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Abstract. Let G be a group acting properly by isometries and with a strongly contracting
element on a geodesic metric space. Let N be an infinite normal subgroup of G and let §
and 8¢ be the growth rates of N and G with respect to the pseudo-metric induced by the
action. We prove that if G has purely exponential growth with respect to the pseudo-metric,
then 8y /6 > 1/2. Our result applies to suitable actions of hyperbolic groups, right-angled
Artin groups and other CAT(0) groups, mapping class groups, snowflake groups, small
cancellation groups, etc. This extends Grigorchuk’s original result on free groups with
respect to a word metric and a recent result of Matsuzaki, Yabuki and Jaerisch on groups
acting on hyperbolic spaces to a much wider class of groups acting on spaces that are not
necessarily hyperbolic.
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1. Introduction
We consider the exponential growth rate 5 of the orbit of a group G acting properly on
a geodesic metric space X. In various notable contexts this asymptotic invariant is related
to the Hausdorff dimension of the limit set of G in 90X and to analytical and dynamical
properties of G\X such as the spectrum of the Laplacian, divergence rates of random
walks, volume entropy, and ergodicity of the geodesic flow.

In some cases of special interest, the value of half the growth rate of the ambient space
X is distinguished. For example, when X = H" and H is a torsion-free discrete group
of isometries of X, the Elstrodt—Patterson—Sullivan formula [24] for the bottom of the
spectrum of the Laplacian of H\ X has a phase change when the ratio of §y to the volume
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entropy of X is 1/2. Similarly, if X is a Cayley tree of a finite-rank free group F,, and H
is a subgroup, then the Grigorchuk cogrowth formula [13] for the spectral radius of H\ X
has a phase change at 87 /6, = 1/2. Our main result says that, in great generality, normal
subgroups land decisively on one side of this distinguished value.

THEOREM 1.1. Suppose that G is a group acting properly by isometries on a geodesic
metric space X with a strongly contracting element and with purely exponential growth. If
N is an infinite normal subgroup of G, then 8y /8 > 1/2, where the growth rates §g and
Sy are computed with respect to G ~ X.

The ratio §y/8¢g is known as the cogrowth of Q := G/N. The hypotheses will be
explained in detail in the next section. Briefly, the existence of a strongly contracting
element means that some element of G acts hyperbolically on X, though X itself need
not be hyperbolic, and pure exponential growth is guaranteed if the action has a strongly
contracting element and an orbit of G in X is not too badly distorted.

In negative curvature, the strict lower bound on cogrowth has been shown in various
special cases [5, 16, 21, 23]. For X = G = F},, the strict lower bound on cogrowth is due
to Grigorchuk [13].

Grigorchuk and de la Harpe [14, p. 69] (see also [15, Problem 36]) asked whether
the strict lower cogrowth bound also holds when F, is replaced by a non-elementary
Gromov hyperbolic group and X is one of its Cayley graphs. This long-open problem
was recently answered affirmatively by Matsuzaki, Yabuki and Jaerisch [19] (see also a
survey by Matsuzaki [18]). Their result applies more generally to groups of divergence
type acting on hyperbolic spaces. Theorem 1.1 gives an alternative proof of the positive
answer to Grigorchuk and de la Harpe’s question and goes much beyond. In comparison,
Matsuzaki, Yabuki and Jaerisch’s result applies to more general actions if one restricts
to actions on hyperbolic spaces, while Theorem 1.1 applies to many renowned non-
hyperbolic examples.

COROLLARY 1.2. For the following G ~ X, for every infinite normal subgroup N of G

we have 8 /8g > 1/2.

(1) G is a non-elementary hyperbolic group acting cocompactly on a hyperbolic
space X.

(2) G is a relatively hyperbolic group and X is hyperbolic such that G ~ X is cusp
uniform and satisfies the parabolic gap condition.

(3) G is a right-angled Artin group defined by a finite simple graph that is neither a
single vertex nor a join and X is the universal cover of its Salvetti complex.

4) X isa CAT(0) space and G acts cocompactly with a rank-one isometry on X.

(5) G is the mapping class group of a surface of genus g and p punctures, with 6g — 6 +
2p > 2, and X is the Teichmiiller space of the surface with the Teichmiiller metric.

Results (3)-(5) are new, only known as consequences of Theorem 1.1. Further new
examples include wide classes of snowflake groups [2] and of infinitely presented graphical
and classical small cancellation groups [1] and hence many so-called infinite ‘monster’
groups.
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The generality of Theorem 1.1 is striking. Previous successes in showing the strict
lower bound on cogrowth have relied on fairly sophisticated results concerning Patterson—
Sullivan measures on the boundary of a hyperbolic space or ergodicity of the geodesic
flow on G\ X. These tools are not available in our general setting. Instead, we use the
geometry of the group action directly to estimate orbit growth. The idea of our argument
is as follows.

(1) If G contains a strongly contracting element for G ~ X, then so does every infinite
normal subgroup N of G. Let ¢ € N be such an element.

(2) By passing to a high power of ¢, if necessary, we may assume that its translation
length is much larger than the constants describing its strong contraction properties.
In this case the growth §[] of the set [c] of conjugates of ¢ is exactly §g /2.

(3) A ‘tree’s worth’ of copies of [c] injects into the normal closure ((c)) of ¢, which is
a subgroup of N. It follows that the growth rate of ({(c)), and hence of N, is strictly
greater than 8,] = 8¢ /2. In this step we use the ‘hyperbolicity’ of the action of ¢,
as quantified by strong contraction, to provide geometric separation between copies
of [c].

We used this strategy in our paper with Tao [2] (see also references therein) to prove
growth tightness of G ~ X for actions having a strongly contracting element. The key
point was to estimate the growth rate of the quotient of G by the normal closure of c. We
chose a section A of the quotient map and built a tree’s worth of copies of it by translating
by a high power of c¢. By construction, the set A did not contain words containing high
powers of ¢ as subwords, so translates of A by powers of ¢ were geometrically separated.
There is a serious difficulty in applying step (3) for cogrowth, because [c] does contain
words with arbitrarily large powers of ¢ as subwords. Indeed, any word of G can occur
as a subword of an element of [c], so we do not get the same nice geometric separation as
hoped for in step (3) and consequently our abstract tree’s worth of copies of [c] does not
inject into G. We overcome this difficulty by quantifying how this mapping fails to be an
injection. We show that there is asymptotically at least half of [c] for which the map is an
injection and we use this half of [c] to complete step (3).

For an example where the conclusion of the theorem does not hold, consider the
group G = F> x F, acting on its Cayley graph X with respect to the generating set
(SU1) x (SU 1), where S is a free generating set of F>. The F, factors are normal and
have growth rate exactly half the growth rate of G. The action G ~ X does not have a
strongly contracting element.

2. Preliminaries

We write x < y, x z y, or x <y if there is a universal constant C > 0 such that x < Cy,
x <y+ C,orx < Cy+ C, respectively. We define <, ;, -, =, ; and = similarly.

Throughout, we let (X, d, o) be a based geodesic metric space and let G be a
group acting isometrically on X. For Y C X and r >0, let B, (Y) :={xe X |y e?,
d(x,y) <ryand B,(Y):={xe X |3y eV, d(x,y) <r}. Let B, := B,(0) and let S* :=
BryaA — B,.

There are an induced pseudo-metric and a semi-norm on G given by d(g, h) :=
d(g.o, h.o) and |g| :=d(o, g.0).
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2.1. Growth. The (exponential) growth rate of a subset Y C X is

) log #Y N B,
dy :=lim sup ———.

r—00 r

The Poincaré series of a countable subset Y of X is

Oy (s) =) exp(=sd(y. 0)).

yey

For any A > 0, we also consider the series
OO .
O34 (s) = Y (Y N SAHY) exp(—sAi),
i=0

[o)0]
OF A (s) == Y _(#Y N Ba;) exp(—sAi).
i=0

The series @g’A(s) and @ls,’A(s) agree with ®y(s) up to multiplicative error depending
on A and s, so they all converge and diverge together. Now, ®y (s) converges for s > §y
and diverges for s < dy. The set Y is said to be divergent, or of divergent type, if Oy (s)
diverges at s = dy.

We say that Y C X has purely exponential growth if there exist § > 0 and A > 0 such
that #Y N SrA < exp(8r). Recall that this means that there is a constant C > 0, independent
of r, such that exp(6r)/C < #Y N SrA < C exp(6r).

An action G ~ X is (metrically) proper if for all x € X and r > 0 the set {g € G |
d(x, g.0o) < r}is finite. When G ~ X is proper, we extend all the preceding definitions to
subsets H of G by taking Y = H.o; for example,

. log#H.oN B, . log#{he H||h| <1}
8y :=limsup ———  =lim sup .
r—00 r r—00 r

When G ~ X is cocompact or, more generally, has a quasi-convex orbit, the growth of
#S2 N G.o is coarsely sub-multiplicative, which, when 8 > 0, implies an exponential
lower bound on #SrA N G.o. Conversely, if G ~ X contains a strongly contracting
element, then the growth of #SrA N G.o is coarsely super-multiplicative, which implies the
corresponding exponential upper bound. For instance, Coornaert [9] proved that a quasi-
convex-cocompact, exponentially growing subgroup of a hyperbolic group has purely
exponential growth. More generally, in [2] we introduced the following condition that
implies that the pseudo-metric induced by a group action behaves like a word metric for
growth purposes: the complementary growth of G ~ X is the growth rate of the set of
points of G.o that can be reached from o by a geodesic segment in X that stays completely
outside of a neighborhood of G.o, except near its end points. We say that G ~ X has
complementary growth gap if the complementary growth is strictly less than §g. Yang
[25] proved that if G acts properly with a strongly contracting element and 0 < §g < oo,
then complementary growth gap implies purely exponential growth.

For relatively hyperbolic groups the complementary growth gap specializes to the
parabolic growth gap of [11], which requires that the growth of parabolic subgroups of
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a relatively hyperbolic group is strictly less than the growth rate of the whole group. For
another non-cocompact example, we showed in [2] that the action of the mapping class
group of a hyperbolic surface on its Teichmiiller space has complementary growth gap.

For a non-example, consider the integers Z acting parabolically on the hyperbolic plane.
Hyperbolic geodesics connecting o to n.o for large n travel deeply into a horoball at the
fixed point of Z on dH?Z, far from the orbit of Z. Although Z has 0 exponential growth in
any word metric, in terms of this action on H? it has exponential growth due entirely to the
distortion of the orbit.

2.2. Contraction. A subset Y of X is C-strongly contracting, for a ‘contraction
constant’ C > 0, if for all x, x’ € X, if d(x, x) < d(x, Y), then the diameter of my (x) U
my (x') is at most C, where wy (x) :={y € Y | d(x, y) =d(x, Y)}. A set is called strongly
contracting if there exists a C > 0 such that it is C-strongly contracting. The projection
distance in Y is dy (x, x") := diam 7y (x) U ry (x"). We extend these definitions to sets
ZCXbyny(Z):=,c, my(2) and d§ (Z, Z') := diam 7ty (Z) U y (Z').

Strong contraction of Y is equivalent [2, Lemma 2.4] to the bounded geodesic image
property: for all C > 0, there exists C’ > C such that if Y is C-strongly contracting, then,
for every geodesic y in X, if y N B¢/ (Y) = @, then diam wry (y) < C'.

COROLLARY 2.1. Suppose that Y is C-strongly contracting and C' is as above.
Suppose that y is a geodesic defined on an interval [a, b, possibly infinite. Let ty:=
inf{t | d(y (), Y) < C'} and let t; :=sup{t | d(y(t), Y) < C'}. Then diam my (y ([a, t0]))
< C' and diam 7y (y ([t1, b])) < C', while y([ty, t1]1) C Bsc'(Y). If a and b are finite
and diam 7y (y (a)) Uny (y (b)) > C', then my(y(a)) C By (y (10)) and my(y (b)) C
By (v (11)).

An infinite-order element ¢ € G is said to be a strongly contracting element for G ~ X
if the set (c).o is strongly contracting. In this case Z — X : i > c'.0 is a quasi-isometric
embedding and c is contained in a maximal virtually cyclic subgroup E(c). This subgroup,
which is alternately known as the elementarizer or elementary closure of ¢, can also be
characterized as the maximal subgroup consisting of elements g € G such that g~ (c)g is
at bounded Hausdorff distance from (c). Since E(c).o is coarsely equivalent to (c).o, the
set E(c).o is also strongly contracting. Note that E(c) = E(c") for every n # 0. Thus,
when considering E(c).o, we can pass to powers of ¢ freely without changing the set
E(c").0 and in particular without changing its contraction constant.

For a strongly contracting element ¢, let £ := E(c).0 and let Y be the collection of
distinct G-translates of £. Bestvina, Bromberg and Fujiwara [3] axiomatized the geometry
of projection distances in Y. With Sisto [4], they showed that by a small change in the
projections and projection distances, a cleaner set of axioms is satisfied—these will allow
us to make an inductive argument in the next section. The following is [4, Theorem 4.1]
applied to Y. We list here only those axioms that we will make use of and that are not
immediate from our particular definitions of Y, 7y, and dg,. A detailed verification that Y
satisfies the hypotheses of [4, Theorem 4.1] can be found in [2].
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THEOREM 2.2. There exists 6 > 0 such that for each Y €Y there is a projection 71'5)
taking elements of Y to subsets of YV such that for all X €Y and g € G, we have
71 (X) C By(mry(X)) and JT (gX) gnﬁ,()\,’) Furthermore, there are distance maps
dy(X Z) = diam er(X)UJTy(Z) with |dy — | 20 such that, for 0’ :=116, the
following axioms are satisfied forall X, Y, Z, W eY:

®o d”(X X) <O when X #Y;

®P1 lfd” (X, 2) >0, then d, (Y, 2) <0 for all distinct X, Y, Z;

(SP3) zfdy(X Z) >0, thendz(X, W) =dz (Y, W) forall W eY — (Z};

(SP4) dy(X, X) <0 when X # ).

For more details on strongly contracting elements and many examples, see [2].

PROPOSITION 2.3. (Lemma 2.2 and Proposition 2.3 of [4]) With 6’ as in Theorem 2.2,
for each X and Z in Y define Y(X, Z):={Y Y —{X, Z} |dy(X, Z) > 20"} and
Y[X, Z]:=Y(X, 2)U{X, Z}). There is a total order T on Y[X, Z] such if Yo C
Vi € ), then dy, Do, Vo) =dy, (X, Z). The relation Yy C ) is defined by each of the
following equivalent conditions:

° dyO(X, V) >6';

o dy (X, ) <0

o dy (W, 2) > 0';

o dy,(O, 2) <Y

3. Embedding a tree’s worth of copies of [c]

For a subset H C G, let H* := H — {1} and consider H:= U,fil(H*)k. We consider H
to be a ‘tree’s worth of copies of H’ in allusion to the case of the free product H * Z/27Z
when H is a group. The group H * Z/2Z acts on a tree with vertex stabilizers conjugate
to H and every element that is not equal to 1 or the generator z of Z/2Z has a unique
expression as z*hyzhyz - - - hizP for some k € N, «, B€{0,1},and h; € H*.

The naive map H— X: (h1, ..., hg) = hic- - - hgc.o, where ¢ is a strongly
contracting element, is clearly not an injection for H ={[c], as it gives collisions
(h=L, h) = h~lche.o <= (h—Lch). To avoid collisions we remove a fraction of [¢] in four
steps and use a slightly different map. The main technical result is as follows.

PROPOSITION 3.1. Under the hypothesis of Theorem 1.1, let ¢ be a strongly contracting
element. After possibly passing to a power of ¢, there is a subset G4 C [c] that is divergent,
has 8G, = 8¢ /2, and for which the map Gs— X : (g1, ..., 80— (]_[ —1 &ic c2).0 is an
injection.

The main theorem follows by an argument analogous to the one we used in [2], which
we reproduce for the reader’s convenience.

Proof of Theorem 1.1. Let ¢’ € G be a strongly contracting element for G ~ X. Suppose
that N < E(c¢’). Since N is infinite, it has a finite-index subgroup in common with {(c’).
But conjugation by an element of G fixes N, so it moves (c¢’) by a bounded Hausdorff
distance, which means that G = E(¢’) is virtually cyclic and N is a finite-index subgroup
of G. However, (¢’) has an undistorted orbit in X. Since this is a finite-index subgroup
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of G, the growth of G is only linear, contradicting the exponential growth hypothesis.
Thus, we may assume that G is not virtually cyclic and that N contains an element g that
is not in E(c’). We showed in [2, Proposition 3.1] that for sufficiently large n the element
c:=g (/)" g(c")" is a strongly contracting element of N.

Consider G4 as provided by Proposition 3.1 with respect to ¢. Then Gy injects into X
and, moreover, the image is contained in ((c)).0 C N.o. Therefore, the growth rate of N is
at least as large as the growth rate of the image of G4, which we estimate using its Poincaré
series:

Og, =Y > expl=slgic’ - g’

k=1 (g1,....e0)€(GHF

> i Z exp (—sk|62| -5 i |gi|>

k=1 (g1.....g0)€(GH* i=1

o0 k
Z exp(—sk|c?)) Z H exp(—s|gil)
1

k (8118 E(GHF =1

k
exp(—sk|c2|>( > exp(—s|g|>>

geGy

M

k

I
<

WK

(exp(—s1c*Ogs ().

»
I
—

Since G4 is divergent, for sufficiently small positive € we have ®G§ (b, +¢€) =
exp((6g, + e)|c?)), so @)(34 (8g, + €) diverges, which implies that 8@4 > 8¢, + €. Thus,
Sy = 86;4 268G, +€>dg,=08G/2.

The remainder of this section is devoted to the construction of the set G4 satisfying the
conclusion of Proposition 3.1. Here is a brief overview. We need a subset of [c] such that
the given map is an injection. It would be preferable if we could take conjugates of ¢ by
elements g that have no long projection to any element of Y. It is easy to build an injection
based on such elements, but, unfortunately, there are too few of them in our setting—the
growth rate of the set of such elements is strictly smaller than §g, so the growth rate of
c-conjugates by such elements is strictly smaller than §G /2. Instead, we consider elements
g that do not have long projections to £ and g€&; in a sense, these are elements ‘orthogonal
to Y at their end points’, rather than ‘orthogonal to Y’ throughout. The desired condition
can be achieved with a small modification near the ends of g, so this does not change the
growth rate. We call this set of elements G and the conjugates of (a power of) ¢ by these
elements G,. We define G3 by passing to a maximal subset of G» such that elements are
sufficiently far apart. This does not change the set much; in particular, the growth rate is
unchanged. However, it will be an important point for the injection argument, because we
show in Lemma 3.5 that if g and & are in G3, then g€ = h€ implies that g = h. The final
refinement is to pass to the subset G4 of G3 of elements that are not ‘in the shadow’ of
some other element of G3, that is to say, elements g such that there does not exist i such
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that a geodesic from o to g.o passes close to #.0. The crux of the argument, Lemma 3.6, is
to show that at least half of G3 is unshadowed, so G4 is divergent with growth rate 8 /2.
Finally, in Lemma 3.7, we check that G4 gives the desired injection.

Fix an element fy € G such that fo€ is disjoint from &, o € g (fp.0), and fp.0 €
7 re(0). To see that such an element exists, first note that there exists g € G — E(c),
for instance, as in the first paragraph of the proof of Theorem 1.1. If £ and g€& are disjoint,
let f1 and f> be elements of G such that fj.o € £ and f>.0 € g€ realize the minimum
distance between £ and g€. Then the element fy := fl_1 f2 satisfies our requirements. If
g€ and & are not disjoint, consider g€ and ¢" g€ for some n. If they intersect, then, by
(P 0),

20 > dg (g€, g€) +dz (c"g€, c"g&) > di (g€, "g€) = |c"|.

This is impossible once n is sufficiently large as c is strongly contracting. So, g€ and
¢" g€ are disjoint for such n and we get fj by the previous argument after replacing g with
-1 .n
§ ¢8-
Since £ and fy€ are disjoint and o and fy.o are contained in one another’s projections,
strong contraction of ¢, and hence of £, gives a constant C > 0 such that

d}’og(o, fo.0) =diam (o) <C and dg (o, fo.0) =diam wg(fo.0) <C. (1)

In the following, we use the following notation: | fy| is the length of the element fy just
defined; A is as in the definition of purely exponential growth of G; C is a contraction
constant for £; C’ is the corresponding constant from Corollary 2.1; 6 and 6’ are as
in Theorem 2.2; K is a fixed constant strictly greater than max{C, 8 + 0'/2}. We call
these, collectively, ‘the constants’. The terms ‘small’ and ‘close’ mean bounded by some
combination of the constants. When possible we decline to compute these explicitly,
since only finitely many such combinations appear in the proof, except where noted.
Furthermore, A depends only on G and the others depend only on £ = E(c).o. Since
E(c) = E(cP) for all p # 0, we can, and will, pass to high powers of ¢ to make |c”| much
larger than all of the constants and combinations of them that we encounter.

Set Gy :={ge€G|dg(o, g.0) <2K and dgg(o, g.0) <2K and g€ #&)}. This is a
subset of G that is closed under taking inverses.

LEMMA 3.2. For every g € G, at least one of the elements g, fog, gfo, or fogfo belongs
to G.

Proof. First, consider g ¢ E(c) with |g| < K. Recall that g € E(c) if and only if g€ =
E. By definition, g(g.0) is the set of points of £ minimizing the distance to g.o. By
hypothesis, o is a point of £ at distance at most K from g.o, so d(g.0, mtg(g.0)) < K, and
dz (o0, g.0) = diam {0} U mg(g.0) < 2K. The same argument for o projecting to g€ gives
dgg (0, g.0) <2K. Thus, elements g of this form already belong to G1.

Next, consider an element g € E(c) suchthat |g| < K. Since g € E(c), we have fpg€ =
Jo€ # €& and g (g.0) = g.0, sO dg (0, g.0) =d(0, g.0) < K. Using this estimate and (1),
we see that

d}rogg(07 ng.O) < d.j;()gg(o’ fo‘o) =+ d}rogg(fo‘ov fog'o)
=df ¢(0, fo.0) +dZ (0, g.0) < C+ K <2K.
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In the other direction, using the fact that o € g (fy.0) C weg(fo€), along with (P 0),
dg (0, fog.0) <dg (o, fof) <dg(fof, fof) <O <K.

Note that we did not use dg (0, g.0) < K for this direction—the inequality is valid for any
g€ E(o).
Suppose that g ¢ E(c) and dg (0, g.0) > K then

0 < K <dZ(0.8.0) = d%c(fo-0. fog.0) < d7c(E. fogE).

This contradicts (P 0) if £ = fyg€&, since, by hypothesis, fo€ # & and fog€ # fo€. Thus,
&, fof, and fyg& are distinct and we can apply (P 1) to get

dg (0, fog.0) <dg (fo€, fog€) <0 <K.

For |g| < K we are done, either g or fyg is in G, and for |g| > K we have shown
that there is at least one choice of g’ € {g, fog} such that g’€ # £ and df (o0, g'o) < K. If
dg/ (o, g'0) < K, then we are done, so suppose not. Consider the possibility that g’ fo€ =
E. Then g’ fo.0 € £, s0 0 € mg(fo.0) implies that glo € mye(g' fo.0) C e (E). Since

g'€ # &, (P0) says that d7, 5(5 &) <0, s0

K < dg,g(o, g.o) < dg,g(é', E) <0 <K.

This is a contradiction, so &, g’&, and g’ fo€ are distinct. Observe that, since glo €
ng/g(g/f()-o)’

dge(E, g 'fo&) = d, 2e(0. 8 ' fo.0) > dg g (o, glo)>K >6.

Thus, by (P 1) and the fact that g’ fo.0 € myfe(g"0), we have d;’fog(o’ g fo.0) <
dg/fog(é', g <o <K.

To check that the first inequality has not been spoiled, use the fact that d;f, (&, g fof) >
6, so (P 1) implies that d7 (g'E, &' fo€) < 0, which gives

dg (0, g’ fo.0) <dg (0, g'0) +d (g'0, &' fo.0) <K +dg (¢'E, g fof) < K +60 <2K.
O

Define ¢9: G — G by fixing G| and sending an element g € G — G to an arbitrary
element of the non-empty set { fog, gfo, fogfo} N G1. The map ¢y is surjective, at most
4-to-1, and changes norm by at most 2| fy|.

For each p eN, define Gy ,:=1{g~

g’lcpg.

1cl’g|geG1} and ¢1,: G —> Gop:g—

LEMMA 3.3. If p is sufficiently large, then, for every g € G, we have

2lgl + 1P| = 8C" — 8K < l¢1,p(9)] < 2Ig] + [P
Proof. The upper bound is clear. We derive a lower bound from strong contraction.
From the definition of G1, it follows that Ty-1g(0) C Brk (g~ L0) and ngflg(g_lc”g.o) C
Bak (g7 'cPo), s0
lcP| — 4K < dg,lg(o, g 'cPg.0) <|cP| +4K. (2)
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Let ¥ be a geodesic from o to g~'c¢Pg.o. Its end points have projection to g~ '€ at

distance at least |cP| — 4K > C’ from one another, for p sufficiently large, as c is strongly
contracting. Thus, for 79 and #; as in Corollary 2.1, we have d(y (%), Ng—lg(O)) <20/, s0
d(y (o), g~ Lo) <2C’ 4 2K and, similarly, d(y (1), g~ cP.0) <2C’ + 2K. We have

1.5()| =yl =d(0, (1)) + d(y (t0), ¥ (1)) + d(y (t1), g~ 'c" g.0)
> (d(o, g7L0) — 2C' +2K)) + (d(g Lo, g7 cPo) — 22C" + 2K))
+(d(g™'cPo, g7 P g.0) — (2C' 4+ 2K))
=2|g| + |c?| — 8C’ — 8K. O

The following lemma also follows from (2).

LEMMA 34. Let g~}

Y(E, g7 el gé).

cPg=¢1,,(8) € Gap. If p is sufficiently large, then g €€

We also claim that ¢ , is bounded-to-one, independent of p. To see this, fix g € G and
consider 4 € G such that ¢ ,(g) = ¢1,,(h). Then gh_l commutes with ¢?, so gh_1 €
E(c?) = E(c). Thus,

Igh™!| =dZ (0, gh™"0)

< dZ (o, g.0) + dZ (g.0, gh™"0)
=dg (0. 8.0) +dj, ¢ (h.0.0)

=dZ (0, g.0) + dZ (h.0, 0) <4K.

So, h satisfies h~ Lo ¢ 1§4K(g’1.0). By properness of G ~ X, #G.oN B’4K(g’1

#G.0 N Buk (o) is finite.

Let G3,, be a maximal (6K + 1)-separated subset of G ,, that is, a subset that
is maximal for inclusion among those with the property that d(g.o, h.0) > 6K + 1 for
distinct elements g and h. Let ¢2 ,: G2, — G3,) be a choice of closest point. This map
is surjective. By maximality, ¢, , moves points a distance less than 6K + 1. Thus, by
properness of G ~ X, the map ¢, is bounded-to-one, independent of p.

.0) =

LEMMA 3.5. If p is sufficiently large, then g~ cP g€ = h='cPh& for g~'cPg and h='cPh
in G3,, implies that g 'ePg=h"'cPh.

Proof. Since g € Gy, dgg(o, g.0) < 2K and

b4 1 1 1

T —1.p —1.p T _
Ayt pee(0: 8 cM'g0) <dy ) (0,87 cho) +dy s ,,0(8

2 c?g.0)
S e (€ 8718 +2K.

clo, g~

Furthermore, g € G implies that £ # g~'€ # g~ '¢Pg€. By (2), dg,lg(é', g lePgl) >
|cP| —4K > 60,s0,by (P0), £ # g~ 'c¢Pg€. Thus, £, g~'&, and g~'¢P g€ are distinct and
we can apply (P 1) to see that d;’lcpgg (€, g716) <0 < K. Inserting this into the previous
inequality gives

d7 1 pee (0. 87 c"g.0) <3K. 3)
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The same computation applies for A, so ﬂg—lcpgg(O) C Bsk (g 'cPg.o) N
B3k (h~'c¢Ph.o). Thus, g~ 'cPg and h™'cPh are elements at distance at most 6K in
a (6K + 1)-separated set; hence, they are equal. O

For each D > 0, consider the set G, oD consisting of elements g~ !

cPg € Gz, such
that there exists a different element h~'cPh € Gj, p such that h='cPhc*Po is within

distance D of a geodesic y from o to g~'c”g.0. Define Ga,p.p =G3,p— G ».D"

LEMMA 3.6. For all D >0, for p sufficiently large, G4 p p is divergent and 8Gypp =
8G/2.

Proof. The maps ¢2 p, ¢1,p, and ¢ are surjective and bounded-to-one, with bound
independent of p, so their composition is as well. Furthermore, we know how they change
norm: ¢y moves points at most 2| fo|, ¢2, , moves them less than 6K + 1, and |¢; ,(g)] is
estimated in Lemma 3.3. Putting these together, forany r > 0and g € G N S,A, we have

2r +|cP| — 4] fol = 8C" — 14K — 1 < |2, © p1.p 0 $0(8)|
<2r+|c?|+2A +4|fol +6K +1. (4

Let t:=2r + |cP| — 4| fo| —8C' — 14K — 1, E :=4|fy| +4C" + 10K + 1, and A’ :=
2(A + E), so that (4) shows that

$2.p 0 D10 Po(G NS C G3pNSE Copodrpodo(GNSEEE),

This lets us compare the size of spherical shells in G3 , and G:
#G N SA2H2E > 4G5 , N SA S #G N SP. (5)

Pure exponential growth of G says that #G N SrA < exp(rég). Combining this with (5),
we have
#G3 p N StA = exp(8gr) = exp(—3g|c?|/2) exp(t8G/2). (6)

This tells us that 8G;, =06G/2and G3 ) is divergent.

’
4,p,D

r it is less than half of #G3 , N SrA/. Thus, to get G4, p,p, we threw away less than half
of G3,p, at least outside a sufficiently large radius. We conclude that ég, , , = 8¢ /2 and
G4, p,p is divergent.

Consider g~!cPg e GQ’P’D N SA for any r > 7|c”|. By definition of Gil,p,D’ there

Now, we will estimate an upper bound for #G N S,A/ and see that for large p and

exists h~!c¢Ph e G3, p such that h='ePh # g7 'cPg and h~'cPhc?Po is close to a geodesic
y fromoto g 'cPg.0.

Let C be the order of Proposition 2.3 on Y[E, g~ !¢ g€]. The first step of the proof is to
show that &, g’] £, g’1 cPgé€, h~1E, and h~1cPhE are distinct elements of Y[E, g’1 cPgf]
and that the ordering is one of the two possibilities shown in Figures 1 and 2.

By Lemma 3.4, £ C g’lé‘ C g’lcl’gé‘, so these three are distinct. Similarly, &, hle,
and h~'c¢Ph€ are distinct. Lemma 3.5 implies that g~ '¢P g€ # h™'cPhE.

We have |c”|+2|g| > |g " cPg] N [h=YePhc?P|, since h—'cPhc?Po is close to a
geodesic from o to g~ !
projection to A~ '¢P h& of diameter greater than |c>”| — 3K by (3). This is much larger than

P g.0. On the other hand, any geodesic from o to &~ '¢?hc?P.0 has
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g g

N |

Y
9= Llo g7 lcPo g lcPg.0
h .
:
:

h=1ePhe?P.o
h=1cPh.o

h=lo h=1lcPo

FIGURE 1. h~!cPhE before g~ 1€, thatis, i 1cPhE C g7 1E.

H :
H 3
eee - Y oo ooe
i LS ot Yy
kS Siad
.......... 1.
g tePg.o
h=1cPh.o h=1cPhce2Po
H
H
)

71(‘,p.0

hlo  hlePo =1, 9

FIGURE 2. h™cPhE after g~ €, thatis, g€ = h™1cPhE.

C’ when p is large, so [h~'cPhc®P| X |h='cPh| + |c2P| * 3|cP| + 2|h| by Corollary 2.1
and Lemma 3.3. Thus,
N
lgl > |h] + [cP]. @)

However, by definition of G, if hlE = g_lé' , then
4K 2 d7, (0, g7 0) +di (0, ko) 2 d(g ™ 0, h™0) > Igl — Ih] = |e?].

This is a contradiction for sufficiently large p. Similar considerations show that h~1€ #
g~ lcP g€, since o projects close to h~Lo in h~'E, by definition of G, and close to
g lePg.oin g7leP g€, by (3), but |h| < |g~'cPgl, by Lemma 3.3 and (7).

Next, we show that 2~ 1€ and h~1cPhE belong to Y[E, g’lcpgé’] and in the course of
the proof we will observe that g~ '€ # h~!'cPhE. By hypothesis, there exists ¢ such that
d(y (t), h~'c¢Phc*P.o) < D. This implies that &7, . .(y (1), h™'¢Phc*P.0) <2D. Since
A7, e B cPho) < 3K, by (3), we have dT, . (0, y(1)) >|c*P| —2D — 3K,
which is large for p sufficiently large. Let #p and #; be the first and last times y is distance
C’ from h~cPhE, as in Corollary 2.1 with respect to h=1ePhE. We cannot have 7 < 1o,
since then d}:[—'c/’hf,' (0, y (1)) < C’, which is a contradiction for large p.

Ift > 11, then d;l’ lcl’hé‘(y(t)’ g lePg.0) < C, 50

1 1

clgo)y=dy ,,c0.v®) —d ,,(r(), g c’g.0)

d;;rflcl’hf(o’ g >
>|c*P|—-3K —2D - C.

If tp <t <1, then we use Corollary 2.1 to say that d;: 1cphg(o, g !

_ clg.0) >
ly (to, t1)| — 4C’ and then estimate
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ly (to, t1)| = d(y(t0), ¥ (1))
> d (710008 (7 (10)), Tp-100pe (v (1)) — C' = D
2 di1 e (v (10), y () — diam 7z, -1 cphg(y(ro»
— diam 7,194 (¥ (1)) — €' —
2d (v (), J/(t)) -2C-C'—
Zdy 10, V() —diy e (v (10), 0) =2C = C' —
>Ic2”|—2D—3K—c’—2c—c’_

Thus, h~'cPhE e Y[E, g~ 'cPg€] once p is sufficiently large. Additionally, this shows
that g7'€ £ h~'cPhE, because, by (2) and (P 0), we have d;’_l <, g lePgl) X

|c?|, while the estimates above show that d;’l’,lcphg(c‘,’, g lePgl) < |c2?|, and these are
incompatible for sufficiently large p. Thus, the five axes are distinct.
From Corollary 2.1, we deduce that

d(h™'ePhe®Po, h™ ]5)> 1ppeh LePhe®Po, h='€) X |27).
Thus, for large enough p, we have d(h_lcphc2po h=1&) =D >d(y(t), h~'cPhc*Po),
so strong contraction of A~ e implies that d lg()/(t) h~ 1c”hczf”o) < C. Since o

projects close to 7~ Lo in '€ and A~ cl’hczf’.o € h™1¢cPhE projects close to h~'cPo,
Corollary 2.1 says that y must pass close to 2~ c”.0. Now, we can run the same argument
as for h=1c¢Phé& to see that k1€ e Y[E, g~ 'cPg€] once p is sufficiently large.

The first step of the proof is completed by observing that g~!& C A~ implies that
|h| |g| + |cP|, which cannot be true when p is sufficiently large, by (7). Thus, h~1&
comes before g —1& and h~'¢PhE under T, and we are left with the possibilities that
h='cPhE © g~'&, as in Figure 1, or the converse, as in Figure 2.

In the case of Figure 1, we have h~'c¢Ph€ T g~'&, so the projection of A~ cPhc?P.o to

g~ '& is close to the projection of o, Which we know to be close to g~ Lo. Write g~ Lo =
h=YePhc?Pa.o as in Figure 1 with |g| < 2|h| + 3|cP| + |al.

In the case of Figure 2, we have h~'£ C g7'€ and g~'€ C h™'¢PhE. The former
implies that the projection of A~ !cP.0 to g€ is close to the projection of o, which we
know to be close to g~ .o, while the latter implies that the projection of A~ '¢Ph.o to g~1&
is close to the projection of g 'ePg.0, which we know to be close to g~!cPo. Write
g’lo =h~1¢Pb.o with |g| || + |cP| + |b] and write h.o = bcPb’ .0 as in Figure 2 with
|h| < |b| + |cP| + V] together these give |g| < L21b| + 2|cP| + |P).

Suppose that we are in the case of Figure 2, so there are elements b and b’ such that
(r —|cPl)/2 < lgl < 2|b| +2|cP| + |b|. Since G has purely exponential growth, if i <
|b| <i + 1, there are, up to a bounded multiplicative error independent of p, r, and i, at
most exp(§gi) possible choices for b and at most exp(8g ((r — 5|cP|)/2 — 2i)) choices of
', so there is an upper bound for the number of possible elements g by a multiple of

(r=>5[cP])/4

3 exptootrexp (0 (773 o, exp(5G./2)
L, el exp( G( 2 l)) = XpG3G 1P 1/ (1 — exp(—30))°
®)
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FIGURE 3. ([T*_, gi¢?).0.

The case of Figure 1 is similar, but gives an even smaller upper boundf. Thus, for all
sufficiently large p and r,

#Gil,p,D N SrA, Zexp(=586|cP|/2) exp(rég/2). ©)]
Combining (6) and (9) gives
#Gy , p N SE X exp(=2lc?|86) - #G3 p NP (10)

Crucially, the multiplicative constant in this asymptotic inequality does not depend on p,
so, for p sufficiently large, exp(2|c?|§¢) is more than twice the multiplicative constant and
(10) becomes a true inequality #G/, appN S,A/ < %#Gg, pN SrA,. We conclude that to get
Gy4,p,p from G3 , we threw away fewer than half of the points of G3 j, in each spherical
shell S such that r > 7|c?|. O

LEMMA 3.7. For all sufficiently large D, for all sufficiently large p, the map é4—,p,D —
X:(81y.--, 8k) (]_[le gic?P).o is an injection.

Proof. Consider a point (]_[f:1 gic?P).o in the image. Set go:=c 2.  Suppose
that for each i, we have gi:ei_lcpei for ¢, € Gi. For 0<i <k, set Z/2i =
(I—[l] 0gjczl’) 0, 22i \= (]_[i_0 g-czl’)c’zf’o and Zp; := (]_[’j Ogjczp)c‘,’ For 0 <i <
k, set zoi_1 _(]_[J 0gjc )ezl 105 Zhi (]_[l 0g]c )ezl clo, and Zp; =
(]_[, b &jc*P)es! |E. See Figure 3.

Let us complete the proof assuming the following claim, to which we shall return:

forall 0 <i < j <2k, d%i(z;,Zj)<5K, and d%j(zj,Zi)<5K. (11)

When p is sufficiently large, d(z;, zl’.) > 10K forall i, so (11) implies that Z; C Z; for
all 0 <i < j < 2k, where [ is the order of Proposition 2.3 on Y[ 2y, Z].

Suppose that the map 64, p,p —> X is not an injection; there exist distinct elements
(g1,...,8gm) and (hy, ..., h,) of é4,p_p with the same image z € X. Suppose that
m + n is minimal among such tuples. If 7€ = g &, then h; = g1, by Lemma 3.5. This
contradicts minimality of m + n, so we must have € # g1€. Let 2y, ..., 2, be as
in Figure 3 for (g1, ..., gn). By definition, 0 € Zy and z € Z,. By (11), nz, (o) is
close to z2,,,. By Corollary 2.1, any geodesic from o to z ends with a segment that stays
close to the subsegment of 2, between z3, and z=z),. However, if Z,..., Z}
are as in Figure 3 for (A1, ..., h,), then the same is true for ZJ , which implies that

+ Replace each ‘5’ in (8) with a “7°. This accounts for the restriction that r — 7|c?| > 0.
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dz2 (25, 25,) fda (22m» Tyy,) = |c2P|. Once p is sufficiently large, (P 0) requires that
Zom = 25, Thus, Y[2y, Z2,,] =Y[Z], 2},] and all of the Z; and Z} are comparable
in the order C on Y[Zy, Z2,]. In particular, Zﬁ =h€ # g€ = Z,, so one of them
comes before the other. Suppose, without loss of generality, that 71 C g1£. Then
dp,£(81€, Zom) < 0’, by Proposition 2.3, and d;l’]g(sz, h1c?Po) < 5K, by (11), so

dy ¢(81.0, hic*P0) <d (1€, Zam) + d}f ¢ (Zam, h1c*P.0)
<0 +20+5K <7K.

On the other hand, d,’l’lg(o, hi.0) < 3K, by (3), so d{[lg(o, g1.0) > |c?P| — 10K > C'.
By Corollary 2.1, any geodesic from o to gi.o passes within distance 2C’ of 7, £(g1.0),
which is less than 7K from hc*P.0. This means that g1 € G4 p.(TK42C7) which is a
contradiction if D > 7K +2C’. Thus, if D > 7K + 2C’, then for sufficiently large p
the map is injective.

We prove (11) by induction on m = j —i. For each 0 <i < 2k, we have that z; and
zi+1 differ by an element of G, so Z; # Z;41 and d (zl+1 zZ; Y < 2K. Furthermore,
by (P 0), d” (Z,, Z;) <6. Thus,

d% | (is1, 20 <d% (i, ) +dE (@ 2D
<dz @it g )—l—dZ L (Zis 20
< 2K +6 < 3K.
Similarly, d” (2}, Ziy1) <3K.

Now, extend m to m + 1: suppose that for some m > 1 and all 0 < j — i < m, we have
dz_/ (zj, Zi) < 5K and dZ, (zi, Z;) < 5K. (Note that this implies that Z; # Z;.) Then,
forall0<i<2k—m—1,

dz,., Zimer, Z) > d%, | (Ziamer. Z) = 20> d(zig1. 2j4,) — 10K =206/,

The final inequality is true for sufficiently large p, because the distance between z; | and
z;H is either |c?| or |¢??| < 2|cP|, according to whether i is even or odd. Thus, by (SP 3)
and (SP 4),

dZz (Zitm+1, Ziv1) <dz,(Zigm1, Ziv1) +20
—dz,(Zit1, Zip1) +20 <0 +20 < 2K,

which implies that
d% (2}, Zitm+1) <dz (2}, Zip1) +d% (Zit1, Zizmt1) < 3K +2K =5K.

A similar argument gives dg_+ . (Zi+m+1, Zi) < SK. This completes the induction. O

Proof of Proposition 3.1. Take D and p as in Lemma 3.7. For this D, enlarge p if
necessary to satisfy the hypotheses of Lemma 3.6. Set G4 := G4 p,p. O
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4. Questions
QUESTION 4.1. Can we replace purely exponential growth of G by divergence of G in
Theorem 1.1?

By [19], the answer is ‘yes’ when X is hyperbolic.

Recall in (5) that we showed that ®¢(s) is comparable to @G&p(s /2), while it is clear
that ®Gs,p (s/2) < Opn(s/2). If G is divergent, then Og(s) diverges at s = §g, which
means that ®y (¢) diverges at t = §g /2. There are two possible circumstances in which
On (¢) diverges att = §g/2:

Either 65 > 8G/2, or §y =85 /2 and N is divergent. (12)

We proved the first case of (12) directly, with the additional assumption of purely
exponential growth of G. The approach of [19] is to prove, if X is hyperbolic, that 65 = ¢
when N is divergent, so, since §G > §G /2, the second case of (12) is impossible. Thus,
a positive answer to Question 4.1 would be implied by a positive answer to the following
question, which is also interesting in its own right.

QUESTION 4.2. If G is a group acting properly by isometries with a strongly contracting
element on a geodesic metric space X and G ~ X is divergent, is it true that for every
divergent normal subgroup N of G we have 6y = 6g?

Jaerisch and Matsuzaki [17] showed that if F is a finite-rank free group and N is a
non-trivial normal subgroup of F, then, with respect to a word metric defined by a free
generating set of F, there is an inequality §y + %SF/N > 8. Notice that §y > 6 /2, by
the lower cogrowth bound, and /v < 6F, by growth tightness of F.

QUESTION 4.3. [Is there an analogue of Jaerisch and Matsuzaki’s inequality for G acting
with a strongly contracting element and complementary growth gap? Note that we know
both growth tightness, by [2], and the lower cogrowth bound, by Theorem 1.1, for such
actions.

For G = X = F, [7,13, 20], X = H?, and G a closed surface group [5], there exists a
sequence (N;);eN of normal subgroups of G such that 8, /6 limits to 1/2, so the lower
cogrowth bound is optimal.

QUESTION 4.4. Is the lower cogrowth bound optimal in Theorem 1.1?

We must mention that the upper cogrowth bound is also very interesting. Grigorchuk
[13] and Cohen [8] showed that when F is a finite-rank free group, with respect to a word
metric defined by a free generating set, the upper cogrowth bound 8y /§r = 1 is achieved
for N < F if and only if F'/N is amenable. There have been several generalizations [6, 10,
12, 21, 22] to growth rates defined with respect to an action G ~ X, but the most general
to date [10] still requires G to be hyperbolic, the action to be cocompact, and X to be
either a Cayley graph of G or a CAT(-1) space. In the vein of our theorem, it would be
very interesting to generalize such a result to a non-hyperbolic setting.
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