given any ordering of X satisfying a < b for all a € X4
and b € Xp, for the induced shortlex ordering the associated spherical conjugacy
language (A x B, X) is reqular if and only if A= B = 7Z/27.

Proof. Let G := A x B and let us assume that all letters in X4 come before the
letters in Xp in a fixed ordering of X. Notice that the set I'(G, X) of geodesics
in G are simply the alternating words in X4 and Xp. To simplify notation, write
EG =3(G,X), 4 :=%(A,X,), and Xp := X(B, Xg). Then 4 C X4 U{\} and
Y5 C XpU {A}, where X\ denotes the empty word. Since any word alternating over
X 4 and Xp can be cyclically conjugated to a word of the same length starting with
a letter in X 4, we have

EG:EAUEBUEAB,

where ¥ AB is defined to be the set of words in ig that alternate between X 4 and
Xp, starting with a letter from X, and ending with a letter from Xp.

Suppose first that A = B = Z/2Z. Then X4 = {a} and Xp = {b} are singleton
sets, and S = {\, a,b} U {(ab)" | r € N}. Hence ¢ is regular, and 3¢ is rational.

For the remainder of this proof we assume that at least one of the groups A or
B has order at least 3. In order to analyze the spherical conjugacy growth series of
G, we follow the ideas in Theorems 14.2, 14.4 and 14.6 in [20]. We refer the reader
to [5] for details of complex analytic techniques used here.
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Notice thatNall words in ¥ 4B have even length; we denote those words in » AR of
length 2 by ¥ ap2,. Moreover, if we denote the subset of I'(G, X)) of alternating
words of length 27 beginning with a letter in X4 and ending with a letter in Xp
by T'apar, and similarly for I'paor, then [Tapor UT'pa2| = 2|Xal"|Xp|" and
the set % AB,2r is in bijective correspondence with the cyclic conjugacy classes of
Fapor Ul'pag,. That is, if we let f(2r) = |§AB,2T‘|7 then f(2r) is the number of
orbits of the group Z/2rZ acting by cyclic conjugation on the set I'ap 2, UT' A 27
We can compute f(2r) by using Burnside’s Lemma, which gives

fer) = 5 3 IFis()

gET) 2T

-5 S |Fis()

2|d|2r g€Z/2r7,gcd(g,2r)=d

where the second equality uses the fact that an odd element of Z/2rZ cannot permute
an even length alternating word to itself. Now for any g € Z/2rZ with 2|d =
ged(g, 2r) and any alternating word w € Fiz(g), we have w = v*"/4 for an alternating
word v € I'ap qUT'ga q. There are 2| X 4|%?| X |%? such words. Also using the fact
that ¢(%) = [{g < 2r | ged(g, 2r) = d}|, where ¢ is the Euler totient function, yields

f@2r) = —Z I)Qxld/2|XB|d/2
2|d|2r
1 T . o
= =D (XAl Xl

elr

1
= =) 6(e)Xal x5l

elr
Let oG := o(G, X). Now we have

o
Ga(z) = 1+[S4USp\{MHz+ ) [Saparls™
r=1

= 1+[S4USp\ A}z + ) % > ()| Xall Xpl) /e

r=1 elr

To simplify notation, let o := | X4|[Xp| and 8 := |4 USp \ {\}|. Formally taking
the derivative of this power series and multiplying by z gives

) = B2 423 Y ple)ae (2

r=1 e|r
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Rearrange the terms of this formal power series (e.g. as in [20, Theorem 14.4] with
¢n, = ¢(n) and b, = a™) to obtain

200(2 62+2Z¢ ia"(zw "
n=1

Now o = |X || Xg| and at least one of the sets X4, Xp contains more than one
element. Hence a > 1. For any real number r > 0 and any point p € C, let D, (p)
denote the open disk of thgdcomplex plane defined by D,(p) == {z | |p — 2| < r}.
Since Y07 a"(z24)" = 125 for all z in the disk D;/,(0), we have z07;(2) = h(z)
in this disk, where

~2d

ﬁz+2z¢ W'

For any 0 < € < 1 there are only ﬁmtely many even roots of é in the closed disk
D1_(0); denote these roots by 21, ..y 2k (In particular, all 2d-th roots of é in this
closed disk must satisfy d < —In(«) / 2In(1 —€).) Let

¢ i= gmin[{l e |z | 1< < kPU{d(ai,z) | # Y],

and let R be the region of the complex plane defined by R := D;_(0) \ U, Do(z).

Then for all z € R the value of |1 — a2z2?| must be strictly greater than 0. Smce Ris
compact, then there is a § > 0 such that for all z in the region R, we have \l—azml >
5. Now [p(d) 1% a22d| < d%(1 — €)™ Since the series > 02| d%(1 — €)*® converges
to a finite number, the Weierstrass M-test [5, 11.6.2] says that the series h(z) is
uniformly convergent on this region R. Since each partial sum in the expression
for h is continuous on R, then h is also continuous on this region [5, I1.6.1], and
since each partial sum is analytic, the function h is also analytic on R [5, VIL.2.1].
Allowing e to shrink to 0, this shows that h is analytic on the disk D;(0) outside of
the infinite set of points that are 2d-th roots of é Moreover, whenever y is a 2dp-th
root of é, a similar argument shows that the sum 22117 detdo qb(d)% is analytic,
and so the function h has a pole at the point y. That is, h(z) is analytic on the unit
disk except for infinitely many poles.

Now assume that the power series z5,(z) is a rational function p(z). Then p must
be analytic in the unit disk outside of finitely many poles. Let R’ be the unit disk
with all of the poles of both A and p removed. Then we have p and h are analytic
on R, and p = h in an open disk D/, (0); thus p = h on R’ [5, IV.3.8]. This shows
that infinitely many of the poles of h must be removable singularities, which is a
contradiction.

Thus 20, (2) cannot be a rational function. Therefore the function oy, also is not
rational. Since the derivative of any rational function is also rational, this shows
that o also is not a rational function. Since the growth series of the set Y is not
rational in this case, we must also have that this set is not a regular language. [J
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3. GEODESIC CONJUGACY SERIES AND LANGUAGES

Given a finite simplicial graph with a group attached to each vertex, the asso-
ciated graph product is the group generated by the vertex groups with the added
relations that elements of distinct adjacent vertex groups commute. This construc-
tion often preserves geometric, algebraic or algorithmic properties of groups. In
particular Loeffler, Meier, and Worthington [15] have shown that regularity of the
full language I of geodesics (with respect to the union of the generating sets for the
vertex groups) is preserved by the graph product construction. Theorem 3.1 gives a
further illustration of this behavior, showing that regularity of the pair of languages
I" and I is preserved by graph products.

Theorem 3.1. If G is a graph product of groups G; with 1 < i < n, and each G
has a finite inverse-closed generating set X; such that both T'(G;, X;) and l:(G,-,X,-)
are regular, then both the geodesic language I'(G,U_, X;) and the geodesic conjugacy
language f(G, U, X;) are also regular.

Before proceeding with the proof of Theorem 3.1, we need some preliminary no-
tation and results. Let A be a finite simplicial graph with n vertices vy, ..., v, and
suppose that for each 1 < i < n the vertex v; is labeled by a group G; that has a
finite inverse-closed generating set X; with geodesic language I'; := I'(G;, X;) and
geodesic conjugacy language T, = f(Gi, X;). (Note that two vertices of A are con-
sidered to be adjacent here if the vertices are distinct and joined by an edge.) For
two words u,w € X, we write u =g, w if u and w represent the same element
of G;, and u ~; w if u and w represent conjugate elements of G;. Let G be the
associated graph product with generating set X := U}, X;. For words y,z € X*,
write y =¢ z if y and z represent the same element of G, and y ~¢ 2 if y and z
represent conjugate elements of G. Also let I' and I' denote the geodesic language
and geodesic conjugacy language, respectively, for G over X.

For each ¢, we define the centralizing set C; to be the union of the sets X; such that
the vertices v; and v; are adjacent in the graph A. Given a word w = a; - - - a,, with
each a; € X, the centralizing set C(w) associated to w is defined by C(w) := N~ C},,
where for each 1 < i < m, the letter g; lies in the set X;,. That is, C'(w) is the subset
of X that commutes with every letter of w from the graph product construction.

We define several types of rewriting operations on words over X as follows.

(x0): Local reduction: yuz — ywz with y,z € X*, v,w € X/, v =g, w, and
l(u) > l(w).

(x1): Local exchange: yuz — ywz with y,z € X*, u,w € X/, v =g, w, and
l(u) =l(w).

(x2): Shuffle: yuwz — ywuz with y,z € X*, v € X/,
adjacent in A.

(x3): Cyclic conjugation: yz — zy with y,z € X*.

(x4): Conjugacy exchange: uy — wy with y € X*, uv,w € Xf, X; C C(y),
u ~; w, and l(u) = l(w).

w E Xj’-k, and v;, v;
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(x5): Conjugacy reduction: uy — wy with y € X*, v,w € X', X; C C(y),
u ~; w, and [(u) > l(w).

For 0 < j < 5, we write y -2 z if y is rewritten to z with a single application of
operation (xj). Given a subset o of 0 — 5, we write y > z if z can obtained from y
by a finite (possibly zero) number of rewritings of the types (xj) with j in the set
a. Note that rewriting operations (x1)-(x4) preserve word length, and (x0), (x5)
decrease word length.

A word y € X* is trimmed if whenever y w02 z, no operation of type (x0)

. . . . . 20—5%
can ever occur. The word y is conjugationally trimmed if whenever y = — " 2z, no

operation of type (x0) or (x5) can occur.
For each i, we define a monoid homomorphism m; : X* — (X; U {$})*, where $
denotes a letter not in X, by defining

a ifae X;
mi(a):=<$ ifae X\ (X;UGC)
1 ifaeC

Given any subset t of X, we define the support supp(t) of t to be the set of all
vertices v; of A such that ¢ contains an element of X;. Let T be the set of all
nonempty subsets t of X satisfying the properties that supp(t) is a clique of A, and
for each v; € supp(t), the intersection ¢t N X; is a single element of X;. Note that for
each t = {a1,...,ar} € T, whenever a;,, ..., q;, is another arrangement of the letters
in ¢, then a; ---ay, =g a;, - - - a;,. Hence t denotes a well-defined element of G. Also
note that for each a € X, we have {a} € T, and a is the element of G associated to
{a}. By slight abuse of notation, we will consider X C 7' C G. Now T is another
inverse-closed generating set for G.

Example 3.2. For the graph product of three infinite cyclic groups G; = (a;)
(1 < ¢ < 3), if the only adjacent pair of vertices is vg,vs, then the graph product
group G = GA = G * (G x G3) has generating sets

X = {al,al_l,ag,agl,ag,agl} and

T= { {al}v {al_l}v {a2}’ {a2_1}7 {a3}’ {a3_1}’ {a2a3}’ {a2_1a3}7 {a2a3_1}’ {a2_1a3_1} }

Analogous to the operations above on words over X, we define three sets of
rewriting rules on words over 1" as follows. For each index ¢ fix a total ordering on
Xi, and let <; denote the corresponding shortlex ordering on X7. To ease notation,
we let the empty set {} denote the empty word over T. Whenever t € T U {0},
a€X,tU{a} €T, and tN{a} =0, we let {a,t} denote the set t U{a}.

(RO): {a1,t1} - {am,tm} — {b1,t1} - {bk,tx}tgs1 -t whenever there is
an index 1 < i < n such that for each 1 < j < m, a;,b; € X;, t; € T U {0},
and {a;j,t;} € T; k <m; and a1 - - - am =g, b1 - - - by.
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(R1): {a1,t1} - {am,tm} — {b1,t1} - {bm,tn} whenever there is an index
1 < i < n such that for each 1 < j < m, aj,b; € X;, t; € T U {0},
{aj, t;} €T; a1 am =a, b1+ by; and ay -~ ap >4 by -+ by,

(R2): t{a,t'} — {a,t}t' whenevera € X,t € T, t' € TU{(}, and {a,t},{a,t'} €
T.

Also in analogy with the operations above on X*, whenever 0 < j < 2, o C {0, 1,2}

and w,x € T, we write w = 2 if w rewrites to x via exactly one application of rule

(Rj), and w 9% 2 if 2 can be obtained from w by a finite (possibly zero) number of
rewritings using rules of the type (Rj) for j € a.

Let R denote the set of all rewriting rules of the form (R0), (R1), and (R2). Note
that the generating set T' of G together with the relations given by the rules of R
form a monoid presentation of G; hence, (T, R) is a rewriting system for the graph
product group G. We refer the reader to Sims’ text [21] for definitions and details
on rewriting systems for groups which we use in this section.

Define a partial ordering on T' by {a,t} > {b,t} whenever a,b € X; for some 1,
t € TUD, {a,t} € T, and a >; b; and by {a,t} < ¢t whenever a € X and t,{a,t} € T.
For each ¢ in T', define the weight wt(t) of t to be the number of elements of ¢ as a
subset of X (equivalently, wt(t) is the number of vertices in supp(t)). Then all of
the rules in the rewriting system R decrease the associated weightlex ordering on
T*. Since the weightlex ordering is compatible with concatenation and well-founded,
no word w € T* can be rewritten infinitely many times; that is, the system R is
terminating. One can check via the Knuth-Bendix algorithm [21, Chapter 2] that
this system is also confluent, i.e., that whenever a word w rewrites two words w — w’

. . RO—2x%
and w — w” using these rules, then there is a word w” such that v’ =" w” and

r ROZ2E (This check is provided by the present authors in [4, Appendix|; an
alternative proof of this can be found in [11, Theorem C]. See Example 3.6 below
for details of this rewriting system for an example of a right-angled Coxeter group.)

Hence for each word w € X* there is a unique word irr(w) in T* that is irreducible

(i.e. cannot be rewritten) such that w RO irr(w), and each element g € G is
represented by a unique word irr(g) in T* that is irreducible with respect to the
rewriting rules in R [21, Prop. 2.4, p. 54]. That is, the set

irr(R) :={irr(g) | g € G}

is a set of weightlex normal forms for G over T

For each t € T, let aq,...,a; be a choice of an ordered listing of the elements of
the set ¢, and let h(t) := a1 ---ag. Then h determines a monoid homomorphism
h:T* — X*. For each w € X*, let ©(w) := h(irr(w)). Then the set

h(irr(R)) = {©(w) | w € X*}

is a set of normal forms for G over the original alphabet X.
In Proposition 3.3 below, we show that the geodesic words for the graph product
group G over X are exactly the trimmed words, and can be characterized as an
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intersection of homomorphic inverse images via these m; maps. Although the equiv-
alence of (i), (ii), and (iii) of this Proposition follows from results in [11] and [15],
we include some details here for a condensed exposition and because the further
equivalence with (iv) will be needed for our proof of Proposition 3.5 below.

Proposition 3.3. Let G be a graph product of the groups G; for 1 <i<n, Let X =
U, X; where X; is a finite inverse-closed generating set for G; and I'; :=T'(G;, X;)
for each i, and let y € X*. The following are equivalent.

(i): y is a geodesic word for G with respect to X.

(ii): y is a trimmed word over X.

(ii): y € Ny 1 (Ta(8Ty)").

. 1—2x%

(iv): y "= 0(y).
Proof. (i) = (ii): If y is not trimmed, then y can be rewritten using length-preserving
operations y “122* » to aword  that can be further rewritten using a length-reducing
operation of type (x0). Hence y cannot be a geodesic.
(ii) = (iil): Suppose that m;(y) € (X; U{$})* \ (I;(8T;)*) for some i. Then m;(y) =
YoSy1 - - - Sy, for some k > 0 and each y; € X, where for some j we have y; ¢ I';.
Then y w2 y'y;y", and a local reduction (operation of type (x0)) may be applied to
the latter. Hence y is not trimmed.
(iii) = (iv): Suppose that y € NP H(T;($T;)*).

Each rule (Rj) of the rewriting system R gives rise to a commutative diagram via

the map h with a sequence of operations on words over X. In particular, for any

words w,xz € T* with w e x, we have
RO R1 R2
— x w — x wo =
hl 1 h hl LA h | LA
x2% 20 x2% 2% xl 2% 2%
hw) === h(z) h(w) === h(z) h(w) = h(z)

For 1 <i <mnand 0 < j <1 we can refine the operation (xj) by defining the
rewriting operation (xji) to denote an operation of type (xj) in which a subword
over X; is rewritten, and similarly we let rewriting rule (Rji) denote a rule of type
(Rj) in which effectively an X} subword is rewritten.

Using these refined operations and the maps 7;, we can extend the above diagrams
to words over X; U {$} as follows. We say that a rewriting operation yuz — yvz,
for y,z € (X; U{$})* and u,v € X; with u =g, v, is of type (s0i) if I(u) > I(v) and
of type (s1i) if [(u) = I(v). Then for any words w,z € X* with w "5% 2, and any
j€40,1} and 1 < i,k < n with i # k, we have

xji zlk 2
w — T w I €T w — €T

il L il L il L m

mi(w) L om@) mw) S me) mw) S m()
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where id denotes the identity map on (X; U {$})*. Hence for any words w,z € T*
with w "% 2 and any j € {0,1} and 1 < i,k < n with i # k, we have

Ryt R1k R2
w e T w — T w — X

mioh | L mioh mioh | L mioh mioh | | mioh
m(h(w) 2 mh(@) b)) S mh@)  mw) S m(h()
For our word y € N7, m; *(T;($T;)*), the inclusion map ¢ : X* — T* allows us to
consider y = ¢(y) as a word over the alphabet 7', where h(i(y)) = h(y) = y. Since
R is a terminating and confluent rewriting system, we have y RO=2x irr(y), and so

by the commutative diagrams above, y w02 O(y).

Suppose that an operation of type (x0) appears in this sequence of rewritings.
Then y gy
applying the commutative diagrams above, then 7;(y) iy mi(y) 0 m;i(z). However,
operations of type (s17) map elements of T';($T;)* to I';($T;)*, so m;(y') =€ T';($T)*
and no operation of type (s0i) can be applied to m;(y’), giving a contradiction.

(iv) = (i): Suppose that y g O(y). Then Ix(y) = Ix(O©(y)). If z is the shortlex
least representative over X of the same element of G as y, then since the set {©(w)}

Yy z0i , 202+ O(y) for some ',z € X* and some 1 < i < n. Again

is a set of normal forms, we have ©(z) = ©(y). Now z = «(2) ey irr(z), and so by

the argument above we have z = h(z) e h(irr(z)) = ©(z). However, since z is

geodesic, no length-decreasing operations can apply, so we have [x(z) = Ix(0(z)) =
Ix(y). Therefore y is also geodesic. O

In the next Corollary we collect for later use two other results that follow from
the proof of Proposition 3.3.

Corollary 3.4. Using the notation above:

(1) The subset h(irr(R)) = {©(w) | w € X*} C X* is a set of geodesic normal
forms for G over X.

(2) For any word w € X* there is a sequence of rewriting operations w w02
O(w).
Proof. Statement (1) is shown in the proof of (iv) = (i) above. For (2), let w be

any element of X*. Using the inclusion map ¢ : X* — T*, we have w = 1(w) RO«

irr(w), and so from the first set of commutative diagrams in the proof of (iii) =

(iv) in Proposition 3.3 above, we have w = h(t(w)) e O(w). O

In the following Proposition we show that a result similar to Proposition 3.3 holds
for conjugacy geodesics.

Proposition 3.5. Let G be a graph product of the groups G; for 1 < i < n and
let X = U X; where X; is a finite inverse-closed generating set for G; for each i.
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Also for each i let T'; :=T'(Gy, X;), L= f(Gi,Xi), and
U; = {upSuy - Sup | m > 1 and uy, ..., Upm—1, Umug € T},

and let y € X*. The following are equivalent.

(1): y is a conjugacy geodesic for G with respect to X.

(ii): y is a conjugationally trimmed word over X .

(iii): y € Ny (T U ).
Proof. (i) = (ii): Suppose that y € X* is not conjugationally trimmed. Then
Y “151  for some word z that can be rewritten using a length-reducing operation
of type (x0) or (x5) to a word representing an element of the same conjugacy class.
Since I(y) = I(z), then y cannot be a conjugacy geodesic.

(ii) = (iii): Suppose that y ¢ ﬂ?zlﬂi_l(fi UU;). Then there is an index i such that
mi(y) € (X U{s}H)*\ (I U ;). If m(y) € X/, then all letters of y lie in X; UC}, and

SO Yy w2 7i(y)y’ for some y' € CF. Now m;(y) ¢ I; implies that a conjugacy reduction
(x5) can be applied to the word 7;(y)y’, and so y cannot be conjugationally trimmed
in this case. On the other hand, if m;(y) ¢ X, then m;(y) = uo$- - - $u,, such that
m > 1, each u; € X7, and at least one of uy,...,um—1, or upup does not lie in

I';. A similar argument shows that in this case y T273%  for a word 2 to which a
local reduction (x0) can be applied, implying again that y cannot be conjugationally
trimmed.

(iii) = (i): Suppose that y € m?zlwi‘l(fiuﬁi), but that y is not a conjugacy geodesic.
(Note that since [, CT; and U; C [;(8T;)*, Proposition 3.3 implies that the word
y is a geodesic for G over X.) Then there is a geodesic word w € X* such that
the element wyw™! of G is represented by a word over X that is shorter than y.
In particular, the result in Corollary 3.4(1) that the © normal forms are geodesics
shows that the word ©(wyw™!) must then be shorter than y. Choose such a pair
of words y € ﬂ?:ﬁri_l(fi UU;) and w € T = I(G, X) with Lx(©(wyw™)) < Ix(y)
such that Ix(y) + 2lx (w) is least possible among all pairs with these properties.

Using Corollary 3.4(2) we have wyw " e O(wyw™!) (where w™! is the sym-
bolic inverse of w over X). Since lx(0(wyw™')) < Ix(y), at least one operation of
type (x0) must apply in this sequence of rewriting operations.

Since property (iii) of Proposition 3.5 holds for y, for each 1 < ¢ < n we can write
mi(y) = yiwy, with either y; € I; and u; = Y, = X (where X\ denotes the empty
word), or u; € $(I';$)* and yjy;, € I';. Since w is a geodesic, then for each 1 <i < n,
using Proposition 3.3 we can write m;(w) = v;w; with v; € (I';$)* and w; € T';. Then
mi(wyw™) = viwiyiuiygwi_lvi_l (where the formal inverse of a word b1$ - - - b $ with
each b; € X/ is defined to be $b, ' --- $b71).

In our commutative diagrams in the proof above, we did not consider the interac-
tion of rewriting operations of type (x0i) with the map 7, when k # i, but we need

to do so now. For any word s € (X; U$)*, we write s ™ ' if §' can be obtained
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from s by finitely many (possibly zero) replacements $$ — $: i.e. by shortening
but not eliminating subwords that are strings of $ signs. Suppose that z € X* and
mi(z) = abc with a € (X7$)*, b € X7, and ¢ € ($X])*. Suppose that the operation
b ™ ¥ induces the operation z 0= al ¢, and that A # b/ € Xf. If the vertex v;
is adjacent to v; in the graph A, and the vertex v, is not adjacent to v;, then

x0i / x07 /

— z V4 — z
Lol i | L
mi(z) L m() m(z) 25 m(?)

In the following claim, we use these commutative diagrams to show that in the
o —1 ©0—2x% 1 . . .- .

process of rewriting wyw — O(wyw™"), each time an (x07) rewriting operation

is applied, then on the level of images under the 7; maps, when j # i the effect is

the application of a L operation, and when j = 1, effectively either a rewrite of the

Wy Y;w; ! subword of wyw ™! is replaced by a word of length at least (yi) (in the case

1

that m;(y) € fl) or rewrites of the w;y; and yjw; ! subwords of wyw ™! are replaced

by words of length at least I(y;) + (y}) (otherwise).

Claim: Suppose that wyw™! R O(wyw!) and for each 1 < j < n

the word z € X* satisfies either:
(a): In the case that 7;(y) = y; € fj:
mj(z) = U;z;0; for some
v; € (T;8)*, 0 € (8T'))*, and 2; € X such that

tk 1 tx - o -1 d
vj = U, v = Uy, Zj =@; WiYjw; T an

U(y;) < U(zj) < Uyz) + 20(wy),
or
(b): In the case that m;(y) € U;:
mj(2) = U;zj1;2;0; for some
u; € $(I';8)%, v; € (I';8)%, ¥ € (8T)%, and 25, 2; € X such that
tx o tx o —1 tx ~ —
Uj — Uj, Vj — Vj, U, 1 — U;-, Zj =a, w;5Y; z;- =G, y;-wj 1, and l(yj)+l(y;) <

Uzj) +1(25) < Uy;) + Uy;) + 20(w;).
Then for each 1 < j7 < n the word x € X™* also satisfies either:

(a’): In the case that 7;(y) = y; € fj:
mj(x) = 0jx;0; for some
v; € (T;8)", 0% € ($T))*, and x; € X7 such that

tx . —1 tx .y o —1 d
v; — Uy, Uj — vj, Tj =G; wjy]wj an

yj) < Uzj) < Uy;) + 2U(wj), or

(b’): In the case that 7;(y) € Uj:
mj(z) = 520,20 for some
u; € $(I';8)%, v; € (I';8)%, 0} € (8T)*, and x;,2) € X such that



CONJUGACY GROWTH SERIES AND LANGUAGES IN GROUPS
0 B, 0t B = : nd I(y;)+(y}) <
U Uyj, Uj Ujs U vy =G; WY, Tj =G; y] ] , a Yj Y;

Uxj) +1(x5) < U(y;) + l(y]) + 21(%)

Proof of claim. Since no length reducing operation z 2 ¢ can be performed
on a subword a of z satisfying m;(a) € I';($I';)*, the associated operation
mi(2) ald mi(x) must apply to a subword of m;(z) disjoint from the @;, ¥; ',
and u; subwords.
Case 1. Suppose that m(y) = y; € I;. Then the associated (s01) operatlon
must have the form vlz/u — Oz 0 for some x; € X where 0; = v;, 0, = 0,
=@, % =q; WilYiw; ! and Uxy) < U(z) < l(y;) + 2l(w2). Now since x; ~; y;
and the word y; = m;(y) € I[;isa conjugacy geodesic for the group G; over the
generating set X; in this case, we must have I(y;) < I(x;).

If z; were the empty word A, then since x; ~; y; and y; € fl, we have y; = A

s0—1ix st x2%
as well. Then w;w, 1S 2 22 2, so we have l(w;) > 0. Now w = ww; for
1

aword W € X*, wyw™' =g wyw ™!, and Ix(w) > Ix( ~). But then replacing
w with w contradicts our choice of words y € N 7, LT U U )and w € T
with Ix(O(wyw™)) < Ix(y) and Ix(y) + 2lx (w) minimal with respect to this
property. Hence I(z;) > 1.

Then the commutative diagrams above the Claim show that for all j # i,
m;i(2) ki mj(x). Hence v; = on = 0 and since vj,9; € (I;$)*, then 0; € (I';$)*.
The proofs that u; L ;€ $(I';$)" and v L 7 € (8I';)" are identical. Since the

subwords z; and 2} of m;(2) lie in X7, the operation 7;(z) L mj(x) can’t affect
these subwords, and so z; = x; and z;- = a:; for all indices j # i. Therefore for
the word z, conditions (a’) or (b’) hold for all indices j, completing Case 1.

Case 2. Suppose that m;(y) € U;. Similar to the argument in the previous case,

the (sOi) operation associated to the rewriting operation z 0 2 has the form
mi(2) = 02020, — Vixitaiv) = m(x) where U; = 04, 4; = U4, 0, = U, and
either z; =g, z; with l(z;) < l(2;) and o} = 2/, or else x; = z; and x} =¢, 2} with
I(z}) < 1(2}). We consider the first of these two forms of the rewriting operation;
the proof in Case 2 for the second form is similar. Now x; =q, 2 =qg, WiVi
and 7} = 2, =q, yiw,; Wlth Uwy) + U(x) < U(z) + (=) < Uyi)+Uyl) + 21 (w;).
Moreover, z}x; =a, yiw; 'wiy; =a, yiy;. The fact that yu;y, = m:(y) € U; in
this case implies that yjy; € I';, i.e., yly; is a geodesic word. Hence I(y;)+1(y,) <
U(zy) + ().
If z; were the empty word, then since x; =g, wzyl and w; € I';, the word w_l
—1;

is another geodesic representatlve of y;, and so yjw; * is also geodesic. As in the

/l/

previous case w ™ w w; and y w2 vy yt. But then replacing w with w’ and y

with "y/w; ! again contradicts our ch01ce of words y € NI'_ym, YT, UT;) and

Z

17
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w € I' with [x(O(wyw™")

1) (y) and Ix (y) + 2lx (w) minimal with respect
to this property. Hence I(x;
(z

Ix
> 1. Similarly I(z}) > 1.

Then for all j # i, m;(2) i mj(x). Therefore as in the prior case, for the
word z, condition (a ) r (b’) holds for all indices j, completing Case 2 and the
proof of the Claim.

<
)

Since the word wyw ™! satisfies the property that one of (a) or (b) holds for all 1 <
J < mn, iteratively applying this claim shows that for each j, one of (a’) or (b’) must
hold for the normal form word = := ©(wyw~!). Denoting the number of occurrences

of X; letters in a word u over X; U$ by l;(u), then whenever u ™ & we have
li(u) = 1;(@). Therefore Ix(O(wyw™1)) = Y0, Li(m(O(wyw™1))) > S0 l(y:) +
li(u;) + 1(y}) = Ix(y). But our initial assumption on the pair y,w included the
inequality Ix (©(wyw™')) < lx(y), resulting in the required contradiction. O

We are now ready to prove Theorem 3.1.

Proof. The class of regular languages is closed under finitely many operations of
union, intersection, concatenation, and Kleene star (i.e. ()*), and is closed under
inverse images of monoid homomorphisms (see, for example, [13, Chapter 3]).

Proposition 3.3 shows that I' = N}, _1( i(8T;)*). Then applying these closure
properties yields a new proof of the result of Loeffler, Meier, and Worthington [15,
Theorem 1] that whenever the sets I'; of geodesics for the vertex groups G; are
regular languages, then the language I' of geodesics for the graph product group G
over X is also regular.

From Proposition 3.5 we have that the language of conjugacy geodesics for the
graph product group GG over the generating set X satisfies I = N 17r_1(F U U)
hypothesis the language T; is regular for each 4, and so the closure properties above
imply that it suffices to show that the language U; over X; U {$} is regular, given
that the language I'; over the alphabet X is regular. The set I'; is recognized by a
finite state automaton with a set @ = {qo,...¢n} of m + 1 states, where qq is the
start state, and with transition function ¢ : Q x X; — Q. Then I'; can be written
as I'; = LoLoU---U L,,L,,, where for each 0 < j < m, the set L; is the language
of all the words w over X; such that 6(go, w) = ¢; and L_j is the set of all words z
such that §(g;, z) is an accept state. Then L; and L_J are regular languages. Now
U; = U;’"LZOL_J'$(FZ-$)*LJ-, and therefore U; is also a regular language. O

Example 3.6. A right-angled Cozeter group is a graph product of cyclic groups
G; = (a; | a? = 1) of order 2. Then the graph product group G = GA has generating
set X = {a;}, and there is a bijection between T" and the set of cliques of the graph A.
Theorem 3.1 shows that the geodesic language I'(G, X) and the geodesic conjugacy
language f(G, X) are both regular, and so the geodesic growth series v(G, X) and
geodesic conjugacy growth series (G, X) are both rational functions.

In this example we provide the details for both spherical and geodesic languages
and series for a specific right-angled Coxeter group, namely a graph product G =
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GA of three groups G; = (a; | a? = 1) (1 < i < 3) such that in the graph A
the vertex pairs v1,v9 and w9, v3 are adjacent, but the vertices v9 and w3 are not
adjacent. That is, G = G1 X (Ga * G3) = Zy X (Zg * ZL2). Here X = {ay,as,as} and
T ={{a1},{a2},{as},{a1,a2},{a1,as}}. The rewriting system

R:={ {a}*®1, {aHar, a2} B {az},  {aHar, a3} = {as),
{as}? ®1, {az}{a1, a2} 2 {a1},
{ag}? ®1, {as}ar, a3} 22 {a1},

{ar,a2}{ar} © {az}, {ar,ax}{az} = {a1},

{ar, a2} ™ {azHaz}, {ar,azM{ar, a5} ™ {az}{as},
{a,asH{ar} © {as},  {ar,asHas} ™ {a1},

{ar,a3)> ™ {asHas}, {ar,asHar, a2} ™ {as}{az},
{aHaz} Z {ar, a2}, {arMas} 2 {a1, a3},

{asH{ar} 2 {ar, a2},  {az}{ar, a5} = {ar, az}{as},
{asHar} B {ar, a3}, {asHar, a2} 2 {ar,a3}{a2} )

is a subset of the set of all rewriting rules of types (R0)-(R2), but is already sufficient
to be a complete rewriting system for G (see [4, Appendix]). Then the set irr(R) =
T*\ T*LT*, where L is the finite set of words on the left hand sides of the rules in
R, is a regular language of normal forms for G over 1. Since the class of regular
languages is closed under images of monoid homomorphisms ([13, Chapter 3]), then
the language h(irr(R)) is also regular. Since the language H := h(irr(R)) is a set
of geodesic normal forms for G over X, then the strict growth series satisfies fg =
o(G, X); hence the spherical growth series o(G, X) is rational. The combination
of Theorem 2.4 and Proposition 2.1 shows that the spherical conjugacy language
E(G, X) is regular and the spherical conjugacy growth series (G, X) is rational as
well.

The homomorphisms 7; : X* — (X;U{$})* are defined by 71(a1) = a1, m1(ag) =
A mi(as) = A, ma(ar) = A, ma(az) = az, m(az) = $, m3(a1) = A, m3(az) = §, and
m3(as) = as . Proposition 3.3 implies that the geodesic language I'" := I'(G, X) =
N3, (N @i} (8{\, a;})*). Since the symbol $ does not appear in the image of
the map 71, then a geodesic word contains at most one occurrence of the letter a;.
Moreover, the preimage sets under mo and 73 imply that any two occurrences of as
must have an az between them, and vice-versa. Then

I'= {)\, ag}(agag)*{)\, al}(agag)*{)\, ag} @] {)\, a2}(a3a2)*{)\, al}(agag)*{)\, a3} .

The strict growth function for this language satisfies ¢r(0) = 1, ¢r(1) = 3, and
¢r(n) = 2n + 2 for all n > 2. The geodesic growth series for this group satisfies
VG, X)(2) = (1+2+2%2—23)/(1 - 2)% o
Applying Proposition 3.5, the geodesic conjugacy language is I' := I'(G, X) =
N3 (N @ik U N ai b8, ai})*$ U (${)\, a;})*$a;). Analyzing this in the same
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way, then

I'= {as,as,a1a2,a1a3,a2a1,aza1} U (aza3)*{\, a1, asaras}(azaz)*
U(a3a2)*{)\, ai, a3a1a2}(a3a2)* .

The strict growth function for this language satisfies ¢5(0) = 1, ¢(1) = 3, ¢p(2) =
6, ¢1(3) = 6, ¢ (2k) = 2, and ¢(2k + 1) = 4k + 2 for all k£ > 2. Then the geodesic
conjugacy growth series is given by (G, X)(2) = (1+32z+422 — 924 4+ 2° +42%) /(1 -
22)2.

Example 3.7. Let G be the projective special linear group G := PSLy(Z) =
Zo % 73 = {a,b,c | a®> = 1,b> = c,bc = 1) with the generating set X = {a,b,c}.
Theorem 2.4 shows that the spherical conjugacy language i(G,X ) is not regular
and the corresponding spherical conjugacy growth series is not rational. However,
from Theorem 3.1 we have that the geodesic conjugacy language I'(G, X) is regular
and the geodesic conjugacy growth series (G, X) is a rational function. Indeed, it
follows from Theorem 3.1 that for any graph product of finite groups, the geodesic
conjugacy language is regular and the geodesic conjugacy growth series is rational,
with respect to a union of finite generating sets of the vertex groups.

Theorem 3.8. Let G and H be groups with finite inverse-closed generating sets A
and B, respectively. Let 3 (z) == 5(G, A)(2) = Yo riz" and Y (z) :=7(H, B)(z) =
Yoo 52" be the geodesic conjugacy growth series, and let vg := (G, A) and vy =
~v(H, B) be the geodesic growth series for these pairs.

(i) The geodesic conjugacy growth series 7y of the direct product G x H = (G, H |
G, H]) of groups G and H with respect to the generating set AU B is given by
Ve =Y 00y 02" where §; = Z;:O (;)rjsi_j.

(ii) The geodesic conjugacy growth series ¥y of the free product GxH of the groups
G and H with respect to the generating set AU B is given by

3o~ 1= (o — 1)+ (G~ 1) ~ 21~ (36— D(ymr — D)

Proof. Denote the geodesic languages by Ig = f(G,A), Ly = f(H,B), Ig =
I'(G,A), and 'y :=T'(H, B).

(i) The proof in this case follows the same argument as the proof of the formula
for the geodesic growth series of G x H in terms of the geodesic growth series of G
and H in [15, Proposition 1]. In particular, in G x H each conjugacy geodesic word
w of length 7 can be obtained by taking a word y in fG of length 0 < j <i and a
word z in ' of length ¢ — j, and “shuffling” the letters so that the letters of y and
z appear in the same order, but not necessarily contiguously, in w.

(ii) The geodesic conjugacy language L, = f(G x H, AU B) can be written as a
disjoint union

L= {\MUTe\{ADUTu\{\})UT4a UTp4
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where A is the empty word, r Ae 1s the set of all conjugacy geodesic words beginning
with a letter in A and containing at least one letter in B, and similarly I'p,e is the
set of all conjugacy geodesic words beginning with a letter in B and containing at
least one letter in A. As a consequence,

Ve =14+0c—1)+0Ou -1+ fr,, + fr,.

where as usual f7, denotes the strict growth series of the language L. Now r Ae CaN
also be decomposed as a disjoint union

fA' = U?f:l{ylzl  YnRnYn+1 | Y25 -y Yns Yn+1Y1 € FG \ {)‘}73/1 S A+7
21,20 € T \ {A}}

As a consequence, the growth series of this language is

Jrpo = o0m = Dl = Do — 0P (406

n=1
where the i-th coefficient in the series zdilzvg =32 a; 2%, given by
a; =i - (# of geodesics in (G, A) of length 1),

counts the number of pairs of words y1,y, with y; € AT, y, € A*, and y,y1 a
geodesic for the pair (G, A) of length i. The formula for ffB. is obtained in the
same way. Putting these together, then

7. = 1466 =)+ (G = D+ 30 ~ Dl - Do = DI (2506 ) +

n=1

>0 = Dl ~ Dl ~ 0" (52 )

n=1

~ ~ d 1
= ’YG+’YH_1+Z<E’YG> (va — 1)

1—(yva—1)(yg —1) -
d 1
: <WH> e =) e —Dom -1

(£va¢) (vu — 1) + (Evm) (e — 1)
1—(ve—Dm—-1) ’

resulting in the required formula. U

= Y¢+yp—1+2

Example 3.9. In the free group Fy = Z x Z, associate G = (a | ) with the first copy
of the integers and H = (b | ) with the second, and let A = {a,a™ '}, B = {b,b7'}.
We have

1+2

1—2’
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and so 1 — (1 —vg)(1 —~vg) = % Plugging these into the formula in Theo-

rem 3.8(ii), we obtain

1+2—2%2-923

1—32—22+432%"

(We note that in [20, Corollary 14.1] Rivin has computed the equality conjugacy
growth series for this group (see Section 4 for the definition of the equality con-
jugacy language and equality conjugacy growth series), and that in this example,
the equality conjugacy language and the geodesic conjugacy language are the same
set, and so the corresponding growth series are also equal. The rational function
above differs from Rivin’s formula by adding 1, because Rivin’s growth series does
not count the constant term corresponding to the empty word A in the equality
conjugacy language.)

ﬁ(F% {ailv bil}) = %* =

Example 3.10. Let G and H be finite groups with generating sets A := G \ {1}
and B := H \ {1y}, and let m := |A| = |G| =1 and n := |B| = |H| — 1. The
corresponding languages are T = I'(G, A) = AU{\} and Ty = I'(H, B) = BU{\},
where A is the empty word, and hence we have growth series 7 = 7(G, A) = mz+1
and vy = v(H, B) = nz+ 1. For the free product G« H, with generating set AU B,
the formula in Theorem 3.8 shows that the geodesic conjugacy growth series is

3

m n)z mn22—mnm n)z
5.(2) = (G H, AU B)(z) = LEmEmz+ (m + m)z”

1 —mnz?
In particular, for the group P := PSLy(Z) with the generating set X from Exam-
ple 3.7, the geodesic conjugacy growth series is given by the rational function

- 14324222 —-62°
’Y(‘P?X)(Z): 1_222

Proposition 3.11. If G and H are finite groups with a common subgroup K, then
the free product G xx H of G and H amalgamated over K, with respect to the
generating set X := G U H U K — {1}, has regular geodesic conjugacy language
f(G x H, X) and rational geodesic conjugacy growth series ¥(G xx H, X).

Proof. Let Xg := G\K, Xy := H\K, and X := K\{1}; then X = XxUXqcUXp.
Given a sequence x1, ..., T, of elements of X, this sequence is called cyclically reduced
if either n = 1 and 1 € X or else n > 1 and for each 1 < i < n the elements x;
and T4 1(mod n) lie in X¢ U Xy and are from different factors (i.e. if x; € X¢ then
xiy1 € Xpg and vice versa), and the product x; -- -z, in G xx H is the associated
cyclically reduced product. Every element of G xx H is conjugate to a cyclically
reduced product. Moreover, by [16, Theorem IV.2.8], given any cyclically reduced
sequence x1,...,T, with n > 2 and any g € G *x H, every product of a cyclically
reduced sequence z, ..., z}, satisfying gz1 - 2,9~ =Gspm @) -+ - @), can be obtained
by cyclically permuting the original sequence 1, ..., x,, and conjugating the resulting
product by an element of K. Now every conjugacy geodesic word over X must be
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a cyclically reduced product, and this theorem implies also that every cyclically
reduced product is a conjugacy geodesic. That is,

(G g H X) = {\JUX U (XeXp)*U(XaXn)",
giving a regular expression for the language f(G s H, X). (]

4. OPEN QUESTIONS

We remark that intermediate between the two conjugacy languages defined in
Section 1 is a third set of words given by the subset of (G, X) defined by

E=E6(G,X) :={yylgeGlgl=lgl} ,
which we refer to as the equality conjugacy language for G over X. It is immediate
from the definitions that ¥ C & C I'. Moreover, the equality language can be
expressed as the intersection of the geodesic conjugacy language and the spherical
language; that is, £ =T NX. We denote the strict growth series for this language
by
€= E(GvX) = fg(G7x)a
called the equality conjugacy growth series. In [20, Corollary 14.1] Rivin gives a
rational function formula for the equality conjugacy growth series (which he denotes
by F[CF,](z)) for a finitely generated free group with respect to a free basis (see
also Example 3.9 for the rank 2 case), and so the free group does not give an
obstruction to rationality being preserved by free products. More generally, for
any right-angled Artin group G (i.e., graph product of infinite cyclic groups) with
canonical generating set X (the union of the cyclic generators of the vertex groups),
it follows from [11, Corollary 3.4 and proof of Theorem B] that (G, X) is regular,
and from Theorem 3.1 that I'(G, X) is regular, and hence £(G, X) is regular and
€(G, X) is rational.

Question 4.1. If G is a graph product of finitely many groups G; and each group G
has a finite inverse-closed generating set X; such that g(Gi, X;) is a regqular language,
1s the language 5~(G, U; X;) reqular? Is rationality of the equality conjugacy growth
series €(G, X)) preserved by direct and free products?

In some cases, regularity of languages and rationality of growth series associated to
groups are known to depend upon the generating set chosen. For example, Stoll [22]
has shown that rationality of the usual (cumulative) growth series bs(a,x) (and
hence also of the spherical growth series o(G,X) = fxq,x)) depends upon the
generating set for the higher Heisenberg groups, and Cannon [18, p. 268] has shown
that regularity of the geodesic language I'(Z? x Zy, X) depends on the generating
set X for a semidirect product of Z? by the cyclic group of order 2. In the case
of conjugacy growth, Hull and Osin [14, Theorem 1.3] have shown an example of a
finitely generated group G with a finite index subgroup H such that the conjugacy
growth function ﬁi(G, Xx) grows exponentially, but H has only two conjugacy classes.
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Then the spherical and geodesic conjugacy growth series for G are both infinite
series, but these two series for H are both polynomials.

Question 4.2. Does there exist a finite inverse-closed generating set X for the free
group F on two generators such that 3(F, X) is reqular?

For the free basis which gives a non-regular spherical conjugacy language (Propo-
sition 2.2), we also consider formal language theoretic classes that are less restrictive
than context-free languages.

Question 4.3. Let ' = F(a,b) be the free group on generators a and b. Is
Y(F, {a™", b™1Y}) an indexed language? A context-sensitive language?

In Corollary 2.3 we show that the spherical conjugacy language cannot be regular
(or indeed context-free) in any group that contains a free subgroup as a direct or
free factor, with respect to a generating set that is the union of the free basis and
the generators of the other factor. This leads us to wonder whether free groups are
“poison subgroups” from the viewpoint of regular spherical conjugacy languages.

Question 4.4. Let G be a group with F = F(a,b) as subgroup, and let X be an
inverse-closed generating set for G. Can (G, X) be a regular language?

As we remarked in Section 1, Cannon has shown that for word hyperbolic groups,
the geodesic language for every finite generating set is regular [8, Chapter 3].

Question 4.5. Let G' be a word hyperbolic group and let X be a finite generating
set for G. Is the geodesic conjugacy language I'(G, X) necessarily reqular?

In particular, is the geodesic conjugacy language for a (compact, finite genus)
surface group regular? What about the spherical conjugacy language? Since infinite
index subgroups of surface groups are free, answering Question 4.4 would shed some
light on the behavior of the spherical conjugacy language in surface groups.

In [9] Grigorchuk and Nagnibeda generalized the notion of growth functions for
finitely generated groups by considering the complete growth series for G over X
given by

o
p(z) =Y (Y 9)7' € Z[G][[2]

=0 |g|=1
with coefficients in the integral group ring Z[G]. They define a concept of rationality
for such series, and show that for any word hyperbolic group with respect to any
generating set, the complete growth series is rational. Viewing the function p as a
generalization of the spherical growth series o(G, X), one can analogously define the
complete conjugacy growth series to be

[e.e]

PR =3 > 9

1=0 |g|=|g|c=1

in Z[G][[2]].



CONJUGACY GROWTH SERIES AND LANGUAGES IN GROUPS 25

Question 4.6. Is the complete conjugacy growth series p rational for word hyperbolic
groups?
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