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ABSTRACT. We prove that, in a finitely generated residually finite group of
subexponential growth, the proportion of commuting pairs is positive if and
only if the group is virtually abelian. In particular, this covers the case where
the group has polynomial growth (i.e., virtually nilpotent groups). We also
show that for non-elementary hyperbolic groups, the proportion of commuting
pairs is always zero.

1. INTRODUCTION

In a finite group G, a way of studying a property one is interested in is by
counting, or estimating, the probability that this property holds among the elements
of G. For example, we can look at the proportion of pairs of elements in G which
commute to each other,

H(u,v) € G? : wv = vu}|

GI? ’
and call it the degree of commutativity of G. Of course, dc(G) is a rational number
between 0 and 1, de(G) = 1 if and only if G is abelian, and the closer dc(G) is to

1 the “more abelian” G will be. An interesting result due to Gustafson [7] states
that there is no finite group with de(G) strictly between 5/8 and 1; i.e.,

Theorem 1.1 (Gustafson, [7]). Let G be a finite group. If dc(G) > 5/8, then G is
abelian.

de(G) =

The bound in Gustafson’s result is tight, since easy computations show that the
degree of commutativity of the quaternion group Qs is, precisely, de(Qs) = 5/8.

The aim of the present paper is to define degree of commutativity in the context
of infinite discrete groups and to prove there is a generalization of Gustafson’s
result.

Definition 1.2. Let G be a finitely generated group and X a finite generating set.
The degree of commutativity of G with respect to X, denoted dcx (G), is defined as

L H(u,v) € (Bx(n))? : uv=vu}|
dex (G) = llvlisolip B (0] ,

where Bx (n) denotes the ball of radius n centered at 1 on the Cayley graph I'(G, X)
of G with respect to X.
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We keep the subindex to specify the dependency of this notion, in general, from
the set of generators and to distinguish it from the corresponding notion for finite
groups. Of course, if G is finite, then decx(G) = de(G) for every generating set X
of G. Also, we maintain the lim sup because we do not know, in general, whether
it is always a real limit or not.

The main result in the paper is the following one.

Theorem 1.3. Let G be a finitely generated residually finite group of subexponential
growth, and let X be a finite generating set for G. Then:

(i) dex(G) > 0 if and only if G is virtually abelian;
(il) dex(G) > 5/8 if and only if G is abelian.

As a corollary we obtain that the positivity of dcx (G) is independent from X.

Corollary 1.4. Let G be a finitely generated residually finite group of subex-
ponential growth, and let X and Y be two finite generating sets for G. Then,
dCX(G) =0 < dCy(G) =0.

Note that, as a special case, Theorem [[.3] and Corollary [[.4] both apply to poly-
nomially growing groups: by Gromov’s Theorem [6] these are precisely the virtually
nilpotent groups, and it is well known that all of them are residually finite.

Corollary 1.5. Let G be a finitely generated group of polynomial growth, and let X
be a finite generating set for G. Then: (i) dex(G) > 0 if and only if G is virtually
abelian; and (i) dex (G) > 5/8 if and only if G is abelian.

We conjecture that the same result is true without any hypothesis on the growth
of G.

Conjecture 1.6. Let G be a finitely generated group, and let X be a finite gener-
ating set for G. Then: (i) dex(G) > 0 if and only if G is virtually abelian; and (ii)
dex (G) > 5/8 if and only if G is abelian.

In view of Theorem [[3] (and since virtually abelian groups are polynomially
growing), one could approach Conjecture by showing that exponentially grow-
ing groups and non-residually finite subexponentially growing groups G all satisfy
dex (G) = 0, for every finite generating set X. We can show the following particular
case.

Theorem 1.7. Let G be a non-elementary hyperbolic group, and let X be a finite
generating set for G. Then dcx (G) = 0.

2. GROUPS OF SUBEXPONENTIAL GROWTH
AND THE PROOF OF THEOREM [[3|

In the finite realm, the degree of commutativity behaves well with respect to
normal subgroups and quotients. The first statement in this direction is the follow-
ing one due to Gallagher (and meaning that a group G is at most as abelian as any
normal subgroup and any quotient of itself).
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Lemma 2.1 (Gallagher, [5]). Let G be a finite group and N <G a normal subgroup.
Then,

de(G) < de(N) - de(G/N).

We now develop a simpler version of this result for infinite groups, which will
be enough to prove Theorem [[L3l First, we recall the following natural result
(which is, however, false if one deletes the subexponential growth condition; see [3]
Example 1.5]).

Proposition 2.2 (Burillo-Ventura, [3]). Let G be a finitely generated group with
subexponential growth, and let X be a finite generating set for G. For every finite
index subgroup H < G and every g € G, we have

. lgH NBx(n)| [Hg NBx (n)| 1

lim = lim = .
n—oo By (n)| n—oo  [Bx(n)| |G : H]

From this we may deduce the following.

Proposition 2.3. Let G be a finitely generated suberponentially growing group,
and let X be a finite generating set for G. Then, for any finite quotient G/N, we
have

dex (G) < de(G/N).

Proof. Let N < G be a normal subgroup of G of index, say, [G : N] = d.
By Proposition 2.2] for every g € G we have

. |gNNBx(n)| 1

lim ————>— = —|

n—oo  [Bx(n)| d
independently from X and g; additionally, this is a real limit, not just a limsup.
Since there are finitely many classes modulo IV, the previous limit is uniform on g;

i.e., for every € > 0 there exists ng such that, for every n > ng and all g € G,

) (5-<) Bl < lov 0B < (5 +2) Bxo))

Now, suppose dcx (G) > de(G/N) and let us find a contradiction. By definition,
this means that there exist § > 0 for which
{(w,0) € Bx(n)? : uv = vl
Bx (n)]?
for infinitely many n’s. In view of this §, take ¢ > 0 small enough so that ed(2+ed) <

0, and we have ([l) for all but finitely many n’s. Combining both assertions, there
is a big enough n such that

H{(u,v) € (Bx(n))? : uv=vu}|

> de(G/N) + 6

de(G/N)+6 <

IBx (n)[?

1 0. 2. uv=70vu 152 n)|?
< gopl@ve@? s av—vm (j+e) Bl
_ \{(u,v)E(G/Z\Zi)2 :uvzvu}\(1+gd)2
< \{(E,E)E(G/Z\;f D U =0} 1 9ed 4+ 22

= dc(G/N)+ed(2 +ed),

Licensed to AMS.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



482 YAGO ANTOLIN, ARMANDO MARTINO, AND ENRIC VENTURA

where the second inequality comes from the facts that uv =g vu implies UV =¢/y
vw and that, according to (), every class in G/N has, at most, (1/d +¢) [Bx(n)|
representatives in Bx (n). We deduce that ¢ < ed(2 + ed), which is a contradiction.

O

Proof of Theorem [[L3l Recall that a group G is residually finite if, for every non-
trivial element 1 # g € G, there is a finite quotient of G where the image of g
is non-trivial. Equivalently, for every g # 1, there exists a finite index normal
subgroup N < G such that ¢ ¢ N. When G is finitely generated, we can always
additionally take this subgroup to be characteristic in G (i.e., invariant under ev-
ery automorphism of G): take, for instance, K < G to be the intersection of all
subgroups of G whose index is the same as that of N (there are finitely many, so
K < N is still of finite index in G).

Assertion (ii) follows directly from Proposition[Z3} one implication is trivial; for
the other, if G satisfies dex(G) > 5/8, then all its finite quotients do and so, by
Gustafson’s Theorem [[LT] they all are abelian. This already implies that G is itself
abelian: if g1, g2 € G do not commute, then 1 # [g71, g2] would survive in some finite
quotient @ = G/N, contradicting the fact that such @ is abelian.

For part (i), let H < G be an abelian subgroup of finite index. Then,

: |(H x H) N (Bx (n) x Bx (n))| 1 1
d >1 = -
cx(G) = lim sup B ()] IGxG:HxH| |G:H?

since H X H is a finite index subgroup of G x G, which also has subexponential
growth, so we can invoke Proposition (a technical detail is left to the reader
here: the sets Bx(n) x Bx(n) are not exactly balls in the group G x G; however,
the value of the above limits is not affected by this difference).

Conversely, assume that G is not virtually abelian, and let us prove that dcx (G)
= 0. Knowing that G is finitely generated, residually finite, and not virtually
abelian, we can choose two non-commuting elements g1, g2 € G and a characteristic
subgroup K of finite index in G such that [g1,g2] € K1 (hence, G/K; is non-
abelian and so dc(G/K7) < 5/8). Clearly, these three properties go to finite index
subgroups, and so we can repeat the construction and get a descending sequence
of subgroups,

9K K 19 dK 9K DKy =G,

each characteristic and of finite index in the previous one and such that de(K;/K;11)
< 5/8. Then, for every i, [G : K;] < oo and K; is characteristic (and so normal) in
G. Now, since (G/K;)/(K;-1/K;) = G/K;_1, Lemma 2Tl tells us that

de(G/K:) < de(Ki 1 /K3) - de(G/Ki1) < gdc(G/Ki_l),

for every i > 1. By induction, de(G/K;) < (5/8)" and then, by Proposition 23] we
get
dex (G) < de(G/K;) < (5/8)".

Since this is true for every ¢ > 1, we conclude that dex(G) = 0. O
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3. HYPERBOLIC GROUPS

We now give another criterion to show that certain groups have degree of com-
mutativity equal to zero. It will apply to (many) exponentially growing groups not
contained in the results from the previous sections.

Lemma 3.1. Let G be a finitely generated group, and let X be a finite generating set
for G. Suppose that there exists a subset N C G satisfying the following conditions:

N NBx(n)
Bx (n)|
=0 uniformly in g € G\ N.

(i) N is X-negligible, i.e., lim,

|Cg) NBx (n)|
IBx (n)]

= 0"
(if) limn_e
Then, dex (G) = 0.

Proof. By the two hypotheses, given € > 0 there exist ng and ny such that, for
n > max{ng,n1}, and for all g € G\ N, we have I[N NBx(n)| < §Bx(n)| and
|IC(g) NBx(n)| < 5|Bx(n)|. Hence,

[{(u,0) € Bx(n)* Jww=vu}| = Y |C(u) NBx(n)

UGBx(n)

= Y lc@nBxml+ Y |C()nBx(n)

uGBX(n)\N uGNﬂBX(n)

€

< ) 5 Bx ()] + Y. [Bx(n)

wEBx (n)\N wENNBx (n)

5 €
< §|]BX(71)\2 + §|]B§X(”)|2
= c[Bx(n)]*.

Therefore, dcx (G) = 0 (with existence of the real limit, not just a limsup). O

Proof of Theorem [l Fix any finite generating set X for G. Since G is non-
elementary hyperbolic it has exponential growth, i.e., lim,_,o [Bx(n+1)|/|Bx(n)|
=A>1

For the whole proof, fix g > 0 so that A —gg > 1.

The above limit means that A — e < |Bx(n + 1)|/[Bx(n)| < A+ &0, for n > 0.
Hence, using induction, there exist constants C; and Cs such that C1 (A — g)™ <
Bx(n)] < C2(A +¢ep)” for all n € N. By induction on m, it also follows that
Bx(n)|/|IBx(n+m)| <1/(A—eg)™, for n > 0 and for all m > 1.

Let A be the set of torsion elements in G; we shall see that the two conditions
in Lemma [B.J] are satisfied with respect to this set. To start, it was proved by Dani
(see [4, Theorem 1.1]) that there exist constants Dy and Ds such that JNNBx (n)| <
D1 Bx ([ 5]+ D2)]| (this also follows easily from [T, Proposition 3], together with the
fact that in a hyperbolic group there are finitely many conjugacy classes of torsion
elements). Therefore, for n > 0 we have

W NBx(n)| _ DiBx([5]+Ds)| _ Dy B D,
Bx(n)] = IBx(n)]| X (/\—50)n7|—%-|7D2 (/\—go)L%J*Df

so N is negligible and condition (i) in Lemma [3.1]is satisfied.
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Before proving (ii), let us recall a few well-known facts about hyperbolic groups.
For g € G, 7(g) = lim,—, |¢"|x /1 denotes the stable translation length of g. Since
9" ™ x < |g"|x + [¢™|x, Fekete’s lemma gives that 7(g) = inf,en{|g"|x/n},
and so |n|7(g) < |¢"|x for all n € Z. The hyperbolicity of G implies that these
translation lengths are discrete (see [2, IIL.I".3.17]); in particular, there is a positive
integer p such that 7(g) > 1/p for all g € G\ V. Also, centralizers of elements of
infinite order in hyperbolic groups are virtually cyclic (see [2, Corollary II1.I".3.10]),
and there is a bound M > 0 on the size of finite subgroups of G (depending only
on the hyperbolicity constant of G); see [2, Theorem II1.T".3.2].

Now let C = (g) be an infinite cyclic subgroup of G. Then, g* € C NBx(n)
implies that |k|/p < |k|7(g) < |¢*|x < n, and hence |k| < pn; therefore,

|CNBx(n)| < 2pn+ 1.

Furthermore, we can also deduce that, for any = € G, the coset of C' containing x
also grows linearly: this is because if C'NBx (n) is non-empty, it will contain some
w of length at most n, w™(xC NBx(n)) C C NBx(2n) and hence,

lzC NBx(n)| = |w H(zC NBx(n))| < |CNBx(2n)| < 4pn + 1.

To check condition (ii) from Lemma Bl take g € G\ N. The centralizer C(g)
is virtually cyclic and, by a classical result, it is also of type finite-by-Z or finite-
by-Ds,, where Dy is the infinite dihedral group (see [8, Lemma 4.1]). Passing to
a subgroup of index two H < Cg(g) if necessary, we have a short exact sequence
1—- K — H—7Z— 1, with K (inside H < Cg(g) < Q) finite. Since this sequence
splits, Z is a subgroup of H of index |K| < M, and so Cg(g) has a subgroup of
index at most 2M which is infinite cyclic. Putting these results together, we get
that

[Cale) NBx(m)| _ 2M(4pn + 1)

Bx(n)]  ~ Ci(A—eo)”

uniformly on g € G\ N, when n — co. So, condition (ii) in Lemma B3] is satisfied.
O

—0
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